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Thesis Summary 

Nature still remains an untapped source of bioactive molecules and an important driving 

force in drug discovery process. Natural products (NPs) are characterized by high degree of 

structural diversity and uniqueness which is incomparable to chemically synthesized molecules. 

Only in the area of cancer, from 1940s to 2007, 73% of the 155 small molecules are other than 

synthetic, with 42% actually being either NP or directly derived from NP [1]. The main sources 

of NPs are medicinal plants but also marine organisms and microorganism as well as edible 

plants and foods.  

In our days much attention has been given to dietary and nutritional habits for the 

prevention as well as the treatment of human health complications and diseases. Dietary 

supplements have been introduced in the daily routine of the general population especially in 

western countries aiming to the improvement of life quality and health [2]. Nevertheless, the 

definition of dietary supplements differs from country to country and the general terminology 

includes natural health products, complementary medicines, food supplements or functional 

foods [3]. No global consensus exists for the classification of these products and their assortment 

into specific groups is difficult due to the existence of large number of products, their varying 

content and the large number of properties and claims. 

The existing regulations concerning such products can be characterized as a grey zone, and 

in European Union (EU) dietary supplements are regarded as foods [2]. Many botanicals are also 

classified as dietary supplements and typically labelled as natural foods while health claims are 

often accompanying them. The lack of legislation allows for the marketing of many preparations 

without sufficient or solid scientific data, mainly related to quality, efficacy and safety. Even in 

cases that active compounds or entities are contained for which their activity and safety are 
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scientifically substantiated, it is not the case for the final product in the market. Moreover, 

despite efficacy and safety which are commonly underestimated, one of the most common 

limitation in supplements is the lack of knowledge for the bioavailability and generally ADMET 

properties, which are directly connected to efficacy. Finally, the absence of quality assessment of 

the dietary and/or food supplements is commonly observed.  

Amongst foods, olive oil (OO) has attracted the scientific interest after the publication of 

two heath claims concerning its chemical composition and the respective positive impacts to 

human health [4,5]. Nowadays, OO has been established in the consciousness of people as one of 

the most superior nutritional and health promoting edible oils world-wide, with exceptional 

organoleptic and sensory properties. Responsible for health and nutrition beneficial effects as 

well as its recognition as superior edible oil is its unique chemical composition. OO composition 

is extremely variable and complex and depends on several exogenous factors like olive variety, 

microclimate conditions, cultivation practice, production procedure, storage etc. Such factors 

influence its content in the contained compounds [6]. Interestingly, till today there is not a 

satisfactory and generally accepted method for quality control of OO. Considering the economic 

value of OO for EU and especially for Mediterranean countries, the investigation of factors 

infusing the composition of OO, the identification of certain chemical markers as well as the 

establishment of a proper methodology for quality control purposes is of outmost importance.  

Towards the elucidation of OO composition, numerous studies have been carried out 

aiming to the identification of its constituents but also the exploration of biological properties 

thereof. Recently, OO polyphenols, the small fraction of polar compounds of OO are in the 

center of research. It is worth noting that till today there are still compounds in OO which 

haven’t been structurally characterized and new ones are reported [7]. Especially, OO 
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polyphenols exert important biological properties and constantly new studies are published 

investigating their role. However, a critical drawback which complicates and delays significantly 

this process is the lack of reference compounds in the market for the investigation of their 

activity. For instance, oleocanthal (OLEA) and oleacein (OLEO) are two of the major 

secoiridoids in OO categorized in polyphenols group which according to recent studies exert a 

plethora of promising biological properties but they are not commercially available. Thus, the 

establishment of methods for the isolation in pure form as well as in satisfactory yield of such 

compounds is the basic step enabling their further investigation. This will allow the performance 

of in vitro but more importantly in vivo experiments which will facilitate significantly the 

elucidation of their biological role and consequently will assist to decipher the properties of OO 

itself. 

Another field which is also overlooked in the area of NPs and it is affected from the lack of 

reference compounds in required yield and purity is the exploration of ADMET properties. 

Studies related to such properties are rare [8] also in well-established active natural entities 

despite the fact that Absorption, Distribution, Metabolism, Excretion and Toxicity of a 

compound influence the possible drug levels and kinetics and hence influence the performance 

and pharmacological activity of a compound as a drug. This fact, resulting to incomplete 

information for an active entity and it is decisive step for the development of a compound as a 

drug. Similar pattern is observed also in OO polyphenols and limited are the studied concerning 

the investigation of ADMET characteristics thereof. Despite, the numerous studies related to the 

activity of OO secoiridoids, the lack of such information is vast even though their unstable and 

highly reactive chemical nature is well-known. Therefore, the introduction of ADMET in the 

general workflow of drug discovery process in the area of NPs is a critical factor. ADMET 
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information together with complete isolation and identification data as well as biological profile 

can optimize significantly the entire process.   

Among these lines, together with unknown or recently uncovered polyphenols, there are 

also well known compounds in OO with established biological and pharmacological properties. 

One of the most potent compound which is also generally considered as one of the most active 

NPs is hydroxytyrosol (HT) [9]. A lot effort has been made so far for the interpretation of its 

properties and its role mainly as a strong antioxidant agent has been proven. Special attention has 

been given after the EFSA health claim connecting HT and its derivatives in OO with protective 

effect of blood proteins from oxidation. HT but also its derivatives can been found in several 

dietary supplements in the market usually in OO or as an enrichment factor. However, very 

limited are the studies exploring the efficacy of such products, most of the cases the levels of 

individual constituents are not determined and even less are the interventions in humans. HT has 

been detected in urine, plasma and tissues (even in the brain) however it is easily biotransfomed 

[10]. Unfortunately, despite the commercialization of many products containing HT, there is 

limited information for the impact of HT to human metabolome. Most of the studies investigate 

the positive impact of HT supplementation for the prevention or treatment of a specific 

pathology or its concentration in human tissues and few studies have been published for the 

followed biosynthetic path in human organism. This situation which as mentioned before 

concerns the majority of supplements resulting to consumer or patient confusion and on the other 

hand doesn’t allow truly beneficial products to be disclosed and further investigated and 

developed. Therefore, there is a strong need for solid scientific data for dietary supplements 

substantiating the complete composition as well as their efficacy. Most importantly human 
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studies are critical ensuring the potency against a clear complication or disease as well as safety; 

both critical factors for the general population. 

In the current study, we tried to develop methods and approaches aiming to offer possible 

answers to certain complications, limitations and inadequacies in NPs drug discovery process 

and NPs applications and uses. As a model starting material olive oil was selected. Olive oil is a 

perfect candidate since it is characterized by insufficient methods for quality evaluation, is a rich 

source of highly potent, promising and unknown compounds while OO itself or its constituents 

in different forms and mixtures are circulated in the market. Moreover, limited are the studies 

relayed to the ADMET properties of OO constituents, in vivo evaluation towards specific targets 

and nearly absent controlled human studies. In the center of this effort was the development of 

chromatographic and analytical methods for the isolation of active compounds, quality control 

and quantitation of actives in different biological fluids. Especially, mass spectrometry was 

intensively used to accomplished these goals as well as metabolic profiling and metabolomic 

approaches.  

Based on the above in the current study a complete work-flow was designed and 

established exploring OO and its constituents. Specifically, starting from a library of OO samples 

(approx. 300) from all over Greece, quality control aspects for OO were examined aiming to the 

determination of the effect of specific quality parameters to OO composition and identification 

of marker compounds. OO characteristic compounds, hydroxytyrosol (HT), tyrosol (T), oleacein 

(OLEA) and oleocanthal (OLEO) were quantified based on International Olive Council (IOC) 

HPLC-DAD method revealing important information. Moreover, taking advantage of the ultra 

high resolution and high accuracy of mass spectrometry platforms in combination with 

chemometric tools, statistical significant metabolites were determined and identified for their 
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final correlation with specific quality factors. This is the first time that a complete metabolic 

profiling approach is developed and applied in Greek EVOOs with two different HRMS 

platforms and a list of identified marker compounds were determined.  

Secoiridoids were found to be one of the major chemical categories in the generated list of 

markers. Thus, selected secoiridoid derivatives and recently reported iridoid derivatives were 

isolated for the performance of in vitro and in vivo tests as well as a pharmacokinetics study. 

OLEO and OLEA were two of them, characterized by strong anti-inflammatory and antioxidant 

properties. Both of them as well as three polyphenols extracts (TPFs) with high, medium and low 

levels of these metabolites were tested in vitro for evaluation of their cytotoxicity effects and 

proteasome activity in human fibroblasts cells. Moreover, TPFs were administered as dietary 

supplement to a Drosophilla in vivo model for investigation of their impact to healthy aging. 

Both molecules as well as TPF revealed positive impact to healthy aging promoting 

cytoprotective pathways and suppressed oxidative stress in both mammalian cells and flies. 

Consequently, an in vivo mouse model was designed for determination of OLEO 

pharmacokinetic characteristics. OLEO metabolism and biotransformation in vivo was 

investigated for the first time. 

Another statistical significant compound was HT which is also a constituent of several 

products in the market. Thus, an intervention study was designed and performed to investigate 

the effect of an enriched in HT soft capsule supplemented in two different doses (5mg/day and 

15mg/day) based on suggested dose from EFSA, to obese/overweight women in double-blinded 

study for a six-month period. Capsule was firstly evaluated for its final quality; total ingredients 

were identified and the final HT concentration was accurately determined. A targeted UPLC-

triple-quadropole methodology was developed and validated for quantitation of HT in urine 
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during the whole intervention period and excretion levels were established. Consequently, un 

untargeted high-resolution mass spectrometry method was developed for the exploration of 

blood and urine metabolome during intervention. Biotransformation reactions of HT were 

monitored and possible phase I and phase II metabolization products were identified. Statistical 

significant weight and fat loss was observed after six months of supplementation in high doss 

(15mg/day) and it is the first time that HT is related to obesity in a human cohort. Moreover, 

different pathways were seemed to be followed depending on the supplemented dose. Using 

metabolomics approaches novel data were provided concerning the association of certain 

endogenous metabolites with HT supplementation.  
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Abstract 

Extra virgin olive oil (EVOO) consumption has globally been increased due to 

its superior nutritional and sensory properties. In combination with its importance for 

European Union’s economy, it has been established as a product of high economic 

priority and the need for its quality and authenticity control is of outmost importance. 

Its chemical complexity and variability enhances the hassle in investigating the most 

suitable methodology and consequently numerous analytical methods have been 

suggested. However, a reliable methodology to ensure authenticity and quality of 

EVOO is still unavailable. In this study a collection of more than 300 EVOOs from 

the main producing regions of Greece was carried out for the investigation of their 

biophenols (polar constituents) and lipid part as well. Samples were extracted and 

then analysed via HPLC-DAD for the determination of certain biophenols namely 

hydroxytyrosol, tyrosol, oleacein and oleocanthal and then correlated with specific 

quality parameters e.g. geographical origin, production procedure and cultivation 

practice. 

Subsequently, Fourier Transform High Resolution Mass Spectrometry (FT-

HRMS) techniques were integrated under metabolomic profiling concept for analysis 

of EVOO and their corresponding biophenol extracts. In particular, Ultra High 

Performance Liquid Chromatography coupled to orbitrap mass analyser (UPLC-

Orbitrap-MS) and Magnetic Resonance Mass Spectrometry (MRMS) (also known as 

Fourier Transform Ion Cyclotron Resonance Mass Spectrometer (FT-ICR-MS) using 

Flow Injection Analysis (FIA) method were incorporated providing novel data for 

EVOO chemical discrepancy and classification. Samples were analysed with both 

techniques and data were subjected to multivariate data analysis (MDA). Clear trends 

and clusters were observed correlating certain biomarkers with selected 
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discriminating factors (geographical region, cultivation practice and production 

procedure). To our knowledge this is the first time that two FT MS platforms 

combining LC and FIA methods were integrated to provide solutions to quality 

control aspects of EVOO. Moreover, this is the first time that both lipophylic 

components and polyphenols are analysed together providing a holistic quality control 

workflow for EVOO. 
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HPLC-DAD, High Performance Liquid Chromatography-Diode Array Detector; FIA-

MRMS, Flow Injection Analysis-Magnetic Resonance Mass Spectrometry; LC-
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virgin olive oil; OO, olive oil; IOC, Olive Oil Council; TGs, triacylglycerols; DGs, 

diglycerides; FFAs, free fatty acids; MUFA, monounsaturated fatty acid; FA, fatty 
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1. Introduction  

Since centuries olive oil (OO) is consumed raw or cooked, in considerable 

amounts from Mediterranean populations comprising if not the only, the main source 

of fat [1]. Especially virgin or extra virgin olive oil (VOO and EVOO, respectively) 

has been established in the consciousness of people as one of the most superior 

nutritional and health promoting edible oils world-wide with exceptional organoleptic 

and sensory properties. Together with other ingredients encompasses a main 

component of Mediterranean diet also widely recognized as one of the healthier 

dietetic patterns distinguished by UNESO and included in the Intangible Cultural 

Heritage List [2]. Consumers demand for OO is globally increasing according to 

International Olive Council (IOC) information [3]. Responsible for health and 

nutrition beneficial effects as well as its recognition as superior edible oil is its unique 

chemical composition. 

Chemically, olive oil is an extremely multifaceted assembly of molecules. It is 

generally composed of two major parts, with the third being the volatiles which are 

critical for the particular aroma of OO. The main part is the glycerol fraction (90-99% 

of the total oil weight) which includes primarily triacylglycerols-TGs and secondarily 

diglycerides-DGs and free fatty acids-FFAs [4]. OO is rich in monounsaturated fatty 

acids (MUFA), especially oleic acid, which comprises almost 56-84% of the total 

fatty acids (FA) with the well-known activity in decreasing LDL-cholesterol complex 

and increasing of HDL-cholesterol in plasma [5].  

The second part is the non-glycerol or unsaponified fraction (approx. 0.4-5% of 

the total oil weight) [6]. This fraction is characterized by high chemical complexity 

and consists the polar fraction (Total Phenolic Fraction – TPF) of OO with its 

components found to be biologically active [6,7]. These compounds are subdivided 
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into lipophilic and hydrophilic [8]. The lipophilic part contains hydrocarbons (e.g. 

squalene), tocopherols, sterols and pigments such as carotenoids. On the other hand, 

in the hydrophilic part an interesting class of compounds is the so-called OO 

polyphenols, phenols or biophenols. Numerous compounds belonging to more than 35 

different chemical classes e.g. phenols, iridoids, secoiridoids, triterpenic acids, 

flavonoids, lignans constitute the OO unsaponified fraction (Figure 1) [9]. 

 

Figure 1: Representative compounds of OO glycerol fraction (upper part) and 

biophenols fraction (lower part). 

 

Although their total percentage is low, OO biophenols attracted the last decade 

great attention by scientists and experts in the field. The main reason is the increasing 

number of studies investigating the pharmacological properties of biophenols as 

single entities or in mixture; these studies yielded promising results such as 

antioxidant, antimicrobial, anti-inflammatory and hypoglycemic effects [10–13]. 
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Furthermore, in 2011 the European Food Safety Authority (EFSA) recognized the 

positive correlation between certain OO polyphenols and protection of blood lipids 

from oxidative stress following a daily consumption of OO containing at least 5 mg of 

hydroxytyrosol (HT) and its derivatives per 20g of OO [14]. This development is 

important since it supplements another dimension to OO quality, namely the 

concentration levels of these specific compounds. The molecules which are 

implicated in the EFSA approved health claim are HT and its derivatives. The most 

characteristic are tyrosol (T), oleocanthal (OLEO), oleacein (OLEA), oleuropein and 

ligstroside aglycons. 

Despite the plethora of reported studies, the complex nature of biophenols 

incommodes the complete elucidation of their composition as well as their analysis. 

The key reason is that OO is not per se a natural entity but the final product of a 

milling process. Furthermore, its chemical characteristics are influenced by several 

autogenous and exogenous factors such as the olive variety, cultivation practice, 

harvesting period, weather conditions, milling procedure itself, etc. [15]. Thus, the 

composition of phenolic fraction and the quantitative patterns could be highly diverse 

and the identification of (E)VOOs with high levels of biophenols is a difficult task 

which requires systematic and laborious analytical screening. Until now several 

analytical methodologies in terms of samples preparation and the employed analytical 

tool have been proposed for the qualitative and quantitative determination of 

biophenols. Usually, liquid-liquid extraction (LLE), solid-phase extraction (SPE) and 

ultra-sound assisted extraction (UAE) are incorporated for biophenols obtainment. 

Concerning the employed analytical tool, colorimetric analysis (Folin-Ciocalteu, 

DPPH), HPLC-DAD/UV, GC-FID/MS, LC-MS and 1H-NMR analyses are used 

depending on the determinant factor (TPF or certain biophenols) [26–30]. Extract 
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complexity, discrepancies in results expression, absence of commercially available 

standards and other limitations lead to incomplete TPF characterizations and 

contradictory outcomes. As a result, great confusion among VOOs producers, 

consumers and even the legislative bodies is generated.  

Being a food product of high added value for the European Union economy and 

mainly for the OO producing countries of Mediterranean basin, its quality is of 

outmost importance. The main categorization of OO regarding quality is principally 

based on free acidity expressed as oleic acid being the main quality parameter 

together with sensory and chemical characteristics which should be in accordance to 

specific standards. Thus, Extra Virgin Olive Oil (EVOO), Virgin Olive Oil (VOO), 

ordinary virgin olive oil, virgin olive oil not fit for consumption, refined olive oil, 

olive oil and olive oil pomace are the main quality categories [20]. 

Nevertheless, additional features contribute to OO quality and especially for 

EVOO and VOO, providing surplus value. As in other commodities and foodstuffs, 

PGI (protected geographical indication) and PDO (protected designation of origin) 

OO products whelm the global market. Moreover, the published health claims for the 

positive impact of OO regarding monounsaturated FAs [21] and polyphenols [22] 

[23], lead to more quality branches increasing the OO products variety in the market. 

Thus, the European Community has adopted a framework providing guidelines for 

PGI and PDO in order to enhance credibility and ensure quality [24].  

However, OO quality is an extremely multifaceted issue. On one side stands it’s 

unique, complex and highly variable composition and on the other side the “rules” of 

market. Its final quality in terms of organoleptic and health aspects, depends on 

several agronomic (e.g. microclimate, cultivation practice, olive tree cultivar, ripening 
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stage) and technological parameters (e.g. milling, malaxation, separation, storage) 

[25] which influence the final quality and price.  

The use of wide definitions for PDO and PGI products and the elusive 

regulations for labelling concerning the employed analytical procedures for OO 

quality control have led to the increase of fraud and mislabeling incidences. Today, 

OO is in the top-5 fraudulent food products, worldwide [31]. 

Regarding authenticity purposes several analytical methods and techniques 

have been suggested for OO quality control. However, until now, no analytical 

procedure has been established for the verification of the information appears on the 

label. As a result, the need for the development of robust and reliable analytical 

strategies for ensuring OO quality and authenticity has risen as a priority issue for 

consumers, suppliers and regulatory agencies. The available relative studies target the 

lipophilic fraction, or they are fragmented and usually include inadequate sample size 

for meaningful correlations [15–19]. So far, the only analytical method which is 

suggested by IOC and generally adopted by regulation bodies is based on HPLC-UV 

and concerns the health claim of OO polyphenols. However, this method is suffering 

by certain limitations restricting its employment for accurate and complete quality 

control purposes [32]. 

Based on literature data, chromatographic techniques (GC, LC, CE) coupled to 

several detectors (diode array detection-DAD, mass spectrometry-MS) [33,34] are 

mostly employed taking the advantage of the separation of compounds in combination 

with the detection characteristics and sensitivity. In other approaches, authors suggest 

alternative techniques to reduce or even eliminate the required chromatographic 

analysis time, like Fourier Transformed Infra-Red (FT-IR) spectroscopy [35] and 
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Nuclear Magnetic Resonance (NMR) [4], but in all these cases with decreased 

sensitivity and accuracy [36,37]. 

Furthermore, many studies have been carried out under metabolic profiling 

concept employing different analytical platforms, mainly LC-MS and NMR [38,39]. 

Regardless the analytical method, usually multivariate data analysis (MDA) is applied 

to cope with the generated data [25]. Using this approach, projection and prediction 

models are generated for the classification of OO samples according to the question of 

the study. In rare cases, chemical groups or certain metabolites are suggested [15]. 

Additionally, the great majority of studies focuses either on the lipophilic or the 

hydrophilic part. Usually biophenols of the OOs under investigation fail evaluation of 

samples as whole or respond to the most quality parameters [38,39]. Additionally, 

other constrains exist in both LC-MS-based as well as in NMR-based metabolomic 

approaches. Laborious sample preparation procedures, long analysis time, selectivity, 

matrix effect etc in LC-MS studies and low sensitivity, high cost, identification issues 

etc in NMR-based limiting their applications. Based on the above, alternative methods 

which provide speed, efficiency and credibility are under investigation. Towards this 

direction, direct MS analysis of OO has been suggested and nowadays is in the center 

of the scientific interest for quality control purposes generally in food [40–42]. 

Another issue which complicates much more the analysis of OO is the accurate 

identification of compounds. Even today the complete composition of unsaponified 

fraction of OO is still unresolved and new compounds are suggested [43]. Especially 

in untargeted metabolic profiling studies many features remain unidentified or 

misidentified due to the lack of databases, the unavailability of reference standards 

and the limitations of analytical techniques used. Particularly for LC-MS based 
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metabolic profiling approaches the analyser is critical for the accurate identification of 

detected features and accurate interpretation of results [44]. 

Greece is the country possessing the highest OO consumption [45] and is the 

third OO production country globally. Thus, authentication and quality control of 

Greek OOs is a matter of high concern. Several approaches have been suggested since 

‘80s based either on glycerol or biophenols fraction, using different experimental 

protocols and analytical techniques [46–50]. Additionally, several studies have been 

carried out for the classification of OOs coming from different Greek olive tree 

varieties [15,51–53]. To the best of our knowledge only two studies have been 

published for the influence of the employed cultivation practice in Greek OOs [54,55] 

and only one for the study of the production procedure methodology [56]. Both of the 

aforementioned factors have been found to influence OO quality [57,58], but until 

now they are not well studied in Greek OOs. Moreover, no previous study exists to 

investigate origin, cultivation and production procedure at the same time or to study 

simultaneously both chemical parts (lipophilic and hydrophilic) of OO.  

Hence, the aim of the current study was the qualitative and quantitative 

determination of OO biophenols for the exploration of the influence of specific factors 

reported that affect quality characteristic. TPF and TPC were correlated to 

geographical origin, cultivation practice and production procedure methodology. In 

parallel, two different quantitative methodologies were developed for HT, T, OLEO 

and OLEA quantitative determination. Additionally, an untargeted, fast and highly 

accurate methodology was developed for the classification of EVOOs according to 

the same quality parameters. Specific compounds were revealed as markers for these 

quality parameters, both lipophylic and hydrophilic, taking advantage of the excellent 

identification competence of two FT analysers. Indeed, two analytical platforms were 
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employed for the analysis of EVOOs and specifically, a UPLC-HRMS/MS (orbitrap 

analyser) as more established method in parallel with flow injection analysis-magnetic 

resonance mass spectrometry (FIA-MRMS) to improve sensitivity, accuracy, speed 

and detection range. Thus, a rapid methodology of 2 and 8 minutes per sample was 

developed and applied for the analysis of intact EVOOs as well as their biophenol 

extracts, respectively. Data were processed using MDA and distinct clusters were 

revealed associating certain metabolites with geographical origin, production 

procedure and cultivation practice. To our knowledge, this is the first time that certain 

marker compounds abundant in EVOO are associated with three quality parameters 

employing at the same time FIA method and the identification confidence of MR 

analyzer.
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2. Materials and Methods  

2.1.1 Reagents and materials 

Solvents for extraction and HPLC-DAD analysis were of analytical grade, 

MeOH, ACN and water were HPLC grade (Carlo-Erba). The analytical reference 

standards, syringaldehyde, HT and T were purchased from Chembiotin (Greece) with 

purity > 98%. Oleocanthal (OLEO) and oleacein (OLEA) were isolated from OO 

using the described methodology of chapter 2 (Section 2.2) with purity > 98%. For 

Folin Ciocalteu analysis, Folin Ciocalteu reagent and gallic acid were purchased from 

Sigma Aldrich (Missuri, USA). ACN and formic acid used for HRMS analysis were 

LC-MS grade (Fisher Chemical) and water (H2O) was obtained from a milli-Q water 

purification system (Millipore, USA). 

2.1.2 Instrumentation 

For the HPLC-DAD quantification a Thermo Scientific system was used 

equipped with a pump SpectraSystem P4000, autosampler SpectraSystem AS3000, 

PDA SpectraSystem UV800 and column Discovery HS-C18, 25 cm, 4.6 mm, 5 μm. 

Data processing was performed with the ChromQuestTM 4.2 software. Metabolomic 

analysis of biophenols was accomplished to an H class Acquity UPLC system 

(Waters, USA) coupled to a LTQ-Orbitrap XL hybrid mass spectrometer (Thermo 

Scientific, USA). Metabolomics via MRMS of EVOOs and biophenols were 

performed to a solariX 7T MRMS system (Bruker Daltonik GmbH, Bremen, 

Germany). 
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2.2 Samples collection and registration 

EVOO samples were obtained directly from OO producers and OO cooperatives 

during the harvesting period 2015-2016 from three producing areas of Greece. During 

sample collection, complete information accompanying each sample (metadata) were 

thoroughly assembled i.e. olive tree cultivar, production procedure, cultivation 

practice, exact location of olive grove, ripening stage, olive oil storage and the 

categorization of olive oil in the virginity index. The metadata are presented in Table 

A1 in appendix. The selection of the geographical regions was based on a previous 

study of our group, investigating the quantitative profile of certain biophenols in 

Greek EVOOs [59]. Over 300 EVOO samples were initially collected from Crete, 

Peloponnese and Ionian islands, OO producing regions of Greece, representing three 

production procedures and cultivation practices, respectively. Ultimately, after the 

implementation of certain acceptance criteria the number of samples narrowed down 

to 208. After the collection, all EVOOs were directly centrifuged and stored under 

nitrogen conditions in dark, glassy vials at 20°C to retain their chemical stability 

during storage [60]. 

2.3 Biophenols extraction 

Samples were extracted following the IOC proposed protocol [61] after the 

employment of minor modifications for automation purposes. In brief, 1 g (±0.001) of 

EVOO was weighed and dissolved in 1 mL of n-hexane. The solution of oil and 

hexane was mixed and homogenized with MeOH:H2O 80:20 (v/v) using a vortex 

mixer for 3 minutes and then centrifuged in 3.000 rpm for 3 minutes for phases 

separation. The same procedure was repeated twice. The extracts were defatted twice 

with n-hexane and evaporated under vacuum conditions and centrifugation at 30oC 
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(GeneVac HT-4X). After evaporation, the dried extracts were stored in glassy vials at 

-20°C until use. 

2.4 Total Phenolic Content (TPC) via colorimetric assay 

As a widely used parameter Total Phenolic Content (TPC) was also evaluated 

for the derived extracts via Folin Ciocalteu colorimetric assay (or gallic acid 

equivalence method). Gallic acid calibration curve was plotted by preparing eight 

different concentration of gallic acid (2.5 μg/ml, 5 μg/ml, 10 μg/ml , 12.5 μg/ml , 20 

μg/ml , 25 μg/ml , 40 μg/ml  and 50 μg/ml) mixed with Folin Ciocalteu reagent 

(tenfold diluted) and sodium carbonate solution (7.5 % w/v). Extracts were prepared 

in the appropriate dilution with the same reagents and analysed in triplicates. The 

absorption was measured at 765 nm. TPC values were expressed as mg of gallic acid 

equivalent/Kg of EVOO using the resulted standard calibration curve of gallic acid 

(R2=0.9982) (Figure A1). The detailed results of the biophenols extracts are presents 

in supplementary information in Table A2. 

2.5 Quantitative determination of biophenols 

2.5.1 HPLC-DAD method 

For HPLC-DAD analysis, samples were dissolved in MeOH:H2O 1:1 (v/v) and 

syrigaldehyde was added as internal standard (IS) in the final concentration of 50 

μg/mL. For the quantification of HT and T a method proposed from IOC was applied, 

with some modifications. The separation was achieved with a gradient elution system 

starting with 98% water with 0.2% acetic acid (A) and 2% acetonitrile (B). In 40 

minutes the concentration of acetonitrile was increased to 30% and maintained for 5 

minutes. Subsequently, initial composition was reached in 5 minutes. The total run 

time was 50 minutes with a flow rate 1 mL/min. The injection volume was set at 20 
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μL. The column temperature was kept at 40oC. Chromatograms were processed at 280 

nm and both molecules, HT and T were quantified according to their 6-points 

calibration curves. 

OLEO and OLEA were quantified according to the method proposed from 

Impellizzeri et al., 2006 [62]. A gradient elution system was used for the separation. 

The initial composition was 80% water (A) and 20% ACN (B). The concentration of 

ACN was increased after 20 minutes to 30% and maintained for 15 minutes. The 

system returned to initial conditions in 5 minutes. The total run time was 40 minutes 

with a flow rate 1 mL/min and the injection volume was set to 10 μL. The column 

temperature was kept at 25oC. Chromatograms were processed at 235 nm and both 

molecules were quantified according to their respective 11-points calibration curves. 

2.5.2 Preparation of standard solutions, calibration curves and quality control 

(QC) samples 

Stock solutions of HT, T OLEO, OLEA and ES were prepared at the 

concentration level of 1 mg/mL in MeOH and stored at -20oC. Working solutions 

were prepared by diluting appropriate volumes of each analyte and IS stock solutions 

in a solution of MeOH:H2O 1:1 (v:v). Calibration points were built in matrix solution 

using 6 different concentrations of HT and T and 11 concentrations for OLEA and 

OLEO. The dynamic range of HT calibration curve was 2 μg/mL-150 μg/mL (2 

μg/mL, 3 μg/mL, 20 μg/mL, 50 μg/mL, 100 μg/mL, 150 μg/mL); for T the dynamic 

range was 2 μg/mL-100 μg/mL (2 μg/mL, 3 μg/mL, 20 μg/mL, 50 μg/mL, 80 μg/mL, 

100 μg/mL); for OLEO and OLEA the dynamic range was 50 μg/mL-1000 μg/mL (50 

μg/mL, 100 μg/mL, 200 μg/mL, 300 μg/mL, 400 μg/mL, 500 μg/mL, 600 μg/mL, 700 

μg/mL, 800 μg/mL, 900 μg/mL, 1000 μg/mL). In the four analyte solutions, S was 

added in the final concentration of 50 μg/mL. A standard mixture of T (1 mg/mL) was 
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used as quality control (QC) solution and injected evert eight runs to check the 

reliability of the system.  

Three QC levels, low, medium and high were prepared for each analyte. For HT 

50 μg/mL, 100 μg/mL and 150 μg/mL; for T 20 μg/mL, 50 μg/mL and 100 μg/mL for 

OLEA 500 μg/mL, 700 μg/mL, 1000 μg/mL; OLEO 500 μg/mL, 700 μg/mL, 1000 

μg/mL. 

2.5.3 Matrix preparation 

For matrix preparation an OO sample characterized by completely absence of 

the four biophenols was used. Concisely, XAD7 resin was mixed overnight with OO 

in ratio 1:4 (w/v). After filtering resins were washed with n-hexane for fatty acids 

removal and then extracted with methanol. Matrix extract was evaporated until 

dryness. For QC and calibration points preparation matrix extract was prepared in the 

final concentration of 2 mg/mL diluted in a solution of MeOH:H2O 1:1 (v/v). 

2.5.4 Quantification and validation of the analytical methodology 

For calibration curves construction the ratio of the area of analytes versus the 

area of the ES was used. The linearity was checked using partition least squares 

method and evaluation of the regression coefficient (R2).  

The validation of the method was performed in accordance to ICH quality 

guidelines “Validation of Analytical Procedures Q2 (R1)” [63] and FDA [64] by 

evaluating the stability, specificity, linearity, precision, accuracy, lower limit of 

quantification (LLOQ)-detection (LLOD) and the system suitability parameters. 
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2.5.4.1 Specificity-Recovery 

Specificity was evaluated by injecting five individually prepared matrix samples 

and investigation of the presence of possible interference at the corresponding 

retention time (RT) of analytes and ES. Recovery was determined in the three QC 

levels of each analyte and comparing the concentrations of analytes from pre-spiked 

samples with post-spiked samples.  

2.5.4.2 Lower limit of quantification (LLOQ) and detection (LLOD) 

LLOQ and LLOD were calculated based on the standard deviation and the slope 

of the calibration curves. For the calculations, the equations below and a blank matrix 

sample were used. 

LLOQ= 
𝑦𝑏𝑙𝑎𝑛𝑘+10 𝜎

𝑏
 

LLOD= 
𝑦𝑏𝑙𝑎𝑛𝑘+3 𝜎

𝑏
 

where yblank is the background signal, b is the slope estimated from the calibration 

curve and σ is the standard deviation of the response. 

2.5.4.3 Repeatability, intermediate precision and accuracy 

Repeatability (within-run) and intermediate precision (between run) of the assay 

were evaluated based on and the standard deviation (SD) and relative standard 

deviation (%RSD) of the three QC levels of QC run in five replicates. The rejection 

criteria was % RSD<2 for repeatability and % RSD<10-15% for intermediate 

precision. Within-run accuracy and between-run were determined for QCs as the % 

RSD which should be less than 15%. 
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2.5.4.4 Robustness 

The robustness of the method was evaluated incorporating alterations in 

analysis conditions within ±5% changes. Firstly, column temperature was set at 38oC 

and 42oC and secondly autosampler temperature was set at 9.5oC and 10.5oC. All 

experiments were performed in the medium QC level (HT: 100 μg/mL, Τ: 50 μg/mL, 

OLEA: 500 μg/mL, OLEO: 500 μg/mL) calculating the chromatographic peak area of 

analyte and the RT. Results are expressed as % RSD. 

2.6 UPLC-HRMS & HRMS/MS analysis 

UPLC-HRMS and high resolution tandem MS (HRMS/MS) was employed only 

for the analysis of biophenol extracts. The extracts as well as the quality control (QC) 

pooled sample were prepared in the final concentration of 500 μg/ml diluted in 

MeOH:H2O 1:1 (v/v). For the separation, H2O with 0.1% formic acid (FA) was used 

as solvent A and acetonitrile (ACN) as solvent B. The elution method started with 2% 

of B and in 2 minutes reached 21%. In the next 4 minutes the percentage of B 

increased to 44.5%. Finally, at ninth minute, B reached 100% and maintained for 2 

minutes. The next minute the system returned to the initial conditions and stayed for 3 

minutes for system equilibration. A Thermo Hypersil Gold C-18 (50 mm x 2.1 mm, 

1.9 μm) column was used for the separation, with a stable temperature of 40°C. The 

measurements were performed with a total acquisition time of 15 minutes and a flow 

rate of 400 μl/min. The injection volume was 10 μl and the autosampler temperature 

was at 7°C. Mass spectra were obtained in negative ion mode using an electrospray 

ionisation source (ESI). The capillary temperature was set at 350°C, capillary voltage 

at -10 V and tube lens at -40 V. Sheath and auxiliary gas were adjusted at 40 and 10 

arb, respectively. Mass spectra were recorded in full scan mode in the range of 115-

1000 m/z, with resolving power 30,000 at 500 m/z and scan rate 1 microscan/sec. 
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HRMS/MS experiments were obtained in data-depending method with collision 

energy 35.0% (q = 0.25). The system was calibrated externally every 50 injections. 

2.7 FIA-MRMS analysis 

MRMS analysis was employed for both intact EVOOs samples and their 

corresponding biophenol extracts. EVOO samples were dissolved 1:1000 in 

CH2Cl2:MeOH 50:50 containing 10 mM ammonium acetate. Spectra were acquired in 

the mass range of 147–3000 m/z with a resolving power of 450,000 at m/z 400. 

Spectra were externally calibrated with NaTFA cluster and additionally internally 

calibrated with a lock mass of deprotonated palmitic acid at m/z 255.23295. Mass 

spectra were obtained in negative ion mode with 24 scans/spectrum and the 

acquisition time was 0.75 min. A sample loop was filled with 20 µl sample solution 

and transferred to the electrospray ionisation source. During the spectra acquisition 

the flow was 10 µl/min. The total injection time was 2 minutes. Five repetitive 

measurements were performed for each sample. 

The corresponding biophenol extracts were diluted 1:20 in 50% MeOH with 10 

mM ammonium acetate. Spectra were acquired in the mass range of 107 – 3000 m/z 

with a resolving power of 300,000, at m/z 400. Spectra were externally calibrated with 

NaTFA cluster. Mass spectra were obtained in negative mode with 92 scans/spectrum 

and the acquisition time was 6 min. A sample loop was filled with 100 µl sample 

solution and transferred to the electrospray ion source. During the spectra acquisition 

the flow was 10 µl/min. The total injection time was 8 minutes. Three repetitive 

measurements were performed for each sample. 
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2.8 Statistical process and chemometrics 

UPLC-MS data were recorded with Xcalibur 2.2. Raw files (.raw, Thermo) 

were imported to MZmine 2.26 software for data processing. Peak list was generated 

with centroid selection algorithm. For chromatogram building of the generated mass 

list, 0.05 minute was set as minimum time of span and 5 ppm for mass tolerance. 

Chromatogram deconvolution module was employed and spectra were processed with 

local minimum search algorithm using R package. The minimum retention time range 

was set at 0.1 minute and peak width 0.05-0.7 minutes. Chromatograms were aligned 

and spectra were normalized regarding retention time with 0.005 minute tolerance. 

Join align method which aligns detected masses using a match score, calculated based 

on the mass and detection time of each peak was used. Finally, gap filing was 

implemented, using peak finder method. MRMS data were recorded with ftmsControl 

2.1 and processed with ProfileAnalysis 2.1. The mass lists of the mass spectra were 

imported as feature lists based on the average mass spectrum of all spectra. This list 

was exported as asc file for import in SIMCA. 

Both of the generated data tables were imported to SIMCA 14.1 (Umetrics, 

Sweden) software for statistical analysis. Mainly, Principal Component Analysis 

(PCA) and Orthogonal Partial Least Squares-Discriminant Analysis (OPLS-DA) were 

implemented for sample discrimination and identification of statistically important 

metabolites responsible for observed trends and classifications. For this purpose, 

Variable Importance in Projection (VIP) values of OPLS-DA models which rank 

variable contribution were estimated and evaluated. VIP scores >1 were considered as 

statistically significant.  

The generated models were evaluated for their R2 and Q2 parameters indicating 

the measure of fit and the predictability, respectively. Only models with R2 values 
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close to 1, Q2 values over 0.5 or models with lower R2 but close to Q2 value were 

accepted. Permutation test was also applied for further validation of the models. 

Similarly, only models which succeeded in the permutation test were used for data 

visualization and VIP calculations. 

2.9 Structure elucidation workflow 

Based on VIP calculations a list with significant features was created and 

subjected to identification process. Initially, LC-HRMS chromatograms and their 

corresponding HRMS spectra (< 2 ppm) were investigated. Extraction ion method 

was used in parallel with peak-to-peak selection affording the corresponding full scan 

spectra. Suggested Elemental Composition (EC) of each detected peak together with 

isotopic patterns and ring double bond equivalent (RDBeq) values were further used 

to confirm the proposed structures. Additionally, HRMS/MS spectra contributed to 

the identification of specific chemical entities based on in-house databases (Figures 

A6-11). Furthermore, on-line databases were used for additional structural 

information. Another factor witch assisted considerably the identification process was 

the MS spectra derived from FIA-MRMS analysis. Nonetheless, the ultra-high 

resolution of the MRMS instrumentation (< 1 ppm) and SmartFormulaTM (SF) tool 

enabled the identification of compounds with high confidence. The MRMS spectra 

were imported and processed in MetaboScape 4.0 (Bruker Daltonics). Using the T-

Rex 2D algorithm possible adducts as well as isotope of a compounds are combined 

to one feature so that the detected masses belonging to the same elemental 

composition are presented only as one feature in the table. The import was conducted 

with a delta m/z of only 1 mDa with maximum possible charge state of 1 and an 

intensity threshold of 1000000 which corresponds to S/N 2. Molecular Formula were 

automatically assigned using the SF algorithm which also takes into account isotopic 
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fine structure information. Known and expected compounds in analysed samples were 

automatically annotated using custom AnalteLists. 



Chapter 1-Results and Discussion 

39 
 

3. Results and discussion  

3.1 Samples selection and registration 

Particularly important element in approaches with quantification and 

metabolomics purposes is sampling quality by means of samples size as well as 

complete and accurate sample information (metadata). Commonly, small number of 

samples is subjected for analysis diminishing significantly the statistical confidence of 

the obtained results or leading to fragmented and incomplete conclusions [55]. 

Therefore, comprehensive and precise metadata is the basis of data validity and 

ultimately results soundness since correlations with certain parameters of chemical 

composition, concertation levels and/or markers are expected. Despite the plethora of 

studies available, the quality of metadata is usually overlooked or underestimated.  

In the current study special attention has been given to the sampling and precise 

metadata as well as the selection of the discriminating parameters. Given the fact that 

Koroneiki variety dominates Greece, only OO samples from the specific olive variety 

have been selected for quantification and metabolomics analyses. Koroneiki is 

considered as the most common and suitable tree cultivar for OO production in the 

south of Greece due to its adaption to dry and hot climates and the production of small 

drupes, with high ratio of skin/flesh, generating high yields of oil [54]. 

Following variety, the second selection criterion was extra virgin index since 

more than ¾ of the Greek oils are EVOOs. Only EVOO samples were included while 

other OO qualities were excluded. Ripening stage was the third inclusion parameter. It 

is well known that the olive drupe maturity is strongly associated with the chemical 

composition of OO [66]. Therefore, EVOO samples characterized by close ripening 

stage (November–December) were selected. Finally, OO samples with incomplete 
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metadata were also excluded. Thus, from the 300 initially collected samples only 243 

were qualified to be further scrutinized.  

The number of samples was further reduced taking into account the 

geographical origin. The two main regions, Peloponnese and Crete responsible for 

approx. 75% of the total production were rationally selected as more representative. 

Each region was further divided into two subareas i.e. Heraklion & Lasithi (Crete) 

and Messenia & Laconia (Peloponnese) based on the same rationale. Additionally, 

Crete and Peloponnese are the dominating OO producing areas of Greece and can 

consequently provide an adequate number of samples produced in different olive oil 

mills and with different cultivation practices. Considering that both origin and 

cultivation conditions are strongly related to climate conditions, it should be noted 

that both Crete and Peloponnese are characterized by high temperatures during the 

whole year and low precipitation levels. In order to explore in more detail these 

parameters, samples from Ionian islands (Cephalonia and Ithaca) were also included. 

Ionian islands is not an area of high OO production. However, these islands have a 

microclimate utterly different (low temperatures during the winter and high 

precipitation levels the whole year) from Crete and Peloponnese and can provide data 

with high significance. 

For cultivation practice, conventional, integrated and organic farming were 

recorded. Conventional practice is mainly used in Greece for olive tree growing, 

while integrated has started to become more popular. In these two practices, synthetic 

fertilizers and pesticides are used and the difference concerns that in the second there 

are limitations in terms of the quantity of synthetics and propagation material. In 

organic farming, synthetic products are forbidden and soil regeneration is based on 

physical processes [67,68]. Regarding production procedure, two phases, three phases 
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and traditional mills were used for OO production. Nonetheless, samples produced 

with traditional pressing system were excluded from the analyses, due to the low 

number of samples. Nowadays, this kind of production is almost abandoned in 

Greece. Two phases and three phases centrifugation systems are the most common 

used methods and their difference lies in the amount of the added water during the 

step of oil separation from paste; two phases centrifugators are more evolved and 

require lower amount of added water in comparison to three phases [58]. These 

production procedures and cultivation practices are the most employed in Greece and 

in consequence disclose high interest for investigation. Samples coming from organic 

cropping that were not certified were excluded as well except samples produced from 

traditional pressing systems. 

After the last examination of the OO samples based on the discriminating 

parameters under investigation, the number of valid samples to be forwarded for 

analyses was finally 208. Table 1 illustrates the total sample collection subjected to 

quantification and metabolic analysis. 

Quality parameters Subclasses 
Number of 

observations 

Geographical origin 

Peloponnese 89 

Crete 85 

Ionian islands 34 

Production procedure 
Two phases 117 

Three phases 87 

Cultivation practice 

Conventional 104 

Integrated 38 

Organic 45 

Table 1: Representation of the total number of samples under investigation (n=208). 

Samples are grouped in three quality parameters: geographical origin (n=208), 

production procedure (n=204) and cultivation practice (n=187). Quality parameters 

are divided in subclasses and the respective number of samples is tabulated. 
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3.2 TPF and TPC determination 

The first inspected parameter in the derived biophenols extracts was the 

produced extraction yield (TPF) of EVOOs. Moreover, all TPFs were analysed with 

Folin-Ciocalteu colorimetric assay for TPC determination. Useful observations could 

be made when comparing the average values of TPF and TPC with respect to their 

geographical origin, production procedure and cultivation practice (Figures 2 and 3). 

The detailed results are shown in Table A2 in appendix.  

 

Figure 2: Mean values of TPF and TPC versus geographical origin. TPF results are 

expressed as g/Kg EVOO. TPC is presented as the ratio TPC/100 for axis 

normalization and expressed as mg GAE/kg EVOO. The basic geographical areas 

with the corresponding TPF and TPC values are indicated above each region. In 

parenthesis the number of samples of each geographical region is represented. The 

total number of analysed samples is 208. 

 

As it is obvious in the above figure there is a correlation between TPF and TPC 

levels. Higher TPFs result in higher TPC demonstrating the coherence of these two 

parameters. The TPCs mean values varied significantly among the different 

geographical regions and among samples originating from the same area as well. 

TPCs ranged from 63 to 607 mg GAE/Kg EVOO. The average value was calculated 
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at 198 mg GAE/Kg EVOO (Figure 2). These values are characteristics for Greek 

EVOOs and are in agreement to those reported by other authors [69]. Similarly, TPFs 

values indicated considerable variations between 0.54 and 3.01 g/Kg EVOO with an 

average value of 1.35 g/Kg EVOO [70]. In more detail, the highest TPC values were 

recorded in Crete and specifically in Lasithi region. Heraklion region of Crete showed 

both TPF and TPC values close to the calculated average, with some samples holding 

considerable high values for both parameters. Samples from Ionian islands possessed 

the next highest values for TPC. It has to be noted that Ithaca island held high the 

calculated TPC and TPF (highest TPF value of all regions) mean values of this region, 

while Cefalonia island was characterized by low TPFs and TPCs. Concerning 

Peloponnese even if a number of samples were characterized by high TPFs and TPCs 

values, the majority was at the limit of the calculated average. It is worth mentioning 

that the regions of Lasithi, Heraklion, Laconia and Messenia are the main olive oil 

production regions in Greece.  

It is interesting that Ithaca samples possessed the highest TPF but not TPC. 

After investigation of the corresponding HPLC-DAD chromatograms, no significant 

additional peaks were found that could be responsible for the relatively high TPFs. A 

rational hypothesis could be that these samples could be characterized by high 

amounts of not UV absorbing compounds which at the same time are unable to react 

with the Folin-Ciocalteu reagent such as triterpenic and fatty acids (Peragon et al., 

2015). At this point it has to be mentioned that the olive tree variety cultivated in 

Ionian Islands (even though has a common variety name) has been adapted to the 

utterly different microclimate conditions of these islands. 

The same calculations were conducted for OO production system which is 

regarded as an important parameter which affects biophenols content. As it is 
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illustrated in figure 3A and indicated from both TPF and TPC values, the 

incorporation of two phase mills leads to higher preservation of biophenols in EVOO 

compared to the three phases mills which is in agreement with previous studies [71]. 

For the two phases system the calculated mean value of TPC was 211 mg GAE/KL 

EVOO and TPF 1.24 g/Kg EVOO. The corresponding values for three phases systems 

were lower from two phases and from the calculated mean values and specifically 

182.46 mg GAE/Kg VOO and 1.18 g/Kg, respectively. Even if the difference in the 

determined values is not important, the trend is clear as indicated also from numerous 

previous published data [71,72]. These results could be explained by the different 

operation procedures of the two mill types. Specifically, in three-phases mills the 

addition of water during malaxation favors the removal of biophenols into waste [72]. 

TPC and TPF values of traditional press production systems were not included in the 

calculations due to the small numbers of samples.  

 

Figure 3: TPF-TPC average values versus A) production system (n=204) and B) 

cultivation practice (n=187). Traditional press systems (graph a-left) and organic-

non certified (graph b-right) were not included. Results are expressed in g/Kg and mg 

GAE/Kg EVOO, respectively. Each system and practice is characterized by its 

number of samples. TPC values are represented as ration TPC/100 for axis 

normalization. 
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Similarly, to milling process, cultivation practice was also analysed in relation 

to TPC and TPF values. Despite the fact that the last decades there is an increasing 

interest in producing and consuming (E)VOO coming from organic and generally 

from supervised cultivations, there are only few studies examining the nutritional 

characteristics of these OOs [73]. As can be observed in figure 3B, organic practice 

possessed the highest values for TPC and TPF, namely 223 mg GAE/Kg EVOO and 

1.29 g/Kg, respectively; followed by integrated cultivation practice (212 mg GAE/Kg 

VOO and 1.26 g/Kg for TPC and TPF, respectively). The lowest values were 

calculated in TPFs from EVOOs derived from conventional cultivation practice (183 

mg GAE/Kg VOO and 1.15 g/Kg for TPC and TPF, respectively). From the above 

results it can be inferred that supervised cultivations (organic and integrated) produce 

higher TPF and TPC values denoting the possible impact of the employed practices to 

phenols production in olive drupes and OO. 

3.4 Quantitative determination of biophenols 

Based on former studies of our group [74] as well as on information from the 

literature, amongst the major compounds abundant in TPFs of Greek EVOOs are 

OLEO and OLEA (Figure 1). There are also cases where oleuropein and ligstroside 

aglycons were found in considerable concentration levels. Moreover, HT and T are 

characteristic components of TPF while substantial data are available for their 

significant biological properties as mentioned already [75]. Based on the availability 

of reference standards, we proceeded with the quantification of OLEO, OLEA, HT 

and T. 

Due to the different physicochemical characteristics of the analysed compounds, 

two HPLC-DAD methods were employed for the analysis of EVOO samples. 

Specifically, one method in acidic conditions was used for the quantification of HT 
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and T and another method in not acidified conditions for OLEO and OLEA. In both 

cases HPLC-DAD apparatus was employed according to already published methods 

with minor modifications [62]. 

3.4.1 Method development for HPLC-DAD 

Quantification was performed with two different analytical methodologies, one 

for the quantification of HT and T and one for OLEA and OLEO. In both of them, 

testings for elution solvents selection and the appropriate column temperature were 

performed. MeOH and ACN were tested for the selection of organic phase and H2O 

with and without AA for aqueous phase. ACN resulted in better peak shape for all 

analytes and thus selected as organic phase. In the case of OLEA and OLEO use of 

ACN for elution produced a double peak elute with better peak shape in comparison 

to the one peak elute of MeOH as elution solvent. H2O with 0.2% AA improved also 

the chromatographic resolution, although in the case of OLEA and OLEO a different 

chromatographic behavior was observed. Addition of AA in aqueous phase resulted in 

the disappearance of the double peak and the elution of only one peak. For this 

reason, AA was used only for HT and T method and rejected for OLEA and OLEO. 

Concerning column temperature, use of 40oC improved peak shape for HT and T and 

selected as analysis temperature. Though for OLEA and OLEO use of AA changed 

the ratio of the double peak and for this reason analysis was performed at 25oC. In 

both methodologies the used gradient was tested and adjusted to avoid co-elution with 

other biophenols of the extracts. 

3.4.2 Quantification and validation of the analytical methodology 

For the quantification of the four biophenols syrigadelhyde was used as IS since 

it exhibits similar chemical structure with the analytes and high and repeatable 
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recovery. IS shows high stability during analysis and it has not been described as an 

OO constituent. Moreover, it does not interfere with the four analytes and for these 

reasons it was selected as IS of the employed quantification methodologies. Figure 4 

illustrates the peaks of HT, T and IS in indicatives calibration points for each analyte. 

 

Figure 4: HPLC-DAD chromatograms of hydroxytyrosol (HT) and tyrosol (T). A: HT 

at the concentration level of 20 μg/mL. B: T at the concentration level of 50 μg/mL. 

Chromatograms are obtained at 280 nm. Syrigaldehyde (S) and retention time are 

annotated. 

 

For the construction of HT and T calibration curves the ratio of analytes area to 

the area of IS was used. The linearity was checked using partition least squares 

method. The derived HT equation is: y = 0.0404x + 0.0043 with correlation 

coefficient R2=0.9997 and for T is: y = 0.0251x + 0.0146 with correlation coefficient 

R2=0.9999. The corresponding equation is presented in figure A2. 
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Figure 5: HPLC-DAD chromatograms of oleacein (OLEA) and oleocanthal (OLEO). 

A: OLEA at the concentration level of 200 μg/mL. B: OLEO at the concentration level 

of 200 μg/mL. Chromatograms are obtained at 235 nm. Syrigaldehyde (S) and 

retention time are annotated. 

 

For OLEA and OLEO calibration curves were constructed using analytes area. 

ES was used only for the verification of injection and system stability. For OLEA the 

corresponding equation is: y = 42987x + 600597 with correlation coefficient 

R2=0.9931 and for OLEO: y = 46773x + 124584 with correlation coefficient 

R2=0.9934. The corresponding equation is presented in figure A3. 

3.4.2.1 Specificity-recovery 

Specificity was evaluated and no interference from the biophenol extract 

metabolites was found to the corresponding RT of HT, T, OLEA, OLEO and ES. The 

recovery was determined in the three QC levels of analytes in five replicates with use 

of the equation below: 

%𝑅 =
𝑝𝑟𝑒 − 𝑠𝑝𝑖𝑘𝑒𝑑 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑎𝑟𝑒𝑎

𝑝𝑜𝑠𝑡 − 𝑠𝑝𝑖𝑘𝑒𝑑 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑎𝑟𝑒𝑎
 𝑥 100 

Recoveries were estimated over 94% for all analytes and QC levels and render 

the employed methodologies suitable for HT, T, OLEA and OLEO quantification in 

OO biophenol extract. 
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3.4.2.2 Lower limit of quantification (LLOQ) and detection (LLOD) 

LLOD and LLOQ were determined for each analyte based on given equations 

of section 2.5.4.2. Particularly, LLOQ were found for HT 0.04 mg/ml, for T 0.05 

mg/mL, for OLEA 0.56 mg/mL and for OLEO 0.67 mg/mL. 

The corresponding LLOD values were for HT 0.02 mg/mL, for T 0.03 mg/mL, 

for OLEA 0.25 mg/mL and for OLEO 0.33 mg/mL. 

3.4.2.3 Repeatability, intermediate precision and accuracy 

Repeatability, intermediate precision and accuracy were determined by 

analyzing five replicates at the three QC concentration levels of the analytes. 

Repeatability and intermediate precision did not exhibit values over 0.7% and 0.9% 

respectively. Measured accuracy displayed %RSD <12% for all QC levels and 

analytes. 

3.4.2.4 Robustness 

The altered conditions to evaluate system robustness resulted in % RSD< 2% in 

both deliberate changed conditions. Change of column temperature caused an RT 

shifting with RSD=1.82 %, while change of the autosampler temperature caused 

RSD=0.14% in peak area calculations. 

 3.4.3 Measurements of HT, T OLEO and OLEA in EVOO 

Table 2 summarizes the average values of the quantification results of the four 

analytes as well as the sum of them, according to their geographical origin. The 

detailed results of each sample are given in Appendix Table A2. 
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Table 2: Mean values of HT, T, OLEA, OLEO concentrations according to their geographical origin. Results are expressed in mg/Kg EVOO. In 

bold the higher concentration values compared to the estimated average are presented. 

Geographical region 
HT (mg/Kg 

EVOO) 

T (mg/Kg 

EVOO) 

OLEA (mg/Kg 

EVOO) 

OLEO (mg/Kg 

EVOO) 
Sum (mg/Kg) 

Ionian islands 
Cephalonia 4.88 6.66 40.98 44.25 96.78 

Ithaca 7.08 8.02 68.95 114.30 198.34 

Peloponnese 
Messinia 9.39 7.75 33.36 38.54 89.04 

Laconia 4.23 6.27 21.98 42.59 75.04 

Crete 
Lasithi 6.00 4.78 47.43 60.54 129.66 

Heraklion 6.66 6.26 59.85 58.48 118.75 

Average 6.37 6.62 45.43 59.78 117.94 
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The concentration levels of HT ranged from not detectable to 29.9 mg/kg 

EVOO and for T ranged from not detectable to 58.0 mg/kg EVOO (see also, 

Appendix Table A2). Average values were found 6.37 and 6.62 mg/kg EVOO for HT 

and T, respectively. The highest values for HT were found in Peloponnese and 

specifically in Messenia region. Ithaca presents also high values followed by 

Heraklion. Concerning T the highest values are presented again from Messenia and 

Ithaca, followed by Cephalonia. All the other regions are characterized by lower 

levels of HT and T compared to the calculated mean values. Figure 6 illustrates 

superimposed chromatograms of two OO extracts with different concentrations of HT 

and T. These results are in agreement with those found in previous published studies 

where HT and T were studied and quantified [69,76]. 

 

Figure 6: HPLC-DAD chromatogram obtained at 280 nm representing an OO extract 

rich in HT and T (red annotation) and another poor in these analytes (blue 

annotation). 

 

For OLEO and OLEA a different pattern was found. It has to be noted that both 

compounds are secoiridoids that are hydrolyzed by endogenous enzymes during 

ripening of olive drupe and/or during malaxation releasing the corresponding simple 

phenols, HT and T respectively [77]. According to our data, the concentration of 

OLEA and OLEO ranged from not detectable to 157 and 181 mg/Kg EVOO, 
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respectively. Average values were also calculated and found 45.4 and 59.8 mg/Kg 

EVOO for OLEA and OLEO, respectively. The detailed results for each sample are 

given in Appendix Table A2. The calculated mean values and concentration range are 

similar with those reported previously [76,78]; although according to another study 

the concentration of OLEO and OLEA in Greek VOOs was found to be much higher 

for both compounds [79]. Nevertheless, in this latter study the compounds 

quantification was not performed by HPLC-DAD but with NMR and reference 

standards of the compounds were not used. Due to extended overlapping of aldehydic 

protons of OLEA and OLEO with other compounds bearing an aldehyde moiety as 

well, this method could lead to overestimations [80]. 

Ithaca island gave again the highest values for both compounds. Heraklion and 

Lasithi regions of Crete gave the nest higher values for OLEA, while for OLEO 

Heraklion was not over the calculated mean value but very close to it. Figure 7 

illustrates an overlaid chromatogram of two OO extracts with different concentrations 

of OLEA and OLEO. It is intriguing that despite the fact that Ithaca and Cephalonia 

are islands very close each other, OO samples coming from them presented notable 

differences in their chemical composition; Ithaca presented high values for all of the 

four quantified compounds and high TPC levels as well, while Cephalonia did not 

indicate the same levels in those parameters. In both islands Koroneiki cultivar is 

cultivated but adapted in the microclimatic conditions of Ionian islands area. 

Although, another undefined factor except microclimate seems to differentiate the 

produced OO in these two islands. It has to be highlighted that OO samples coming 

from Ithaca are poorly studied concerning their biophenols content and to our 

knowledge this is the first time that EVOOs coming from Ithaca were quantified for 

the above four biophenols. 
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Figure 7: HPLC-DAD chromatogram obtained at 235 nm representing an OO extract 

rich in OLEA and OLEO (red annotation) and another poor in these analytes (blue 

annotation). 

 

Additionally, the sum of the four determined compounds was estimated per 

origin in order to have an overview of their contribution in TPC (Table 2). The 

highest sum was observed in Ithaca as it was expected due to the occurrence of high 

levels in all of the four compounds. Continuously Crete region (Lasithi and 

Heraklion) presented the next higher sum. It is noteworthy that Ithaca and Crete 

possessed also the highest TPC values, although in reverse sequence indicating the 

higher contribution of these four compounds to Ithaca samples but not to Cretan. 

Cretan samples are possible rich in other secoiridoid compounds such as oleuropein 

and ligstroside aglycons that contribute to TPC values, but not quantified in this 

study. 

3.5 UPLC-HRMS & HRMS/MS analysis 

Being one of most popular and established method for quality control purposes, 

LC-MS was used first for the analysis of the samples. In this case only biophenol 

extracts were analysed due to well know restrictions in the analysis of intact oils with 

the LC-MS technique. Taking advantage of separation factor at the LC part and the 
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high resolving power and accuracy of the Orbitrap analyser, important data were 

generated. In total, for the 208 observations, 214 meaningful variables (m/z@Rt) were 

derived out of 1687 initially detected features. Primarily, unsupervised methods and 

specifically PCA was used (UV scaling). However, no specific patterns were 

observed.  

Supervised methods were applied and OPLS-DA method after validation (Table 

A3) revealed distinct clustering information. Figure 8 illustrates the OPLS-DA scores 

plot and the generated groups according to geographical origin. 

 

Figure 8: OPLS-DA scores plot of the biophenol extract samples acquired via UPLC-

HRMS. Plot includes the total number of observations in color scale according to 

geographical origin ClassID; Peloponnese (blue), Crete (red), Ionian islands 

(yellow). QC sample are also observed (green). On the left side of the plot the used 

scaling and the fitting parameters R=0.419 and Q2=0.310 are denoted. 

 

The generated model is not characterized by high fitting parameters (R2, Q2), 

although close values. Nevertheless, discrete clusters and trends were observed. 

Samples from Crete and Ionian islands were grouped separately from Peloponnese 
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samples at the first component, while they were differentially grouped amongst them 

at the second component. QC samples, as expected were centralized with limited 

dispersion indicating appropriate analytical procedure and good data fitting (Figure 

A5). Moreover, as illustrated in figure 8, the samples from Ionian islands were 

characterized by extensive dispersion while many of them could be considered as 

outliers (13/34). From VIP values, 55 features were selected as statistically significant 

with VIP>1 and were forwarded for identification. The detailed results are discussed 

in section 3.6.1 together with FIA-MRMS analysis.  

As illustrated in figure 9, the LC dimension gives important information 

regarding the identity of compounds. For instance, based on RT and full scan MS, 

basic categorization could be achieved amongst the main chemical groups e.g 

phelylalcohols, iridoids, secoiridoids, flavonoids, triterpenic acids. Other features 

such as suggested EC and RDBeq. in combination with HRMS/MS facilitated 

significantly the identification process. An example of this process using extraction 

ion method as well as representative spectra of EVOO biophenols are given in 

appendix (figure A6-11). This information was coevaluated with MRMS data for 

accurate identification of metabolites.  
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Figure 9: Base peak (BP) chromatogram of the QC (pooled sample). Certain 

metabolite groups are annotated.  

 

3.6 FIA-MRMS analysis 

3.6.1 Geographical origin 

In parallel to LC-MS, the 208 EVOO samples were analysed with FIA-MRMS. 

In this case both intact EVOO and biophenol extracts were analysed in 2 and 8 

minutes, respectively. Similarly to LC-MS analysis, the spectral data were subjected 

to data processing prior MDA. Pareto scaling provided the best visualization and 

fitting results for intact EVOO samples while UV for the corresponding biophenol 

extracts. 2637 variables (m/z) were revealed from the EVOO dataset and 5079 from 

biophenols dataset. All the generated models using supervised methods (OPLS, 

OPLS-DA) succeeded in validation tests, holding higher scores for the corresponding 

R2 and Q2 parameters in comparison to UPLC-HRMS. Figure 10 illustrates 

representative scores plots using geographical origin as class parameter. 
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Figure 10: Scores plots of EVOOs and their corresponding biophenol extracts 

acquired via FIA-MRMS. Observations are colored coded according to geographical 

origin (A): PCA scores plot of EVOOs including all observations (pareto scaling); 

(B): OPLS scores plot of EVOOs including all observations (pareto scaling); (C): 

OPLS-DA plot of EVOOs excluding Ionian island samples (pareto scaling); and (D): 

OPLS-DA scores plot of biophenol extracts including all observations (UV scaling). 

Fitting parameters values (R2, Q2) are given (bottom- left). 

 

In PCA scores plot of intact EVOOs (Figure 10A), an unexpected clear 

tendency was observed separating the samples in the three basic areas; Peloponnese 

(blue), Crete (red) and Ionian islands (yellow). Similarly to LC-MS analysis, the 

majority of outliers originated from Ionian islands followed by samples of Crete while 

dispersion was obviously high. Interestingly, based on metadata most of the outliers 

corresponded to Ithaca island. In OPLS scores plot (Figure 10B) well-defined groups 

were revealed with acceptable fitting parameters. Especially for Ionian islands, two 

subgroups were clearly evident representing the two different collection islands i.e. 

Cephalonia (upper group) and Ithaca (lower group). Likewise, outliers corresponded 

to samples from Ithaca island. It is worth noting that the two islands are 

geographically very close, indicating the power and the sensitivity of the model.  
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Additionally, a distinct separation between the groups of Peloponnese/Crete and 

Ionian group was observed indicating the chemical discrepancy of Ionian samples in 

comparison to the other two areas. Excluding Ionian islands samples and using OPLS-

DA method (Figure 10C), higher fitting parameters and clear clusters were disclosed. 

It is noteworthy that, there was a distinct separation between the two basic areas, 

Peloponnese and Crete, on the first component and apparent separation among the 

geographical subareas at the second component. For biophenols only OPLS-DA 

model passed the validation process (permutation test and acceptable fitting 

parameters). Distinct grouping of the three basic areas was attained (Figure 10D). 

Once more, Ionian islands were characterized by a number of outliers coming from 

Ithaca. It is worth noting that similar clustering trends in the separation of Ionian and 

Cretan samples with Peloponnese samples, in comparison to figure 8, was observed. 

Close inspection of the two plots (Figure 8 and Figure 10D) revealed that the absence 

of the LC dimension didn’t affect at all the analysis performance. In contrast, the 

clustering was significantly improved with less dispersion and enhanced fitting.  

Following the scores plots, the corresponding loading plots were thoroughly 

examined (Figure 11) for the identification of marker metabolites responsible for 

observed classification and correlation with geographical origin. VIP values were 

used to prioritize the detected variables. 297 features for EVOOs and 445 for 

biophenol extracts were determined with VIP>1. The ultra-high resolution and mass 

accuracy of MR analyzer contributed drastically to the identification of metabolites 

with high confidence and the detection of biophenols even in intact EVOOs analysis. 

The statistically significant identified compounds are presented in Table 3.  
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Figure 11: OPLS-DA loadings plot for geographical origin identification generated 

by FIA-MRMS for intact EVOOs (A) and biophenols (B) dataset. Representative 

statistically significant loadings corresponding to certain marker compounds are 

annotated in areas of Peloponnese (blue), Crete (red) and Ionian islands (yellow). 

 

In total, 72 metabolites were identified both in EVOOs and biophenol extracts 

as geographical origin markers. The identification results denote that each 

geographical region was characterized by certain categories of compounds indicating 

their chemical discrepancy. Based on Table 3 (and Table A4 in appendix), EVOOs 

from Crete were mainly characterized by secoiridoid derivatives. Specifically, 

oleuropein aglycon (44) was present in almost all samples, revealing the highest 

relative levels amongst all groups (VIP=14.02). Also oleuropein aglycon derivatives 

i.e. 10-hydroxy oleuropein aglycon (47), hydroxy-O-decarboxymethyl oleuropein 

aglycon (39), oleacein (38) and oleocanthal (32) were characteristic secoiridoid 

markers of Crete. Other compounds strongly correlated were triterpenic acids 

(maslinic acid (57), oleanolic acid (56)) and long chain fatty acids (lignoceric acid 

(43), montanic acid (55), gondoic acid (34), arachidic acid (35)). 

It is noteworthy that using metabolite-based projection method, oleic acid was 

clearly present in medium-high levels in Crete and Ionian in contrast to Peloponnese 

samples (Figure A12). Regarding, linoleic acid the opposite trend was observed while 
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for palmitic acid the trend of oleic acid was followed. Based on bibliographic data 

palmitic acid was formed from oleic acid [81], explaining the same trend in the two 

plots. Palmitic acid was found in significant intensities in Peloponnese as well. These 

observations are in agreement with previous studies using classical methods for acids 

determination ensuring the credibility of our approach [82]. 

In the case of Peloponnese, a different pattern was revealed. More chemical 

groups were represented i.e. flavonoids (apigenin (20), luteolin (26), luteolin-7-

methyl ester (29)), lignans (acetoxypinoresinol (51), pinoresinol (41), syringaresinol 

(53)), phenyl acids (protocatehuic acid (5), benzoic acid (2)), phenylalcohols 

(hydroxytyrosol (6), tyrosol (3), hydroxytyrosol acetate (9)) and secoiridoids. It is 

worth noting that some compounds from the aforementioned groups have been 

previously suggested as Koroneiki variety markers [83]. Moreover, FA such as 

pentadecanoic acid (14), palmitoleic acid (15), margaric acid (22), lauric acid (10), 

margaroleic acid (19), stearic acid (25), octanoic acid (4) and characteristic 

triglycerides (triolein (71) and linolein (70)) were characteristic of Peloponnese 

EVOOs. Regarding the iridoids group, elenolic acid and its derivatives (elenolic acid 

methyl ester (16), elenolic acid ethyl ester (21), desoxyelenolic acid (11) were found 

as the most statistically significant markers together with ligstroside aglycon (42). 

Interestingly, high abundance of oleocanthal (32) found in some specific samples 

(Lakonia subarea) even if it was not statistically significant marker of Peloponnese 

EVOOs. In these cases, maybe other parameters such as altitude might be responsible 

for these high levels. In a previous published study, authors claim that the 

geographical prediction of origin regarding Lakonia and Crete is difficult, due to the 

same microclimatic conditions in these areas (high temperatures and low precipitation 

levels), associating their similar chemical profile with the biosynthetic pathway [48].  
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Contrary to the other areas, Ionian island samples uncovered completely 

different patterns. Linoleic acid derived as the most statistical significant marker of 

this region (Figure A13), while its levels in the other regions were significant low. 

Oleic acid (which is a considered as a predominant FFA of Koroneiki cultivar) 

retained its high levels, like Crete region. This fact can be explained from the activity 

of the enzyme oleate desaturase which has been found to convert oleic acid to linoleic 

[84]. Among the factors that regulate oleate desaturase activity is temperature [85]. It 

has been recently reported that low temperatures lead to higher content of C18:2 and 

C18:3 FA to maintain the fluidity of the biological membranes [86] Also it has been 

reported that higher temperatures increase oleic acid content in OO and its 

percentages depends on the mean environmental temperatures during fruit growth 

[87]. The high content of linoleic acid in Cephalonia have also been reported in 

another study where the authors calculated the FFA composition of different cultivars 

and locations of Ionian islands [50].  

Additionally, Ionian samples as a total group displayed poor biophenol content 

and was mainly characterized by diglycerides and their derivatives. Besides, Ithaca 

samples uncovered high intensities in specific secoididoids, although not 

characterized as statistical significant. These findings are in accordance with previous 

results of our group confirming the significant chemical differences of Ionian OO 

with OOs produced in other regions of Greece [59]. The above findings may be 

explained by the different climate conditions in the three basic areas and the different 

adaption-behavior of Koroneiki cultivar in these microclimatic conditions. It has been 

generally proved that phenolic compounds content increase with the exposure to UV 

light and high temperatures [88]. The environmental stress of Crete and Peloponnese 

seems to lead to higher production of biophenols in comparison to Ionian islands. In 
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parallel, the relative lower temperatures of Ionian islands influence FFA composition 

and the saturation degree of OO [86]. Despite the clear markers for each region under 

study, some compounds are found significant for two regions, simultaneously but 

with different VIP values. For instance, oleic acid is important for the separation of 

Crete & Ionian samples from Peloponnese and palmitoleic acid could be used to 

differentiate Peloponnese & Ionian EVOOs from Cretan ones. Box-plots of 

characteristic phenols and their deviation between the three geographical origins are 

given in appendix (Figure A14). 

3.6.2 Cultivation practice 

The agronomical practices used for the cultivation of olive tree is a critical 

parameter affecting the composition of olive drupes and consequently of the produced 

OO [57]. In the current study three basic farming practices were investigated i.e. 

conventional, integrated and certified organic in order to reveal patterns and 

correlations with certain compounds. In this discriminating parameter only OPLS-DA 

models were valid for both EVOOs and biophenols samples. In biophenols scores plot 

once again the clusters were tighter with higher predictivity parameter (Q2) and better 

permutation test value (Table A3). Figure 12 illustrates the corresponding OPLS-DA 

scores plots. 

In total, 309 variables were found with VIP >1 for EVOOs and 429 for 

biophenols for the entire number of observations. In figure 12A clear clustering with 

some overlappings between integrated and conventional practice were observed with 

a number of outliers originated from integrated practice (Figure A15 illustrates the 

corresponding loadings plot). It is interesting that integrated and conventional 

samples, which apply similar maintenance and fertilization practices, were separated 
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from organic farming on the first component, while integrated and conventional on 

the second component.  

In a previous published study concerning the determination of FFA content 

between organic and non-organic VOO via GC-MS, authors denote that no difference 

was observed between the cultivation practices, pointing out that the existence of 

pesticides does effect the ratio of MUFA/PUFA [89]. In another study authors claim 

that the total FFA composition is the same and only the levels of oleic and linoleic 

acid varies between the same practices, with oleic acid possessing higher 

concentrations in organic treatments [73]. Although in our study we discovered a 

significant aggregation of FFAs in integrated practice, followed by conventional 

including oleic acid in significant content with the parallel substance of TGs. In 

organic farming mostly DGs, their derivatives and a number from FFAs were 

encountered. It should be highlighted that most of the organic practice samples used 

in the study originated from Ionian islands which might affect the results. 

Interestingly, integrated practice is poorly studied concerning the composition of OO 

(both lipophilic and hydrophilic part) and data are presented here for the first time.  

 

Figure 12: Scores plots of EVOOs and their corresponding biophenol extracts 

acquired via FIA-MRMS. Plots include the total number of observations and are 

colored coded according to cultivation practice classID; conventional (blue), 

integrated (light orange), and certified organic practices (magenta). (A): OPLS-DA 
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scores plot of EVOOs with pareto scaling; (B): OPLS-DA scores plot of biophenols 

with UV scaling. Fitting parameters values (R2, Q2) are given (bottom- left). 

 

Regarding biophenols a different trend was observed. In figure 12B organic and 

conventional samples are separated on the first component with integrated, while 

conventional and organic are separated on the second component (Figure A16 

represents the corresponding loadings plot). Once more outliers originated from 

integrated practice.  

Most of available studies report that organic practice produces higher TPC 

[54,57,90]. This was evident also from the current study as it is presented in figure 3B 

and Table A2 in appendix. However, due to the wide and sometimes unclear 

definitions of organic and conventional practices, the factors influencing TPC have 

not yet been substantiated. However, it is generally accepted that TPC production 

interrelates to the amount of the available water. Excess of water (usually provided to 

conventional practice) leads to low production of phenolic compounds [91] due to 

lower activity of L-phenylalanine ammonia lyase enzyme in olive fruits which is the 

key enzyme in phenolics biosynthesis [92]. In our study, VIP features revealed that 

conventionally grown trees emerged the majority of biophenolic classes such as 

secoiridoids, iridoids, phenyl alcohols, triterpenic acids, lignans, flavonoids. On the 

other hand, in organic practices we did not identify many biophenol groups, but in a 

considerable number of samples characteristic secoiridoids were identified i.e. 

oleacein (38), oleocanthal (32), ligstroside aglycon (42) and its derivatives as well as 

some oleuropein aglycon derivatives giving higher intensities in comparison to 

conventional practice. It should be noted that in organic practice we identified only a 

part of the secoiridoids groups, which appear in high concentrations in Greek OO [59] 

and in consequence constitute the main part of total biophenols.  
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In integrated practice only phenyl acids were identified. In figure 12A and B the 

displayed integrated outliers come from Ole 466 for biophenols and Ole 656 and 512 

from EVOOs (all of them from Lasithi produced with three phases mill) possessed 

high intensities for linoleic acid and oleuropein aglycon, which were not found as 

statistical significant metabolites in integrated practice (Figure A17). 

3.6.3 Production procedure 

As mentioned already, samples of EVOO using traditional mills were not 

included in the study due to their low number since this production way has been 

almost abandoned nowadays. Models developed with unsupervised methods had low 

fitting parameters and did not pass the validation test. OPLS-DA models with pareto 

and UV scaling for EVOOs and biophenols respectively, were although valid with 

good fitting parameters. Figure 13 represents the OPLS-DA scores plots of EVOOs 

and their biophenol extracts.  

 

Figure 13: Score plots of EVOOs and their corresponding biophenol extracts 

acquired via FIA-MRMS and colored according to production procedure classID; 

three phases (green), two phases (blue). (A): OPLS-DA of EVOOs treated with pareto 

scaling. (B): OPLS-DA of biophenols treated with UV scaling. Fitting parameters R2 

and Q2 are given (left-down). 
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309 VIP features were calculated with values over 1 for EVOOs and 429 for 

biophenols (in figure A18 the corresponding s-plot is presented). Both plots had clear 

distinction between the two different procedures on the first component, while the 

model of biophenols showed higher fitting parameters R2, Q2, better permutation test 

results (Table A3) and tighter clusters in comparison to EVOOs model. In addition, 

two phases procedure (Figure 13B) uncovered a subgroup of outliers, interestingly all 

from the same producer. 

Concerning the glycerol part (Figure 13A), two phases system contained most 

of the identified TGs, DGs and FFAs. Three phases system contained also some FFAs 

and DGs. This intersection of chemical groups between the two procedures may be 

the reason for the high diffusion of the two clusters and the low values in fitting 

scores. However, these findings concern only the identified compounds of the initial 

VIP list and in consequence no specific trend can be formed to support cluster 

separation. In a previous study, authors describe that FA variability is not influenced 

from production methodology [56] and therefore they can be regarded as an impotent 

factor of groups discrimination. In the same study, it is reported that two phases 

decanters resulted in OOs with higher content in phenyl alcohols and phenyl acids. 

Moreover, previous studies indicate that OOs produced in two phases mills contain 

higher phenolic content in comparison to three phases due to the removal of phenols 

into waste during the addition of water in the malaxation stage [58]. The same 

findings were uncovered in our study i.e. higher content of phenyl alcohols and their 

derivatives (hydroxytyrosol (6), tyrosol (3), hydroxytyrosol acetate (9), tyrosol acetate 

(7) and some secoiridoids (oleacein (38), oleocanthal (32), oleocanthal acid (37)) 

were observed as statistical significant biomarkers of two phases milling. On the other 

hand, the rest of secoiridoids, iridoids, lignans, flavonoids and triterpenic acids were 
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more present in three phases systems. Based on the above outcomes, it seems that two 

phases system congregated the more polar phenols. 

Concerning the outliers in the two phases procedure group, all the samples come 

from the same oil production plant of Lakonia (Peloponnese) region, but different 

olive oil producers. These samples are characterized by phenyl acids (protocatehuic 

acid (5), benzoic acid (2)) and significant FFAs of OO (palmitic acid (17), myristic 

acid (12), pentadecanoic acid (14), palmitoleic acid (15), margaric acid (22), lauric 

acid (10), margaroleic acid (19), stearic acid (25), octanoic acid (4)). It should be 

noticed that these samples did not behave as outliers in the study case of geographical 

origin (EVOOs and biophenols), but only in the production procedure biophenols 

model. Outliers exposed a different biophenols composition from all the other 

samples produced with two phases mills, despite that in literature phenyl acids have 

been reported as biomarkers of two phases production procedure. The exact parameter 

influencing their composition is not clear. Although a special treatment (e.g. 

uncommon malaxation temperature or time) had possibly been implemented during 

oil production and consequently influenced their chemical profile. In brief, the 

existence of tighter clusters, higher fitting parameters, and stronger trends of figure 

13B signify that the production procedure mainly affects biophenols composition in 

comparison to intact EVOO. 
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Table 3: Identified metabolites in EVOO and biophenol extracts by MRMS. All the metabolites are numbered according to the first column. 

Experimental m/z and elemental composition are given. Each metabolite is accompanied with the primary type of classID i.e. geographical 

region, production procedure and cultivation practice.  
 

No Experimental m/z Suggested Molecule 
Elemental 

Composition 
Geographical region 

Production 

procedure 
Cultivation practice 

1 119.034969 2-(2-hydroxyethoxy)acetic acid C4H8O4 Peloponnese Two phases Integrated 

2 121.029503 Benzoic acid C7H6O2 Peloponnese n.c. Integrated 

3 137.06081 Tyrosol C8H10O2 Peloponnese Two phases Integrated 

4 143.107736 Octanoic acid C8H16O2 Peloponnese Two phases Integrated 

5 153.01931 Protocatehuic acid C7H6O4 Peloponnese Two phases Integrated 

6 153.055719 Hydroxytyrosol C8H10O3 Peloponnese n.c. Conventional 

7 179.071361 Tyrosol Acetate C10H12O3 Ionian islands Two phases Conventional 

8 
183.066297 

Dialdehydic form of 

decarboxymethyl Elenolic acid 
C9H12O4 Ionian islands Two phases Conventional 

9 195.066278 Hydroxytyrosol Acetate C10H12O4 Peloponnese, Crete Two phases Conventional 

10 199.170347 Lauric acid C12H24O2 Peloponnese Two phases Integrated 

11 225.076859 desoxy elenolic acid derivative C11H14O5 Peloponnese n.c. Conventional 

12 227.201648 Myristic acid C14H28O2 Peloponnese Two phases Integrated 

13 241.071755 Elenolic acid C11H14O6 Peloponnese Three phases Conventional 
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14 241.21729 Pentadecanoic acid C15H30O2 Peloponnese Two phases Integrated 

15 
253.217315 Palmitoleic acid C16H30O2 

Peloponnese, Ionian 

islands 
Two phases Integrated, Organic 

16 255.087423 Elenolic acid methyl ester C12H16O6 Peloponnese Three phases Conventional 

17 255.232958 Palmitic acid C16H32O2 Peloponnese Two phases Integrated 

18 257.066694 Hydroxylated form of elenolic acid C11H14O7 Crete, Ionian islands n.c. Conventional 

19 267.23293 Margaroleic acid C17H32O2 Peloponnese Two phases Integrated 

20 269.045551 Apigenin C15H10O5 Peloponnese Three phases Conventional 

21 269.103081 Elenolic acid ethyl ester C13H18O6 Peloponnese.  Conventional 

22 269.248578 Margaric acid C17H34O2 Peloponnese Two phases Integrated 

23 279.23298 Linoleic acid C18H32O2 Ionian islands Two phases Organic 

24 
281.248634 Oleic acid C18H34O2 Crete, Ionian islands Two phases 

Conventional, 

Integrated 

25 
283.264257 Stearic acid C18H36O2 Peloponnese Two phases 

Conventional, 

Integrated 

26 
285.040502 Luteolin C15H10O6 Peloponnese Three phases 

Conventional, 

Integrated 

27 295.227889 Hydroxylinoleic acid C18H32O3 Crete Two phases Integrated 

28 
297.243504 Hydroxyoleic acid C18H34O3 Crete Three phases 

Conventional, 

Integrated 
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29 299.056138 Luteolin-7 methyl-ether C16H12O6 Peloponnese Three phases Conventional 

30 299.20161 PUFA,C-20 C20H28O2 Peloponnese Two phases Integrated 

31 299.259173 Hydroxystearic acid C18H36O3 x Three phases Conventional 

32 
303.123779 Oleocanthal C17H20O5 Crete Two phases 

Organic, 

Conventional 

33 303.232928 Arachidonic acid C20H32O2 x x Integrated 

34 309.284317 Gondoic acid C20H38O2 Crete Three phases x 

35 
311.295541 Arachidic acid C20H40O2 Crete Three phases 

Conventional, 

Integrated 

36 313.238436 Octadecanedioic acid C18H34O4 Crete n.c. Integrated 

37 319.116536 Oleocanthalic acid C17H20O6 n.c. Two phases x 

38 
319.118731 Oleacein C17H20O6 Crete Two phases 

Organic, 

Conventional 

39 
335.113652 

Hydroxy-O-decarboxymethyl 

oleuropein aglycon 
C17H20O7 Crete n.c. 

Conventional, 

Organic 

40 339.232889 Docosanoic acid C23H32O2 Peloponnese Three phases Integrated 

41 357.134425 Pinoresinol C20H22O6 Peloponnese Three phases Conventional 

42 
361.129246 Ligstroside aglycon C19H22O7 Peloponnese Three phases 

Conventional, 

Organic 

43 367.361121 Lignoceric acid C24H48O2 Crete Three phases n.c. 
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44 377.124147 Oleuropein aglycon C19H22O8 Crete Three phases Conventional 

45 389.290828 SFA C21H42O6 Ionian islands Three phases Conventional 

46 391.139885 Methyl oleuropein aglycon C20H24O8 Crete Three phases Conventional 

47 393.119148 10-Hydroxy oleuropein aglycon C19H22O9 Crete Three phases Conventional 

48 
393.155482 

Ligstroside aglycon derivative 

(hydroxylated product) 
C20H26O8 Peloponnese Three phases 

Conventional, 

Organic 

49 409.15044 Oleuropein aglycon derivative C20H26O9 Crete, Peloponnese Three phases Conventional 

50 413.290878 TG C23H42O6 Ionian islands Two phases Organic 

51 415.139887 Acetoxypinoresinol C22H24O8 Peloponnese Three phases Conventional 

52 415.306484 MUFA ester C23H44O6 Ionian islands Two phases Organic 

53 417.155523 Syringaresinol C22H26O8 Peloponnese Three phases Conventional 

54 417.322155 SFA ester C23H46O6 Peloponnese Two phases Conventional 

55 423.422612 Montanic acid C28H53O2 Crete Two phases n.c. 

56 455.353111 Oleanolic acid C30H48O3 Crete Three phases Conventional 

57 471.347941 Maslinic acid C30H48O4 Crete Three phases Conventional 

58 611.525847 DG derivative C37H72O6 Ionian islands Two phases Organic 

59 
629.491862 DG C37H70O5Cl Ionian islands Two phases 

Conventional, 

Organic 

60 637.541557 Trilaurin C39H74O6 Ionian islands Two phases Organic 
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61 653.542317 DG derivative C39H73O7 Ionian islands Two phases Organic 

62 655.515738 DG C39H72O5Cl Ionian islands Two phases Conventional 

63 679.554723 DG derivative C41H75O7 Peloponnese Three phases Organic 

64 849.763319 TG derivative C53H102O7 Ionian islands Two phases Organic 

65 867.725262 TG C53H100O6Cl Ionian islands Two phases Conventional 

66 875.774536 TG derivative C55H104O7 Ionian islands Two phases Organic 

67 890.714835 Stearin C57H110O6 Ionian islands Two phases Conventional 

68 891.725417 TG C55H100O6Cl Ionian islands Two phases 
Conventional, 

Organic 

69 893.742758 TG C55H102O6Cl Ionian islands Two phases Conventional 

70 
895.732846 TG C55H104O6Cl Peloponnese Two phases 

Integrated, 

Conventional 

71 914.753581 Linolein C57H98O6 Peloponnese Two phases Conventional 

72 919.754312 Triolein C57H104O6Cl Ionian islands Two phases Conventional 

1 Metabolites marked with “x” are not found in the VIP list for the corresponding quality parameter. 2 Indication of “n.c.” is referred to features 

that no conclusion could be made with due to the low number of samples. 3SFA: saturated fatty acid; PUFA: polyunsaturated fatty acid. 
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4. Conclusions  

In the present study a holistic analytical workflow was incorporated for mapping and 

quality control of Greek EVOO. Based on a methodical sample collection, EVOO samples were 

thoroughly selected from different areas of Greece and special attention was given to metadata 

qualifying the optimum ones subjected to the study. Essential phenolic parameters were 

evaluated using standard methodologies and in parallel two metabolic profiling approaches of 

intact EVOO and the corresponding biophenols were incorporated for the investigation of 

specific parameters i.e geographical origin, cultivation practice and production procedure.  

More specifically, two HPLC-DAD methodologies were developed and applied for the 

quantification of two phenylalcohols (HT and T) and two secoiridoid derivatives (OLEA and 

OLEO), characterized by high pharmacological interest. Quantification results were combined 

with TPC and TPF values and then correlated with geographical origin, cultivation practice and 

production procedure. Studied parameters were associated with certain levels of analytes and 

phenolic content. Previous published data in combination with our results revealed the existence 

of certain levels of phenolic compounds in each geographical region and the impact each applied 

methodology of cultivation practice and production procedure to the phenolic content. 

Subsequently, two different FT-HRMS methods were incorporated for quality control 

aspects of Greek EVOO using metabolic profiling approaches. Both, biophenols after extraction 

and native EVOOs were analysed using FIA-MRMS method and in parallel LC-Orbitrap 

methods were used for the analysis of polyphenols samples. Data derived from both techniques 

were subjected to MDA and correlated. Clear classification of EVOO samples was achieved in 

both types of samples with FIA-MRMS using for class discrimination all the parameters under 

investigation. Taking advantage of the excellent resolution and accuracy of MRMS as well as the 
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HRMS/MS capabilities of Orbitrap it was possible to identify specific compounds responsible 

for the observed classification with high confidence. It is the first time that two very important 

factors for EVOO quality, agronomical practice and procedure for its production are investigated 

under metabololic profiling concept for Greek samples. To our knowledge it is also the first time 

that certain markers belonging to lipophilic and polar constituents of EVOO are revealed, 

identified and correlated to specific parameter using a single technique. It was possible, with 

limited sample preparation and eliminating LC using just direct injection, to accomplish very fast 

analysis time of a few minutes without any negative impact of data quality. Therefore, FIA-

MRMS is proven to be an excellent alternative for quality control purposes for such a complex 

and highly variable substrate such as EVOO.  
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Appendix 

Table A 1: Metadata of sample collection presenting geographical origin, olive tree variety, type 

of cultivation and production procedure methodology. 

Code Origin Variety Type of cultivation 
Production 

procedure 

OLE410 Heraklion Koroneiki Integrated Three phase 

OLE411 Heraklion Koroneiki Integrated Three phase 

OLE412 Lasithi Koroneiki Organic Two phase 

OLE413 Lasithi Koroneiki Organic Two phase 

OLE416 Heraklion Koroneiki Integrated Three phase 

OLE417 Lasithi Koroneiki Integrated Two phase 

OLE418 Heraklion Koroneiki Conventional Three phase 

OLE419 Lasithi Koroneiki Organic Two phase 

OLE420 Lasithi Koroneiki Organic Two phase 

OLE421 Heraklion Koroneiki Organic Three phase 

OLE422 Heraklion Koroneiki Organic Three phase 

OLE423 Kefalonia Koroneiki-Kefalonia Conventional Two phase 

OLE424 Kefalonia Koroneiki-Kefalonia Conventional Two phase 

OLE425 Kefalonia Koroneiki-Kefalonia Conventional Two phase 

OLE426 Kefalonia Koroneiki-Kefalonia Conventional Two phase 

OLE427 Kefalonia Koroneiki-Kefalonia Conventional Two phase 

OLE428 Kefalonia Koroneiki-Kefalonia Conventional Two phase 

OLE429 Kefalonia Koroneiki-Kefalonia Conventional Two phase 

OLE430 Kefalonia Koroneiki-Kefalonia Conventional Two phase 

OLE431 Kefalonia Koroneiki-Kefalonia Conventional Two phase 

OLE432 Kefalonia Koroneiki-Kefalonia Conventional Two phase 

OLE433 Kefalonia Koroneiki-Kefalonia Conventional Two phase 

OLE434 Kefalonia Koroneiki-Kefalonia Conventional Two phase 

OLE435 Kefalonia Koroneiki-Kefalonia Conventional Two phase 

OLE436 Kefalonia Koroneiki-Kefalonia Conventional Two phase 

OLE437 Kefalonia Koroneiki-Kefalonia Conventional Two phase 

OLE438 Kefalonia Koroneiki-Kefalonia Conventional Two phase 

OLE439 Kefalonia Koroneiki-Kefalonia Conventional Two phase 

OLE440 Kefalonia Koroneiki-Kefalonia Conventional Two phase 

OLE441 Ithaki Koroneiki- Thiaki Organic Two phase 

OLE442 Ithaki Koroneiki- Thiaki Organic Two phase 

OLE443 Ithaki Koroneiki- Thiaki Organic Two phase 

OLE444 Ithaki Koroneiki- Thiaki Conventional Two phase 

OLE445 Ithaki Koroneiki- Thiaki Organic Two phase 

OLE446 Ithaki Koroneiki- Thiaki Organic Two phase 
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OLE447 Ithaki Koroneiki- Thiaki Organic Two phase 

OLE448 Ithaki Koroneiki- Thiaki Organic Two phase 

OLE449 Ithaki Koroneiki- Thiaki Organic Two phase 

OLE450 Ithaki Koroneiki- Thiaki Organic Two phase 

OLE451 Lakonia Koroneiki Organic Three phase 

OLE452 Lakonia Koroneiki Organic Three phase 

OLE453 Lakonia Koroneiki Conventional Three phase 

OLE454 Lakonia Koroneiki Conventional Three phase 

OLE455 Lakonia Koroneiki Conventional Three phase 

OLE456 Lakonia Koroneiki Conventional Three phase 

OLE457 Lakonia Koroneiki Conventional Three phase 

OLE458 Lakonia Koroneiki Conventional Three phase 

OLE459 Lakonia Koroneiki Conventional Three phase 

OLE460 Lakonia Koroneiki Conventional Three phase 

OLE464 Heraklion Koroneiki Integrated Three phase 

OLE465 Lasithi Koroneiki Integrated Three phase 

OLE466 Lasithi Koroneiki Integrated Three phase 

OLE467 Lasithi Koroneiki Organic Two phase 

OLE468 Lasithi Koroneiki Integrated Two phase 

OLE469 Lasithi Koroneiki Integrated Two phase 

OLE470 Lasithi Koroneiki Organic Two phase 

OLE471 Lasithi Koroneiki Integrated Three phase 

OLE472 Lasithi Koroneiki Integrated Two phase 

OLE473 Lasithi Koroneiki Integrated Two phase 

OLE474 Lasithi Koroneiki Integrated Two phase 

OLE475 Lasithi Koroneiki Integrated Two phase 

OLE476 Heraklion Koroneiki Integrated Two phase 

OLE477 Lasithi Koroneiki Integrated Three phase 

OLE478 Lasithi Koroneiki Integrated Three phase 

OLE479 Lasithi Koroneiki Integrated Three phase 

OLE480 Heraklion Koroneiki Integrated Three phase 

OLE487 Messinia Koroneiki Conventional Two phase 

OLE488 Messinia Koroneiki Conventional Two phase 

OLE489 Messinia Koroneiki Organic Two phase 

OLE490 Messinia Koroneiki Organic Two phase 

OLE491 Messinia Koroneiki Conventional Two phase 

OLE492 Messinia Koroneiki Conventional Three phase 

OLE493 Messinia Koroneiki Conventional Three phase 

OLE494 Messinia Koroneiki Conventional Two phase 

OLE495 Messinia Koroneiki Organic Two phase 

OLE496 Messinia Koroneiki Conventional Three phase 
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OLE497 Messinia Koroneiki Conventional Three phase 

OLE498 Messinia Koroneiki Organic Two phase 

OLE499 Messinia Koroneiki Conventional Two phase 

OLE500 Messinia Koroneiki Conventional Two phase 

OLE501 Messinia Koroneiki Conventional Two phase 

OLE502 Messinia Koroneiki Organic Two phase 

OLE503 Messinia Koroneiki Conventional Two phase 

OLE504 Messinia Koroneiki Conventional Two phase 

OLE505 Messinia Koroneiki Conventional Two phase 

OLE506 Messinia Koroneiki Conventional Two phase 

OLE509 Heraklion Koroneiki Conventional Three phase 

OLE510 Heraklion Koroneiki Conventional Three phase 

OLE511 Lasithi Koroneiki Integrated Three phase 

OLE512 Lasithi Koroneiki Integrated Three phase 

OLE513 Lasithi Koroneiki Conventional Two phase 

OLE514 Lasithi Koroneiki Conventional Three phase 

OLE515 Lasithi Koroneiki Organic Two phase 

OLE516 Heraklion Koroneiki Organic Two phase 

OLE517 Lasithi Koroneiki Conventional Three phase 

OLE518 Lasithi Koroneiki Conventional Two phase 

OLE519 Lasithi Koroneiki Conventional Two phase 

OLE520 Lasithi Koroneiki Conventional Two phase 

OLE521 Messinia Koroneiki Conventional Traditional 

OLE522 Messinia Koroneiki Conventional Traditional 

OLE523 Messinia Koroneiki Conventional Traditional 

OLE524 Messinia Koroneiki Conventional Traditional 

OLE534 Lasithi Koroneiki Conventional Two phase 

OLE535 Lasithi Koroneiki Organic Two phase 

OLE536 Lasithi Koroneiki Conventional Three phase 

OLE543 Messinia Koroneiki Conventional Three phase 

OLE544 Heraklion Koroneiki Conventional Three phase 

OLE545 Lasithi Koroneiki Conventional Two phase 

OLE546 Lasithi Koroneiki Conventional Three phase 

OLE547 Lasithi Koroneiki Organic-non certified Two phase 

OLE548 Lasithi Koroneiki Conventional Two phase 

OLE549 Lasithi Koroneiki Organic Three phase 

OLE550 Lasithi Koroneiki Organic Two phase 

OLE555 Messinia Koroneiki Conventional Three phase 

OLE556 Messinia Koroneiki Conventional Three phase 

OLE557 Lakonia Koroneiki Organic Three phase 

OLE558 Lakonia Koroneiki Organic Three phase 
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OLE559 Lakonia Koroneiki Organic Three phase 

OLE560 Lakonia Koroneiki Organic Three phase 

OLE561 Lakonia Koroneiki Organic Three phase 

OLE569 Lakonia Koroneiki Organic-non certified Two phase 

OLE570 Lakonia Koroneiki Organic-non certified Two phase 

OLE571 Lakonia Koroneiki Organic-non certified Two phase 

OLE572 Lakonia Koroneiki Organic-non certified Two phase 

OLE573 Lakonia Koroneiki Organic-non certified Two phase 

OLE574 Lakonia Koroneiki Organic-non certified Two phase 

OLE575 Lakonia Koroneiki Organic-non certified Two phase 

OLE576 Lakonia Koroneiki Organic-non certified Two phase 

OLE577 Lakonia Koroneiki Organic-non certified Two phase 

OLE578 Lakonia Koroneiki Organic-non certified Two phase 

OLE579 Lakonia Koroneiki Organic-non certified Two phase 

OLE580 Lakonia Koroneiki Organic-non certified Two phase 

OLE581 Lakonia Koroneiki Organic-non certified Two phase 

OLE582 Lakonia Koroneiki Organic-non certified Two phase 

OLE589 Heraklion Koroneiki Organic Three phase 

OLE590 Heraklion Koroneiki Organic Three phase 

OLE591 Heraklion Koroneiki Organic Three phase 

OLE592 Heraklion Koroneiki Organic Three phase 

OLE593 Heraklion Koroneiki Conventional Three phase 

OLE594 Heraklion Koroneiki Conventional Three phase 

OLE595 Heraklion Koroneiki Organic Three phase 

OLE596 Heraklion Koroneiki Organic Three phase 

OLE597 Heraklion Koroneiki Conventional Three phase 

OLE598 Heraklion Koroneiki Conventional Three phase 

OLE599 Heraklion Koroneiki Conventional Three phase 

OLE600 Heraklion Koroneiki Conventional Three phase 

OLE601 Heraklion Koroneiki Conventional Three phase 

OLE602 Heraklion Koroneiki Conventional Three phase 

OLE607 Heraklion Koroneiki Conventional Three phase 

OLE608 Heraklion Koroneiki Conventional Three phase 

OLE609 Heraklion Koroneiki Conventional Three phase 

OLE612 Heraklion Koroneiki Integrated Three phase 

OLE613 Heraklion Koroneiki Conventional Three phase 

OLE614 Heraklion Koroneiki Conventional Three phase 

OLE615 Heraklion Koroneiki Conventional Three phase 

OLE616 Heraklion Koroneiki Conventional Three phase 

OLE617 Heraklion Koroneiki Conventional Three phase 

OLE618 Heraklion Koroneiki Conventional Three phase 
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OLE635 Kefalonia Koroneiki-Kefalonia Organic-non certified Two phase 

OLE636 Kefalonia Koroneiki-Kefalonia Organic-non certified Two phase 

OLE637 Kefalonia Koroneiki-Kefalonia Organic-non certified Two phase 

OLE638 Kefalonia Koroneiki-Kefalonia Organic-non certified Two phase 

OLE639 Kefalonia Koroneiki-Kefalonia Organic-non certified Two phase 

OLE640 Kefalonia Koroneiki-Kefalonia Organic-non certified Two phase 

OLE647 Heraklion Koroneiki Conventional Three phase 

OLE648 Heraklion Koroneiki Conventional Three phase 

OLE649 Heraklion Koroneiki Conventional Three phase 

OLE650 Heraklion Koroneiki Conventional Three phase 

OLE651 Heraklion Koroneiki Conventional Three phase 

OLE652 Heraklion Koroneiki Conventional Two phase 

OLE653 Heraklion Koroneiki Conventional Three phase 

OLE654 Heraklion Koroneiki Conventional Three phase 

OLE655 Heraklion Koroneiki Conventional Three phase 

OLE656 Lasithi Koroneiki Integrated Three phase 

OLE657 Heraklion Koroneiki Conventional Three phase 

OLE677 Lakonia Koroneiki Integrated Two phase 

OLE678 Lakonia Koroneiki Conventional Two phase 

OLE679 Lakonia Koroneiki Integrated Two phase 

OLE680 Lakonia Koroneiki Integrated Two phase 

OLE681 Lakonia Koroneiki Integrated Two phase 

OLE682 Lakonia Koroneiki Integrated Two phase 

OLE683 Lakonia Koroneiki Integrated Two phase 

OLE684 Lakonia Koroneiki Integrated Two phase 

OLE685 Lakonia Koroneiki Integrated Two phase 

OLE687 Lakonia Koroneiki Integrated Two phase 

OLE688 Lakonia Koroneiki Integrated Two phase 

OLE689 Lakonia Koroneiki Conventional Two phase 

OLE690 Lakonia Koroneiki Integrated Two phase 

OLE691 Lakonia Koroneiki Conventional Two phase 

OLE692 Lakonia Koroneiki Conventional Two phase 

OLE693 Lakonia Koroneiki Integrated Two phase 

OLE694 Lakonia Koroneiki Integrated Two phase 

OLE695 Lakonia Koroneiki Integrated Two phase 

OLE696 Lakonia Koroneiki Organic Two phase 

OLE697 Lakonia Koroneiki Conventional Two phase 

OLE699 Lakonia Koroneiki Conventional Two phase 

OLE700 Lakonia Koroneiki Integrated Two phase 

OLE702 Messinia Koroneiki Organic Two phase 

OLE703 Messinia Koroneiki Organic Two phase 
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OLE704 Messinia Koroneiki Organic Two phase 

OLE705 Messinia Koroneiki Organic Two phase 

OLE706 Messinia Koroneiki Conventional Three phase 

OLE707 Messinia Koroneiki Conventional Three phase 

OLE708 Messinia Koroneiki Conventional Three phase 

OLE709 Messinia Koroneiki Conventional Three phase 

OLE710 Messinia Koroneiki Conventional Three phase 

OLE711 Messinia Koroneiki Conventional Three phase 

OLE712 Messinia Koroneiki Conventional Three phase 

 

 

Figure A 1: Standard calibration curve of gallic acid. The horizontal scale represents the used 

concentrations of gallic acid in μg/ml and the vertical scale the corresponding absorbances. 
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Table A 2: HPLC-DAD , TPC and TPF measurements. Results of hydroxytyrosol (HT), tyrosol (T), oleacein (OLEA) and oleocanthal 

(OLEO) are calculated in mg/Kg of olive oil (OO). TPC measurements are performed via Folin-Ciocalteu assay and expressed in mg 

GAE/Kg OO; values symbolized with ND are not determined and are out of the calibration curves. TPF represents the extraction yield 

and expressed in g/Kg OO. 

Code 
HT (mg/Kg 

OO) 

T (mg/Kg 

OO) 

OLEA 

(mg/Kg OO) 

OLEO 

(mg/Kg OO) 

Total (mg/Kg 

OO) 

TPC (mg 

GAE/Kg OO) 

TPF (g/Kg 

OO) 

OLE410 4.2 6.5 104 181 295 272 0.67 

OLE411 2.5 4.4 69 105 181 380 1.02 

OLE412 13.3 11.9 154 120 299 375 0.81 

OLE413 5.0 4.9 112 118 240 317 0.86 

OLE416 3.9 3.6 125 121 253 322 1.79 

OLE417 2.4 3.8 79 123 208 172 1.50 

OLE418 2.8 3.3 130 144 279 276 1.42 

OLE419 8.7 5.1 157 102 272 470 1.89 

OLE420 11.8 6.8 60 29 107 607 2.08 

OLE421 1.7 2.4 25 39 68 194 1.53 

OLE422 4.6 4.0 17 23 49 167 1.26 

OLE423 6.9 4.8 20 22 54 190 0.97 

OLE424 1.0 3.0 0 17 21 64 0.92 

OLE425 8.2 6.3 0 0 15 160 1.62 

OLE426 0.8 1.8 0 0 3 116 1.18 

OLE427 2.2 2.4 10 4 18 194 1.22 

OLE428 7.5 6.8 28 40 82 175 1.23 

OLE429 1.5 1.3 22 20 44 126 1.06 

OLE430 2.8 1.9 80 70 154 198 1.21 

OLE431 3.0 3.2 65 60 132 275 2.17 

OLE432 3.0 2.3 63 51 119 272 1.48 

OLE433 2.2 3.5 28 44 78 146 1.19 
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OLE434 4.4 5.1 96 94 199 277 1.15 

OLE435 3.6 3.5 85 61 154 216 0.96 

OLE436 4.9 3.9 69 82 160 141 0.78 

OLE437 10.8 7.8 104 152 274 266 1.60 

OLE438 1.4 2.4 27 40 71 82 1.19 

OLE439 18.5 58.0 0 0 77 129 1.26 

OLE440 3.8 4.5 54 84 146 169 2.00 

OLE441 5.9 8.2 119 136 269 239 2.45 

OLE442 9.7 11.0 33 74 127 172 1.03 

OLE443 13.5 13.0 111 158 295 259 1.33 

OLE444 5.7 5.3 63 111 186 199 2.09 

OLE445 13.2 13.4 90 154 270 276 1.68 

OLE446 0.8 3.1 0 0 4 88 3.01 

OLE447 8.2 11.5 61 134 214 191 1.58 

OLE448 5.3 5.0 93 160 263 224 2.28 

OLE449 3.1 3.7 35 71 112 139 2.31 

OLE450 5.3 6.0 86 145 242 291 1.53 

OLE451 2.0 2.5 27 62 93 200 1.23 

OLE452 1.8 1.7 20 15 38 146 1.15 

OLE453 1.0 1.4 0 0 2 133 0.98 

OLE454 0.6 0.9 0 0 1 88 0.87 

OLE455 0.5 1.0 0 0 2 73 0.86 

OLE456 3.2 3.6 0 0 7 107 0.58 

OLE457 1.8 1.8 16 0 19 167 0.80 

OLE458 1.0 0.9 0 0 2 111 0.54 

OLE459 3.1 3.1 26 0 32 ND 0.89 

OLE460 1.3 1.4 17 0 19 137 1.12 

OLE464 4.7 2.0 36 43 86 141 1.10 
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OLE465 7.6 2.6 108 86 204 263 1.48 

OLE466 5.1 3.0 95 71 174 239 1.89 

OLE467 6.3 3.5 83 64 157 272 1.53 

OLE468 1.8 1.4 31 49 83 144 1.36 

OLE469 4.5 2.5 64 70 141 190 1.39 

OLE470 7.1 4.6 54 42 108 239 1.31 

OLE471 4.7 2.6 54 67 129 204 1.08 

OLE472 6.1 4.2 64 31 106 350 1.56 

OLE473 7.2 4.8 36 27 74 186 1.48 

OLE474 3.3 2.8 28 27 61 170 1.30 

OLE475 6.6 3.5 37 35 82 163 1.45 

OLE476 7.1 5.2 41 34 87 174 1.45 

OLE477 6.7 4.1 63 81 155 197 1.51 

OLE478 4.5 6.7 34 56 102 174 1.16 

OLE479 2.2 4.5 16 33 55 141 0.63 

OLE480 8.4 14.1 21 26 69 113 0.66 

OLE487 9.2 13.9 59 74 156 243 0.97 

OLE488 9.6 8.8 32 32 82 227 0.78 

OLE489 21.2 32.1 24 42 120 178 0.82 

OLE490 5.0 3.6 38 58 105 172 0.57 

OLE491 16.3 8.9 85 51 161 234 0.86 

OLE492 29.9 16.7 0 0 47 168 0.75 

OLE493 16.5 11.5 38 37 103 186 0.74 

OLE494 8.1 0.4 40 44 93 308 1.03 

OLE495 2.7 6.3 17 32 58 115 0.75 

OLE496 12.4 9.8 22 39 83 170 0.89 

OLE497 8.2 5.2 35 27 75 140 0.94 
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OLE498 6.9 6.7 56 63 132 231 0.95 

OLE499 6.3 9.2 12 16 43 164 0.80 

OLE500 5.7 5.3 50 54 115 192 1.03 

OLE501 5.6 4.9 42 48 101 175 0.89 

OLE502 4.3 4.8 54 55 118 203 0.95 

OLE503 8.7 10.3 75 82 176 267 1.24 

OLE504 2.6 4.7 0 12 19 113 0.89 

OLE505 7.7 7.2 51 48 114 198 1.01 

OLE506 6.3 6.5 27 33 72 200 0.93 

OLE509 5.6 6.6 36 43 92 120 1.19 

OLE510 6.2 5.3 61 26 99 216 1.20 

OLE511 4.8 5.3 40 49 99 185 1.14 

OLE512 4.5 9.4 10 14 38 76 0.90 

OLE513 6.7 6.3 60 59 132 254 1.7 

OLE514 3.9 4.7 33 46 87 144 1.03 

OLE515 12.6 8.2 84 83 188 372 1.45 

OLE516 8.7 10.9 68 94 182 280 1.69 

OLE517 21.8 4.9 46 27 100 208 1.41 

OLE518 2.1 56.3 0 0 0 130 1.40 

OLE519 8.2 6.8 32 32 79 185 1.30 

OLE520 9.1 6.2 0 0 15 192 1.41 

OLE521 3.5 2.9 60 58 125 217 1.20 

OLE522 5.6 5.9 14 36 62 111 1.33 

OLE523 3.9 5.6 24 57 90 274 1.57 

OLE524 18.6 7.3 32 27 85 295 1.31 

OLE534 3.9 3.5 50 43 101 220 1.16 

OLE535 16.6 9.2 56 45 127 273 1.40 
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OLE536 3.5 2.0 53 46 104 ND 1.65 

OLE543 1.2 2.6 10 13 27 125 0.98 

OLE544 3.0 7.0 32 61 102 229 1.42 

OLE545 7.5 4.6 90 70 172 ND 1.83 

OLE546 5.4 4.9 42 35 87 588 1.60 

OLE547 8.0 7.2 90 123 229 312 1.52 

OLE548 6.7 3.5 47 42 99 ND 1.48 

OLE549 2.8 3.6 62 135 204 199 1.28 

OLE550 6.5 6.3 53 91 157 221 1.35 

OLE555 5.6 3.7 54 59 122 224 1.25 

OLE556 4.3 4.2 33 42 83 192 1.40 

OLE557 4.1 5.1 21 53 83 198 1.15 

OLE558 3.0 3.3 0 21 27 172 0.98 

OLE559 3.8 6.6 10 20 41 131 0.96 

OLE560 2.6 4.5 14 29 50 119 1.15 

OLE561 5.9 26.6 11 37 81 186 1.39 

OLE569 2.7 6.4 19 61 88 174 1.04 

OLE570 1.8 2.1 21 50 75 133 0.99 

OLE571 5.9 5.1 30 67 107 216 1.21 

OLE572 2.4 6.2 29 63 101 136 1.09 

OLE573 2.4 5.3 6 65 79 112 1.02 

OLE574 4.5 7.9 46 103 162 180 1.57 

OLE575 2.4 7.7 18 78 106 136 1.24 

OLE576 3.3 8.1 29 98 138 172 1.14 

OLE577 1.8 6.6 14 71 94 95 1.07 

OLE578 5.7 9.2 40 97 151 97 1.38 

OLE579 5.2 9.9 30 98 143 242 1.20 
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OLE580 4.8 4.4 68 122 200 197 1.26 

OLE581 3.7 3.6 56 86 149 202 1.23 

OLE582 1.6 1.9 18 63 85 189 1.13 

OLE589 4.1 4.2 48 85 142 138 1.29 

OLE590 8.4 7.1 53 88 157 191 1.59 

OLE591 9.7 7.3 31 37 85 189 1.63 

OLE592 11.2 9.3 52 67 139 271 1.56 

OLE593 2.6 2.5 13 28 46 94 1.35 

OLE594 6.7 2.2 59 46 113 217 1.23 

OLE595 6.5 3.6 36 48 95 156 1.36 

OLE596 4.9 3.6 24 41 74 132 1.25 

OLE597 5.2 4.2 26 37 72 219 1.25 

OLE598 6.1 5.6 33 35 79 212 1.43 

OLE599 5.6 5.3 36 39 86 168 1.53 

OLE600 8.2 6.4 54 39 108 203 1.50 

OLE601 7.6 5.0 63 45 121 240 1.40 

OLE602 5.4 4.4 56 47 113 207 1.30 

OLE607 5.1 3.1 41 79 128 145 0.99 

OLE608 5.1 3.1 41 79 128 145 0.99 

OLE609 8.7 4.7 77 71 161 233 1.21 

OLE612 15.7 11.8 81 106 214 227 1.47 

OLE613 11.4 9.4 75 123 220 223 1.45 

OLE614 7.8 6.0 13 20 47 145 1.20 

OLE615 3.3 1.7 57 99 161 147 1.19 

OLE616 4.1 1.5 23 36 65 114 1.31 

OLE617 1.9 1.6 24 65 93 111 1.31 

OLE618 9.8 8.1 40 68 125 249 1.46 
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OLE635 7.2 8.0 103 109 227 230 1.39 

OLE636 4.2 6.8 0 0 11 98 1.21 

OLE637 5.5 6.0 58 72 141 239 1.23 

OLE638 3.1 5.0 14 0 22 132 1.28 

OLE639 4.1 5.6 13 0 23 113 1.37 

OLE640 6.7 6.3 44 42 99 214 1.39 

OLE647 19.5 10.9 13 19 62 196 0.92 

OLE648 3.4 1.9 29 62 96 133 0.78 

OLE649 4.1 2.2 27 53 87 133 0.89 

OLE650 4.1 1.9 59 49 113 159 1.13 

OLE651 2.2 1.1 32 39 75 141 0.74 

OLE652 2.1 1.2 36 47 86 164 0.83 

OLE653 4.5 2.2 60 63 130 269 1.14 

OLE654 6.0 3.2 49 44 102 250 0.98 

OLE655 3.0 1.7 60 49 113 ND 0.98 

OLE656 3.7 1.4 97 52 154 269 1.08 

OLE657 4.4 1.1 45 53 104 120 1.05 

OLE677 21.3 47.4 0 0 69 218 1.02 

OLE678 3.1 3.1 29 36 71 180 1.05 

OLE679 5.1 7.0 0 38 50 191 1.71 

OLE680 14.4 9.5 16 0 39 251 1.67 

OLE681 2.7 3.3 4 41 51 172 0.97 

OLE682 3.1 3.6 0 0 7 196 1.05 

OLE683 6.8 6.3 92 58 163 368 1.98 

OLE684 8.2 8.1 35 73 124 306 1.86 

OLE685 9.7 8.8 49 56 123 367 1.95 

OLE687 3.2 4.1 17 27 51 146 1.52 
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OLE688 2.1 2.5 51 80 135 165 1.67 

OLE689 6.6 7.4 74 61 149 314 1.27 

OLE690 5.6 7.1 29 57 98 197 1.09 

OLE691 3.6 4.2 11 32 51 120 0.95 

OLE692 3.3 6.1 14 16 39 146 0.93 

OLE693 3.8 4.0 46 57 111 173 1.18 

OLE694 4.2 5.0 12 0 21 179 1.17 

OLE695 7.5 8.9 22 44 83 281 1.38 

OLE696 5.7 5.3 28 36 76 220 1.15 

OLE697 3.4 5.6 15 21 45 209 1.33 

OLE699 5.8 7.8 25 48 87 198 1.24 

OLE700 2.9 6.6 13 37 60 106 1.02 

OLE702 21.2 13.1 50 47 131 247 1.32 

OLE703 19.1 20.9 0 0 40 181 1.04 

OLE704 3.3 6.9 0 0 10 63 0.85 

OLE705 8.0 6.4 21 29 64 161 1.06 

OLE706 10.2 8.2 23 33 75 124 1.33 

OLE707 13.4 5.1 24 22 65 148 1.53 

OLE708 10.0 5.9 25 27 68 134 1.36 

OLE709 13.4 6.6 55 50 125 235 1.59 

OLE710 5.0 4.1 20 33 62 127 1.24 

OLE711 6.4 4.6 29 44 84 112 1.20 

OLE712 10.9 3.8 37 42 94 179 1.27 
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Figure A 2: Standard calibration curves of hydroxytyrosol (HT) (left graph) and tyrosol (T) 

(right graph). The horizontal scale represents the concentration of calibration points in μg/ml 

and the vertical scale the area ratios of HT and T vs IS of the corresponding absorbances. 

 

 

Figure A 3: Standard calibration curves of oleacein (OLEA) (left graph) and oleocanthal 

(OLEO) (right graph). The horizontal scale represents the concentration of calibration points in 

μg/ml and the vertical scale the areas of OLEA and OLEO of the corresponding absorbances. 
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Table A 3: Results of the performed permutation tests. 20 permutations were conducted for each 

Υ- variable. 

Type of plot Υ-variable R2 intercept Q2 intercept 

Figure 8 

Crete (0.0, 0.3130) (0.0, -0.153) 

Peloponnese (0.0, 0.3250) (0.0, -0.141) 

Ionian (0.0, 0.3060) (0.0, -0.200) 

Figure 10B 

Crete (0.0, 0.441) (0.0, -0.257) 

Peloponnese (0.0, 0.4140) (0.0, -0.257) 

Ionian (0.0, 0.3900) (0.0, -0.258) 

Figure 10C 

Heraklion (0.0, 0.2677) (0.0, -0.282) 

Lasithi (0.0, 0.2400) (0.0, -0.265) 

Lakonia (0.0, 0.2130) (0.0, -0.223) 

Messinia (0.0, 0.2430) (0.0, -0.284) 

Figure 10D 

Crete (0.0, 0.2650) (0.0, -0.251) 

Peloponnese (0.0, 0.2650) (0.0, -0.272) 

Ionian (0.0, 0.2820) (0.0, -0.299) 

Three phases (0.0, 0.3890) (0.0, -0.493) 

Figure 12A 

Conventional (0.0, 0.6610) (0.0, -0.333) 

Integrated (0.0, 0.7010) (0.0, -0.354) 

Organic (0.0, 0.6760) (0.0, -0.366) 

Figure 12B 

Conventional (0.0, 0.3610) (0.0, -0.396) 

Integrated (0.0, 0.3440) (0.0, -0.414) 

Organic (0.0, 0.3920) (0.0, -0.415) 

Figure 13A 
Two phases (0.0, 0.6240) (0.0, -0.324) 

Three phases (0.0, 0.7370) (0.0, -0.353) 

Figure 13B 
Two phases (0.0, 0.3730) (0.0, -0.412) 

Three phases (0.0, 0.3890) (0.0, -0.493) 
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Figure A 4: Permutation plot of biophenols OPLS-DA score plot for origin. The plot illustrates 

the permutation results conducted for figure 10D representing the intercepts of R2 and Q2 

parameters for Crete classID. 

 

The permutation plot helps to estimate the validity of the current PLS or PLS-DA. The 

concept of this validation test is to compare the fitting (R2 and Q2) of the original model with the 

fitting of several models based οn data where the order of Y-observations has been randomly 

permuted while X-matrix has been kept intact. The above plot shows for a selected Y-variable 

(origin-Crete) on the vertical axis the values of R2 and Q2 for the original model (far to the right) 

and of the Y-permutated models further to the left. The horizontal axis shows the correlation 

between the permuted Y-vectors and the original Y-vector for the selected Y. The original Y has 

the correlation 1 with itself, defining the high point on the horizontal axis. Figure 10D represents 

the results from 20 permutation tests conducted for Crete as Y-variable. In the vertical axis the 

intercepts for R2 (0.0, 0.265) and Q2 (0.0, -0.251) are represneted, indicating the validity and 

goodness of data fitting of the specific plot. 
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Figure A 5: Score contribution plot and UPLC-HRMS chromatogram of QC samples. (A)UPLC-

HRMS chromatogram of QC sample. (B) Score contribution plot of QC samples. The horizontal 

scale represents X-variables (m/z concatenated to retention time) and the vertical scale is in the 

units of standard deviations for peak areas of each variable. The sign of the bar (down=minus 

and up=plus) indicates in which direction the variable deviates. The marked peaks in A and B 

represent some of the identified biomarkers. 

 

Figure A5 associates the peaks of the UPLC-HRMS profile of QC samples with the 

contribution plot of the generated X-variables (m/z concatenated to retention time). Contribution 

plot (B) interprets the deviation of the variables in QC samples. The exclusively existence of 

green bars (no yellow bars indicating excess over 3rd standard deviation values) verifying the 
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good fitting and centralization of QCs in the corresponding OPLS-DA plot. The appeared 

numbering in both plots correspond compounds (presented in detail in Table Α4), which 

demonstrate high VIP scores for the discrimination of origin. 

 

 

Figure A 6: UPLC-HRMS chromatogram of the biophenolic extract OLE639. A: is the full scan 

chromatogram of the extract; B: is the extracted ion chromatogram of elenolic acid; C: is the 

extracted ion chromatogram of oleacein (broad peak) and oleocanthalic acid (sharp peak); D: is 

the extracted ion chromatogram of oleocanthal; E: is the extracted ion chromatogram of 

oleuropein aglycon. 
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Figure A 7: HRMS and HRMS/MS spectra of elenolic acid in negative ion mode. In the spectrum 

the characteristic adducts of elenolic acid are annotated and the HRMS/MS ion peaks of the 

corresponding pseudo-molecular ion. 
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Figure A 8: HRMS and HRMS/MS spectra of oleacein in negative ion mode. In the spectrum the 

characteristic adducts of oleacein are annotated and the HRMS/MS ion peaks of the 

corresponding pseudo-molecular ion. 
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Figure A 9: HRMS and HRMS/MS spectra of oleocanthalic acid in negative ion mode. In the 

spectrum the characteristic adducts of oleocanthalic acid are annotated and the HRMS/MS ion 

peaks of the corresponding pseudo-molecular ion. 
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Figure A 10: HRMS and HRMS/MS spectra of oleocanthal in negative ion mode. In the 

spectrum the characteristic adducts of oleocanthal are annotated and the HRMS/MS ion peaks of 

the corresponding pseudo-molecular ion. 
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Figure A 11: HRMS and HRMS/MS spectra of oleuropein aglycon in negative ion mode. In the 

spectrum the characteristic adducts of oleuropein aglycon are annotated and the HRMS/MS ion 

peaks of the corresponding pseudo-molecular ion. 
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Table A 4: Identified compounds with UPLC-Orbitrap-MS and FIA-MRMS. The identified compounds are numbered according to the 

first column. VIP scores are presented for each metabolite according to the studied Y-variable; origin, production procedure and 

cultivation practice. Mass error and mSigma values are generated by FIA-MRMS. 

No 
Experimental 

m/z 

Mass error 

[ppm] 
mSigma Compound name 

Molecular 

formula 
VIP origin 

VIP production 

procedure 

VIP 

cultivation 

Practice 

1 119.034969 0.057 5.1 2-(2-hydroxyethoxy)acetic acid C4H8O4 5.22134 5.9023 5.92726 

2 121.029503 0.071 ∞ Benzoic acid C7H6O2 1.01405 - 1.09674 

3 137.06081 0.077 1.9 Tyrosol C8H10O2 2.83547 3.1343 3.0046 

4 143.107736 0.073 2.4 Octanoic acid C8H16O2 2.47795 2.86397 2.90721 

5 153.01931 -0.002 4.8 Protocatehuic acid C7H6O4 4.19864 4.70888 4.8107 

6 153.055719 0.031 2.4 Hydroxytyrosol C8H10O3 1.85303 2.10387 2.56499 

7 179.071361 -0.061 5.3 Tyrosol Acetate C10H12O3 1.46927 1.4958 1.46246 

8 183.066297 0.025 2.7 
Dialdehydic form of 

decarboxymethyl Elenolic acid 
C9H12O4 1.94329 1.86022 1.93357 

9 195.066278 -0.066 6.7 Hydroxytyrosol Acetate C10H12O4 5.84606 4.50373 4.5868 

10 199.170347 -0.003 ∞ Lauric acid C12H24O2 1.17209 1.24399 1.3038 

11 225.076859 0.135 9.9 desoxy elenolic acid derivative C11H14O5 3.31405 1.57051 2.06128 

12 227.201648 -0.025 6.5 Myristic acid C14H28O2 2.08587 2.20252 2.35945 

13 241.071755 -0.072 6.1 Elenolic acid C11H14O6 6.52685 7.49337 7.9409 

14 241.21729 -0.04 14.7 Pentadecanoic acid C15H30O2 1.628 1.76714 1.89093 

15 253.217315 0.353 10.8 Palmitoleic acid C16H30O2 1.38489 1.27238 1.37402 
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16 255.087423 -0.104 8 Elenolic acid methyl ester C12H16O6 5.92739 5.10004 6.97496 

17 255.232958 0.033 16.7 Palmitic acid C16H32O2 6.95458 5.94974 7.97047 

18 257.066694 0.084 9.5 
Hydroxylated form of elenolic 

acid 
C11H14O7 1.39886 1.73966 2.1057 

19 267.23293 -0.120 ∞ Margaroleic acid C17H32O2 1.03012 1.21267 1.19739 

20 269.045551 0.009 11 Apigenin C15H10O5 2.17441 2.99418 2.66789 

21 269.103081 0.213 ∞ Elenolic acid ethyl ester C13H18O6 1.21439. - 1.18804 

22 269.248578 -0.098 9.2 Margaric acid C17H34O2 1.30501 1.35513 1.50447 

23 279.23298 0.101 24.5 Linoleic acid C18H32O2 3.79235 1.50918 1.67573 

24 281.248634 -0.095 5.7 Oleic acid C18H34O2 7.96697 3.60615 3.56477 

25 283.264257 0.035 8.8 Stearic acid C18H36O2 3.94595 2.47538 4.2481 

26 285.040502 0.166 16 Luteolin C15H10O6 2.55389 4.31307 1.81787 

27 295.227889 -0.159 2.7 Hydroxylinoleic acid C18H32O3 9.94902 1.50918 1.99172 

28 297.243504 -0.016 1.9 Hydroxyoleic acid C18H34O3 15.6066 11.8227 8.54964 

29 299.056138 0.141 8.3 Luteolin-7 methyl-ether C16H12O6 1.59344 2.61407 2.29155 

30 299.20161 -0.067 13.8 PUFA, C-20 C20H28O2 3.11107 3.35868 3.53252 

31 299.259173 -0.061 8.5 Hydroxystearic acid C18H36O3 3.3611 4.39046 3.35659 

32 303.123779 -0.169 5.8 Oleocanthal C17H20O5 7.10945 6.12967 7.56752 

33 303.232928 -0.083 ∞ Arachidonic acid C20H32O2 - - 1.05502 

34 309.284317 -0.031 ∞ Gondoic acid C20H38O2 1.26752 1.51175 - 

35 311.295541 0.024 ∞ Arachidic acid C20H40O2 1.82052 1.88345 1.12426 
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36 313.238436 -0.158 13.6 Octadecanedioic acid C18H34O4 3.99715 3.46563 2.50328 

37 319.116536 -0.03 3.1 Oleocanthalic acid C17H20O6 2.05932 1.30741 - 

38 319.118731 -0.064 3.7 Oleacein C17H20O6 8.37747 5.16096 6.61328 

39 335.113652 0.091 18.7 
Hydroxy-O-decarboxymethyl 

oleuropein aglycon 
C17H20O7 2.66469 1.72474 2.23065 

40 339.232889 -0.108 41 Docosanoic acid C23H32O2 5.41017 6.1416 6.20101 

41 357.134425 0.172 12.8 Pinoresinol C20H22O6 1.64706 3.62491 3.53953 

42 361.129246 -0.074 5.6 Ligstroside aglycon C19H22O7 8.21102 14.1568 10.3804 

43 367.361121 -0.080 3.3 Lignoceric acid C24H48O2 3.1083 3.60292 1.56055 

44 377.124147 0.056 4.0 Oleuropein aglycon C19H22O8 14.0242 3.16452 13.6205 

45 389.290828 -0.002 3.0 SFA C21H42O6 9.82473 8.88931 10.6974 

46 391.139885 0.063 7.8 Methyl oleuropein aglycon C20H24O8 1.88511 4.59536 3.90901 

47 393.119148 0.324 11.1 10-Hydroxy oleuropein aglycon C19H22O9 2.93417 2.94455 3.05225 

48 393.155482 -0.045 3.2 
Ligstroside aglycon derivative 

(hydroxylated product) 
C20H26O8 5.61589 9.73995 6.75293 

49 409.15044 0.100 6.8 Oleuropein aglycon derivative C20H26O9 4.10616 5.18996 3.54232 

50 413.290878 -0.262 9.5 TG C23H42O6 10.1037 7.23048 10.1697 

51 415.139887 0.268 14.3 Acetoxypinoresinol C22H24O8 3.94367 6.18115 5.89184 

52 415.306484 0.017 4.3 MUFA ester C23H44O6 21.0982 13.2781 16.8231 

53 417.155523 -0.021 10.4 Syringaresinol C22H26O8 1.28993 2.63969 2.32783 

54 417.322155 -0.005 7.4 SFA ester C23H46O6 6.60908 6.3243 7.14831 
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55 423.422612 0.018- 3.2 Montanic acid C28H53O2 1.50266 1.74077 1.43791 

56 455.353111 0.045 11.8 Oleanolic acid C30H48O3 2.40333 4.08874 3.93516 

57 471.347941 -0.263 10.3 Maslinic acid C30H48O4 5.51485 7.47799 6.80188 

58 611.525847 0.334 64.2 DG derivative C37H72O6 1.2954 2.03549 2.25631 

59 629.491862 -0.218 31.8 DG C37H70O5Cl 2.65682 2.95243 2.03171 

60 637.541557 0.383 65.6 Trilaurin C39H74O6 1.08167 1.14146 4.05925 

61 653.542317 -0.182 54.1 DG derivative C39H73O7 6.05454 5.15802 6.76803 

62 655.515738 0.304 48.1 DG C39H72O5Cl 3.99641 4.21617 3.60206 

63 679.554723 -0.07 3.1 DG derivative C41H75O7 7.93679 8.32565 9.20121 

64 849.763319 -0.114 28.2 TG derivative C53H102O7 1.21126 1.17752 1.31861 

65 867.725262 0.127 11.3 TG C53H100O6Cl 3.0872 3.7717 1.83018 

66 875.774536 0.136 17.5 TG derivative C55H104O7 2.87357 2.56699 3.10146 

67 890.714835 -0.07 2.6 Stearin C57H110O6 1.35101 1.7891 1.03562 

68 891.725417 0.258 38.9 TG C55H100O6Cl 3.5948 5.35845 3.38906 

69 893.742758 0.478 33.2 TG C55H102O6Cl 6.5368 2.63229 5.27303 

70 895.732846 -0.380 52.3 TG C55H104O6Cl 3.65748 4.59915 2.93818 

71 914.753581 -0.04 1.2 Linolein C57H98O6 1.62813 1.10354 1.40218 

72 919.754312 0.05 5.8 Triolein C57H104ClO6 6.91628 7.65802 9.66812 

1SFA: saturated fatty acid; PUFA: polyunsaturated fatty aci
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Figure A 12: PCA plots of EVOOs colored according to specific X-variables; (A): PCA plot 

colored according to the intensity of oleic acid variable (var_254); (B): PCA plot colored 

according to the intensity of palmitic acid variable (var_157). Both plots are pareto scaled and 

include all observations. 

 

PCA plots in figure A12 represent the variation of intensities for oleic and palmitic acid. 

These metabolites have been derived as statistical significant biomarkers for the parameter of 

origin. The colored bar in the right side of plots (from blue - low intensities to red - high 

intensities) illustrates the intensities for oleic (A) and palmitic acid (B) of all observations. Both 

plots uncover an obvious trend of separation on the first component, based on compounds 

intensities. Observations on the right side of plots first component are characterized by low 

intensities for the fatty acids, while observations on the left side of the first component are 

characterized by high intensities for the compounds. Red, yellow and green spots in plot A 

reflect samples with high and medium intensities of oleic acid and mainly originate from Ionian 

islands and Crete. In these two areas oleic acid have been identified as statistical significant 

metabolite. Blue and light blue spots (samples with low intensities of oleic acid) mainly come 

from Peloponnese peninsula. For plot B the same trend is observed. Based on bibliographic data 
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palmitic acid is formed from oleic acid [81], explaining the same trend in the two plots. Palmitic 

acid is found in significant intensities in Peloponnese as well. 

 

 

Figure A 13: plots interpreting linoleic acid variation in all observations; (A) PCA plot colored 

according to linoleic acid intensity (pareto scaling); (B) Diagram illustrating the standard 

deviations (three standard deviations) of linoleic acid variable (var_213). Observations are 

colored according to the geographical origin; Crete with light orange, Ionian islands with 

magenta and blue for Peloponnese. 

 

Like palmitic acid, linoleic acid is formed from oleic acid after a desaturation reaction, 

having an antagonistic relation with palmitic acid formation [81]. In the PCA plot (A) red and 

yellow spots are samples originating from Ithaca island and green spots from Cefalonia, meaning 

that the two Ionian islands of sample collection hold the highest intensities for linoleic acid. On 

the other hand, Cretan and Peloponnese samples do not contain linoleic acid in considerable 

amounts, but only in oleic and palmitic acid (as it is shown in figure A12). Diagram (B) evidence 

the previous finding, that only in Ionian samples linoleic acid intensities (magenta colored 

samples) exceed the third standard deviation. 
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Figure A 14: Box-plots of oleuropein aglycon (44), elenolic acid (13), acetoxypinoresinol (51), 

tyrosol (3), hydroxytyrosol (6) and apigenin (20) representing their intensities in the three basic 

geographical regions; Crete (red boxes), Peloponnese (blue boxes) and Ionian Islands (yellow 

boxes). 
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Figure A 15: OPLS-DA loadings plot of cultivation practice generated by EVOOs dataset. In the 

plot are annotated statistical significant loadings for each cultivation practice; Conventional-

blue annotation, Integrated-yellow annotation and organic-magenta annotation.  

 

 

 

Figure A 16: OPLS-DA loadings plot of cultivation practice generated by biophenols extracts 

dataset. In the plot are annotated statistical significant loadings for each cultivation practice; 

Conventional-blue annotation, Integrated-yellow annotation and organic-magenta annotation. 
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Figure A 17: Contribution EVOOs plots of OLE656 – left plot (outliers of integrated cultivation 

practice) and OLE680- right plot (sample of the main group of integrated cultivation practice). 

The horizontal scale represents X-variables and the vertical scale is in the units of standard 

deviations. The sign of the bar (down=minus and up=plus) indicates in which direction the 

variable deviates. Yellow bars represent the variables that are out of the 3rd standard deviation. 

The variables in the black boxes are: variable 213 which corresponds to linoleic acid and 

variable 990 for oleuropein aglycon. 

 

The contribution plot shows why a point in a score plot deviates from the average. The plot 

shows the weighted difference between the data of the point and the average of the model. In 

figure A17 Ole656, which is an outlier of integrated practice, possess intensities higher from the 

3rd standard deviation for linoleic acid (Var_213) and oleuropein aglycon (Var_990), which are 

not found as statistical significant metabolites for this practice. On the other hand, Ole680, which 

contributes to the main sample group of integrated practice, has the opposite profile concerning 

these metabolites and possess intensities lower from the 3rd standard deviation. 
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Figure A 18: S-plot of production procedure generated by biophenols dataset. In the two 

treatments statistical significant metabolites are marked. 

 

The S-plot is used for covariance and correlation structure visualization between X-

variables and the predictive score t[1]. It is a scatter plot of the p[1] vs p(corr)[1]vectors. This 

plot often shapes the letter ‘S’ unless the X-variables are scaled to UV. X-variables situated far 

out the wings of the S combine high model influence with high reliability. In the above S-plot X-

variables right to p[1] influence two phases structure visualization, while X-variables left to p[1] 

influence three phases visualization. In the plot are marked identified compounds revealing high 

VIP scores for production procedure parameter. 
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Part of this chapter has been published in journal of “Food and Chemical Toxicoly” (Nikou et 

al., 2019, 125:403-412) and Journal of “Chromatography A” (Angelis et al., 2017, 1491:126-

136) 
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Abstract 

Olive oil (OO) is widely accepted as a superior edible oil. Great attention has been given 

lately to OO secoiridoids which are linked to significant health beneficial effects. Despite the 

promising results of these compounds concerning their positive impact to human health, the lack 

of commercially available standards and their laborious isolation from OO, make their use for in 

vivo investigations and human applications almost infeasible. In the current study, selected OO, 

characterized by high concentration of secoiridoids was extracted and fractionated for the 

isolation of secoiridoids and other unexplored biophenols. Isolated compounds were tested with 

typical in vitro assays for cytotoxicity evaluation. Consequently, compounds with higher activity, 

namely oleocanthal and oleacein as well as selected OO extracts with high, medium and low 

levels of these compounds were bio-evaluated in mammalian cells and as a dietary supplement in 

a Drosophila in vivo model. Oleocanthal and oleacein were found to activate healthy aging-

promoting cytoprotective pathways and suppressed oxidative stress in both mammalian cells and 

in flies. Ultimately, a pharmacokinetic (PK) experiment was carried out in mice model for 

determination of oleocanthal PK parameters. Compound metabolism was studied and relative 

content of selected metabolic products was determined. 
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1. Introduction 

Total phenolic fraction (TPF) of olive oil (OO), known also as “biophenols” or 

“polyphenols” is a biologically active element of OO characterized by strong antioxidant, anti-

inflammatory and antimicrobial activities as well as other beneficial health effects [1,2]. Its 

chemical composition depends on many exogenous factors like olive tree variety, degree of 

ripeness, microclimatic conditions, processing techniques and storage, resulting to a highly 

variable mixture [3]. TPF is composed of a plethora of minor components and characterized by 

high chemical complexity [4]. The biophenol part can be divided into lipophilic and hydrophilic 

with the presence of a small amount of carotenoids [5]. The lipophilic part contains 

hydrocarbons (mainly squalene that is partially responsible for the chemoprevention of OO 

against certain types of cancer), tocopherols (α-tocopherol constitutes 90% of the total 

tocopherol content), sterols and triterpenic acids [6]. The contained biophenols in the hydrophilic 

part usually are grouped based on their structural similarity (approximately 36 different chemical 

structures have been isolated from virgin olive oil (VOO) unsaponified fraction [7]. Phenyl 

alcohols (hydroxytyrosol, tyrosol etc), phenolic acids (benzoic and cinnamic acid derivatives), 

secoiridoids (oleocanthal, oleacein, ligstroside aglycon, oleuropein aglycon etc), flavonoids 

(luteolin, apigenin), iridoids (elenolic acid, dialdehydic form of elenolic acid etc) and lignans 

(pinoresinol, acetoxypinoresinol) are the most common biophenols of TPF, with secoiridoids 

composing a considerable TPF part in Greek VOO [8]. 

Secoiridoids started to be more systematically studied in the recent past and are present 

exclusively in Oleaceae family which includes Olea europaea L. [9]. In OO, secoiridoids exist in 

their aglyconic form. Their basic skelotone is consisted of a phenolic part (hydroxytyrosol or 

tyrosol) linked to an iridoid part, elenolic acid (EA) or the dialdehydic form of elenolic acid 
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(EDA) forming secoiridoid aglycons or their dialdehydic forms respectively [10]. More 

specifically their production in OO is derived from two reactions in the glucosidic structures. 

Firstly, the activity of β-glucosidase produces aglycon forms with an aldehyde structure [9,10]. 

Subsequently, after the loss of glucose, a hydroxyl group is linked to the oxygenated ring of 

elenolic acid and an opening to the ring with a successive isomerization to dialdehyde open 

structure gives rise to this specific group of biophenols [9]. Secoiridoids are the main biophenols 

class in VOO extract and their concentration influences the sensory and organoleptic properties 

of OO [11]. Figure 14 depicts the basic chemical structures of secoiridoid aglycons. 

 

Figure 14: Secoiridoid aglycons basic skeleton. Left part represents closed forms of secoiridoids 

including elenolic acid (EA) in their chemical structures. Right part represents opened forms of 

secoiridoids including dialdehydic form of elenolic acid (EDA) in their structures. HT: 

hydroxytyrosol, T: tyrosol. 

 

Much attention has been given lately to the investigation of biological and pharmacological 

role of certain TPF secoiridoids and specifically, of oleocanthal (OLEO) and oleacein (OLEA) 
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[12,13]. OLEO has shown a strong anti-inflammatory in vitro activity by inhibiting COX-1 and 

COX-2 which are inflammatory enzymes involved in the biosynthesis of inflammatory 

prostaglandins. OLEO acts in a dose-dependent manner and is considered more effective to 

ibuprofen at equimolar concentrations [14]. Also attenuates other inflammatory mediators like 

iNOS, ΜΜP-13 and ADAMTS-5 [15,16]. OLEO has also been recognized as a potent 

pharmacological agent in the treatment of neurodegenerative diseases [17]. In vitro and in vivo 

studies have revealed the great potential of OLEO in counteracting amyloid aggregation and 

toxicity [17]. Also, OLEO has the ability to prevent amyloid-β (Αβ) and tau aggregation in vitro 

and enhance Αβ clearance from the brain of wild-type mice in vivo [17]. It has been also shown 

that OLEO is implicated in pathogenesis of several cancer types. It inhibits the proliferation, 

migration and invasion of non metastatic and highly metastatic human breast and prostate cancer 

cell lines, mediated via inhibition of HGF-c-Met pathway and inhibits the tumor growth in an 

orthotic model of breast cancer in vivo [18,19]. Moreover, OLEO exerts antimicrobial activity 

against Escherichia coli, Salmonela enterica, Listeria monocytogenes, Helicobacter pylori, 

Staphylococcus aureus and Enterococcus faecalis [20].Several studies revealed that OLEA has a 

strong antioxidant activity with effect on the function of human neutrophils [21]. It reduces 

significantly myeloperoxidase (MPO), released from neutrophils, comparably with anti-

inflammatory drug indomethacin [21]. Apart from antioxidant, however to a lesser extent, OLEA 

exhibited some effects on inflammatory mediators, MMP-9 and IL-8 [21]. It also indicates a 

protective action against abdominal fat accumulation, weight gain and liver steatosis, with 

improvement of insulin-dependent glucose and lipid metabolism [22]. Finally it exerts 

antimicrobial effect and the statistical correlation between oleacein concentration and Gram-

positive and Gram-negative bacteria survival was found [23].  



Chapter 2-Introduction 

124 

 

It is worth noting that these compounds are major components of biophenols fraction in 

many extra virgin olive oils (EVOOs). Thus, it can be hypothesized that a positive association 

exists between OLEO and OLEA levels and the beneficial effects of (E)VOOs. To our 

knowledge, there is limited information related to these two secoiridoids and the health benefits 

of Mediterranean diet. Over the last decade many epidemiological studies have associated the 

consumption of (E)VOO with advanced life expectancy and reduced incidences of age-related 

diseases [24–26]. Aging is a multifactorial process that is characterized by accumulating cellular 

damage and is promoted by both genetic and environmental factors [27]. Age-related genome 

and proteome damage seem to be interconnected. Specifically, non-functional or damaged 

proteins could affect the proper function of crucial cellular processes, such as DNA Damage 

Responses (DDR) resulting in genomic instability. On the other hand, genome damage impacts 

on the proper structure or function of proteins leading to disturbance of proteome 

homeodynamics [28]. The maintenance of proteostasis and proteome quality control is assured 

by the so-called proteostasis network (PN) [28]. 

The two main cellular proteolytic systems, namely the autophagy lysosome- (ALP) and 

ubiquitin-proteasome (UPP) pathways have crucial role to the PN functionality. ALP degrades 

long-lived proteins and damaged organelles, while UPP degrades both short-lived ubiquitinated 

normal proteins and non-functional polypeptides [29]. Molecular chaperones stabilize the 

proteome under conditions of stress, while the transcription factor Nuclear factor (erythroid-

derived 2)-like 2 (NRF2) is important in the maintenance of proteostasis as, except from its, well 

known, regulation of antioxidant genes [via its binding to antioxidant response element (ARE) of 

target genes] it also regulates proteasomal genes; and is implicated in mitochondrial biogenesis 

and removal (Tsakiri et al., 2013a, 2018). Several studies have shown the dysfunction of UPP, 
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ALP, chaperones and NRF2 signalling during aging [30,31]. Interestingly, genetic or 

pharmacological activation of the PN modules seems to increase health- and/or life-span and to 

confer protection against agerelated diseases [32,33]. Also, several natural products (NPs) (e.g. 

extracts or pure compounds) from various sources have been found to activate cytoprotective 

mechanisms in human cells or to exert health- and/or life-span promoting effects at in vivo 

models [27]. 

Most of ΟΟ biophenols have been explored for their biological activities in vitro, in vivo 

[34,35] and few of them in clinical trials [36,37]. Though, their biological properties depend on 

their absorption and metabolism in biological systems. Hydroxytyrosol (HT) and tyrosol (T) 

have an extensively investigated metabolism, with determined metabolic products and 

pharmacokinetic (PK) parameters [38–40]. However, limited data exist for secoiridoids due to 

the lack of commercially available standards and their laborious isolation through TPF.  

Despite OLEO and OLEA having strong evidences for their positive impact to human 

health [13] the low availability of standard compounds confines the investigation in human 

system and study of their metabolism and absorption. Besides, their peculiar chemical structure, 

composing of two aldehydes and a sensitive ester bond make their detection almost unfeasible in 

biological systems. Few experimental protocols have been proposed for their detection in 

biological systems and until now these two compounds have not yet been detected or dubious 

results are generated due to the absence of an appropriate and sensitive methodology for their 

detection [41].  

In a previous in vitro research authors suggested that the inability to detect secoiridoids 

derives from the fact that they are not absorbed in biological systems in the parental form [42]. 

They uncovered glucuronide conjugates of reduction derivatives coming from the parental 



Chapter 2-Introduction 

126 

 

compounds probably formed during enterocytic transfer [42]. Other metabolic reactions have 

also been proposed namely hydrogenation, hydroxylation, and hydration for phase I metabolism 

and the generated OLEO products are further metabolized via phase II metabolism, i.e., 

glucuronidation, sulfation and methylation [43]. In the literature is generally accepted that 

secoiridoid aglycons are hydrolyzed in the acidic gastric environment in the stomach, leading to 

the increase of HT/T only 30 minutes after incubation in an in vitro rat intestinal model. As can 

be expected higher amounts of HT/T may be present in jejunum and ilioum than would be 

expected [44]. Apparently, there are no information concerning PK parameters of OLEO or 

OLEA and only one study has been found studying several secoiridoids in human urine 2-6 

hours after ΟΟ intake.  

Herein, we report a study aiming the investigation of the positive impact of TPF and 

secoiridoids, OLEO and OLEA on healthy aging-promoting PN pathways and the further 

exploration of OLEO PK parameters in a mouse model. Towards this purpose fractionation of 

TPF was carried out for the isolation of secoiridoids and more specifically OLEO and OLEA. 

After the conduction of standard in vitro assays to the isolated compounds, three TPFs 

corresponding to low, intermediate and high levels of both secoiridoid compounds, along with 

pure OLEO and OLEA were evaluated for their potential to activate cytoprotective PN modules 

in normal human foreskin BJ fibroblasts and mouse highly differentiated C5N keratinocytes, as 

well as at the in vivo experimental model of Drosophila melanogaster. Subsequently, pure 

OLEO was provided to a standard dose via ingestion to mice and plasma samples were collected 

in 10 time points for determination of metabolites PK parameters. Plasma extracts were analyzed 

via UPLC-HRMS/MS for metabolites identification and determination of their relative content in 

plasma. 
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2. Materials and Methods 

2.1 EVOO selection for in vitro and in vivo assays 

The selection of the appropriate EVOOs for isolation of biophenols in order to perform in 

vitro and in vivo experiments was based on a library containing over 400 TPF collected the 

period 2014-2016. TPFs were selected according to their concentration in OLEA and OLEO and 

the presence of other secoiridoid derivatives as well. Biophenols quantification was employed as 

described in detail in section 2.5 of chapter 1. 

2.2 Biophenols isolation 

2.2.1 EVOO extraction using CPE liquid-liquid extraction 

The extraction was carried out as described by Angelis et al., [45]. In brief, the mobile 

phase was prepared by mixing n-hexane and EVOO (ratio 3:2 v/v). The stationary phase was 

prepared by mixing EtOH and H2O (ratio 3:2 v/v). The FCPE column was filed at a flow rate of 

75 mL/min and 200 rpm in ascending mode with the aqueous phase. The rotation speed was then 

increased up to 1000 rpm and the mobile phase (EVOO/n-hexane) (2.5 L) was pumped into the 

column at a flow rate of 60 mL/min, for the extraction step. Afterwards, the pumping mode was 

switched to descending and a volume of 0.3 L of fresh aqueous phase was pumped at 60 mL/min 

and 1000 rpm. The extracting aqueous phase containing phenolic compounds was then 

recovered. This cycle of extraction and recovery steps was repeated 7 times, of about 47 minutes 

each. The obtained aqueous phase was then evaporated to dryness under vacuum at 40oC and 

yielded a viscous extract. The latter was then partitioned between n-hexane and acetonitrile 

(ACN) to remove the traces of remaining fat and stored at 4oC for further use. 
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2.2.2 TPF fractionation via FCPC1000 apparatus 

The experiment was performed on a preparative CPC column (1000 mL). For the 

fractionation solvent system of n-hexane/EtOAc/EtOH/H2O was used. The column was initially 

filled with the lower phase, EtOH/H2O, in ratio 2:3 v/v at a flow rate of 30 mL/min and a 

rotation speed of 300 rpm, in the ascending mode. Then, the column rotation was set at 900 rpm 

and the first mobile phase (MP1) (Table 4) was pumped at a flow rate of 20 mL/min. When the 

equilibration of the two liquid phases inside the CPC column was established (Sf = 65%), the 

sample (5 g of TPF dissolved in 30 mL of the first system n-hexane/EtOAc/EtOH/H2O in 

proportion of 4:1:2:3 v/v) was injected through the sample loop. Then, a sequential pumping of 

the upper mobile phases MP1, MP2, MP3 and MP4 was performed in volumes of 500 mL,1100 

mL, 1400 mL and 1000 mL respectively (elution step). Subsequently, the system was changed in 

descending mode passing 750 mL of fresh stationary phase in order to extrude the remaining 

stationary phase (extrusion step). Fraction collector was set to collect 25 mL fractions during 

experiment. The experiment lasted 240 min while all collected fractions (190 fractions) were 

analyzed by Thin Layer Chromatography (TLC) and pooled, based on chemical composition 

similarity, giving finally 17 combined fractions. 

Table 4: Mobile phases 1-4 of the used solvent systems for CPC fractionation of TPF. 

Mobile phase n-hexane/EtOAc 

MP1 4/1 

MP2 3/2 

MP3 2/3 

MP4 1/4 
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2.2.3 Purification of CPC fractions using the adsorption mode on silica gel or size exclusion 

chromatography 

The combined CPC fractions were further analyzed using low pressure column 

chromatography. As stationary phase normal phase Silica gel60H® (0.04–0.06 mm) was used 

diluted in dichloromethane (DCM) while the sample was subjected to the column as dray powder 

mixture with Silica gel 60® (0.08–0.12 mm). Mixtures of DCM, ethyl acetate (EtOAc) and 

MeOH in increasing polarity mode were used for the elution (i.e. DCM 100%, DCM:EtOAc 98:2 

– 96:4 – 92:8 – 84:16 –68:32 – 36:64 v/v, EtOAc 100%, EtOAc:MeOH 50:50 v/v). All collected 

fractions (10 mL) were evaluated by TLC and those with the same chemical profile were pooled. 

Selected fraction containing secoiridoids with minor presence of co-eluting compounds were 

analyzed using size exclusion column chromatography with Sephadex LH-20® as stationary 

phase. The samples, diluted in 0.5 mL ethanol, were subjected to the column and eluted with 

ethanol. Fractions of 0.5 mL were collected during analysis and combined based on their TLC 

profile. 

2.2.4 TLC, NMR and HRMS analysis 

The TLC analysis was performed on Merck 60 F254 pre-coated silica gel plates and 

developed with DCM:MeOH 95:5 (v/v). The revelation was firstly achieved by using UV light at 

254 and 365nm. TLC plates were then sprayed by a vanillin (5% w/v in MeOH)– H2SO4(50% 

v/v in MeOH) solution and heated at 100–120oC for 2–3 minutes. 

Structure confirmation or elucidation of the isolated compounds were achieved by NMR 

and HRMS analysis. All 1H,13C (1D-2D) NMR experiments were performed on a 600 MHz on a 

Bruker Avance AVIII-600 spectrometer (Karlsruhe, Germany) equipped with a TXI cryoprobe 

(Wissembourg, France) in CDCl3 and CD3OD. For HRMS analysis of isolated compounds a 
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hybrid LTQ-Orbitrap Discovery Mass Spectrometer (Thermo Scientific, Brehmen, Germany) 

was employed. The mass spectrometer was equipped with electrospray ionization (ESI) source 

and operated in negative mode (HRMS data in appendix). 

2.5 Cell viability assay 

Two different protocols were applied for cell viability evaluation of the isolated 

biophenols. For ligstroside aglycon isomers, elenolic ethyl ester isomers, elenolic acid and 

oleuropein aglycon, ATDC‐5 cells (8 × 103/well, seeded in 96‐well plates) were pre-incubated 

for 12 hours with the isolated compounds and then stimulated with them (1–50 μM) in 5% FBS 

medium for 24 hours at 37°C. Then, cells were incubated with 10 μL of MTT (5 mg/mL) for 4 

hours at 37°C. After dissolving the formazan, the spectrophotometric absorbance was measured 

using a microtiter enzyme‐linked immunosorbent assay reader at 550 nm (Multiskan EX; 

Thermo Labsystems). 

The effect of TPF and of pure OLEO and OLEA was performed by MTT and trypan blue 

dye exclusion assay. For the MTT assay, cells were treated with different concentrations of TPF, 

OLEO or OLEA for 48 h and, after removal of the medium, cells were incubated with 1 mg/ml 

by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich) 

dissolved in serum-free, phenol red–free medium for 3–4 h. Then, the MTT solution was 

discarded and the formazan crystals were dissolved by isopropanol. Cell survival was estimated 

using the ratio of OD570 of treated cells to the controls. Cell viability was also assayed with the 

trypan blue dye (Thermo Scientific) on a hemacytometer after trypsinization by performing the 

trypan blue dye exclusion assay; the cytotoxicity threshold was arbitrarily set to 80% survival 

rates for normal human diploid fibroblasts (see Supplementary Material for the cell lines used 

and cell culture conditions). 
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2.6 Drosophila lines and used antibodies  

The Oregon R Drosophila strain was used in this study. Transgenic flies overexpressing 

constitutively active InR (UAS-InRA1325D; express a mutated constitutively active insulin 

receptor) were obtained from the Bloomington Drosophila Stock Center. Tubulin-GeneSwitch-

Gal4 (tubGSGal4) flies express RU486-regulated Gal4 [upon dietary administration of RU486 

(30 μΜ)] under the control of the tubulin enhancer (a generous gift from Prof. D. Bohmann, 

University of Rochester Medical Center, NY, USA). Flies stocks were maintained at 23 °C, 60% 

relative humidity on a 12-h light: 12-h dark cycle and were fed standard medium [46]. In all 

presented experiments only somatic tissues (after the removal of the gonads) were analyzed [30]. 

Based on the study of Deshpande et al. (2014) we assume that flies consumed the following 

amounts of OLEO/OLEA per day: OLEO, 400 nM (0.233 ng-1.4 ng), 200 nM (0.1165–0.7 ng), 

100 nM (0.05825–0.35 ng); OLEA 400 nM (0.245–1.47 ng), 200 nM (0.1225–0.735 ng) and 100 

nM (0.06125–0.3675 ng). 

Primary antibodies against the 20S-α (sc-65755, 1:1000) and Rpn7 (sc-65750, 1:1000) 

Drosophila proteasome subunits, Gapdh (sc-25778, 1:1000) and the HRP-conjugated secondary 

antibodies (1:2000) were from Santa Cruz Biotechnology (Heidelberg, Germany). The 

polyclonal antibody against the Drosophila proteasome β5 subunit (Prosβ5, 1:4000) was a 

generous gift from Dr. Maria Figueiredo-Pereira (Dept of Biological Sciences, Hunter College of 

the City University of NY, USA). 

2.7 Climbing and longevity assays 

Climbing assays were performed as described before [47]. Briefly, thirty flies were placed 

in a 100 ml glass cylinder and were gently tapped to the bottom of the cylinder. The number of 
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flies that climbed above a 66 ml mark after 20 s was recorded; trials were performed at least in 

triplicates. 

For longevity assays female and male flies (equal numbers per sex) were collected and 

cultured in vials containing (or not) various concentrations of the VOOs (enriched in 

polyphenols). Flies were transferred to vials with fresh food every 3–4 days and deaths were 

scored daily. Statistical analyses and numbers of flies per experiments are reported in Table A12. 

For other assays 10 flies in total were used; 5 males and 5 females. 

2.8 RNA extraction, cDNA synthesis and quantitative real time PCR (QPCR) analysis 

Total RNA was extracted using the RNAiso Plus [Total RNA extraction Reagent, 

(TAKARA)], quantified with BioSpec-nano spectrophotometer (Shimadzu Inc.) and converted to 

cDNA with the Maxima First Strand cDNA Synthesis Kit for RT-qPCR (Thermo Scientific). 

Realtime PCR was accomplished with the Maxima SYBR Green/ROX qPCR Master Mix 

(Thermo Scientific) and the PikoReal 96 Real-Time PCR System (Thermo Scientific) (see also 

appendix). 

2.9 Immunoblotting analysis, measurement of proteasome, cathepsins B, L enzymatic 

activities and reactive oxygen species (ROS) 

Immunoblotting studies in dissected flies’ somatic tissues were done as previously 

described (Tsakiri et al., 2013b). Primary and horseradish peroxidase-conjugated secondary 

antibodies were applied for 1 h at room temperature and immunoblots were developed by using 

an enhanced chemiluminescence reagent kit (GE Healthcare Amersham, Pittsburgh, PA, USA). 
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Proteasome or cathepsin peptidase activities in cells or flies somatic tissues were measured 

at a VersaFluor™ Fluorometer System (Bio-Rad laboratories, Hercules, CA, USA), as described 

previously [32,47]. 

Measurement of ROS levels was done as described previously [30] by using the CM-

H2DCFDA (Invitrogen, Carlsbad, CA, USA) dye. Fluorescent dichlorodihydrofluorescein was 

measured using a VersaFluor TM Fluorometer System (Bio-Rad Laboratories, Hercules, CA, 

USA) at excitation, 490 nm, and emission, 520 nm. 

2.10 Statistical analysis of the bio-assays 

Experiments were performed at least in duplicates (biological replicates). For statistical 

analyses the MS Excel and the Statistical Package for Social Sciences (IBM SPSS; version 19.0 

for Windows) were used. Statistical significance was evaluated using one-way analysis of 

variance (ANOVA). Data points correspond to the mean of the independent experiments and 

error bars denote standard deviation (S.D.); significance at P < 0.05 or P < 0.01 is indicated in 

graphs by one or two asterisks, respectively. For flies’ longevity/survival curves and statistical 

analyses, the Kaplan-Meier procedure and log-Rank (Mantel- Cox) test were used (see Table 

A12). 

2.13 Pharmacokinetic experiment 

2.13.1 Animal treatment 

Age-matched, 8 to 10-week-old female BALB/c mice (20–25 g) were obtained from the 

breeding unit of Hellenic Pasteur Institute (HPI, Athens, Greece). Experimental protocol was 

approved by the Animal Bioethics Committee of the HPI, according to the regulations of the 

National Law 56/2013. Briefly, mice were intraperitonealy treated with 5 mg/Kg body weight 
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(b.w.) of OLEO. Ten time points were selected for blood collection and specifically at 0, 5, 15, 

30 minutes and 1 h, 4, 6, 8, 12 and 24 h after OLEO administration. Samples were directly 

centrifuged for plasma obtainment and then kept at -80oC, until analysis day. 

2.13.2 Plasma sample preparation 

Plasma samples were thawed in ice. After homogenization 50 μL of plasma were vortexed 

with cold ACN in ratio 1:4 (v/v) for 1 minute. Solutions were centrifuged at 4oC for 12 minutes 

at 12.000 rpm. Supernatants were evaporated under vacuum conditions and centrifugation at 

25oC until the complete dryness of the pellets. The derived residues were diluted in 120 μL 

MeOH:H2O 60:40 and analyzed via UPLC-HRMS. 

2.13.3 Plasma UPLC-HRMS analysis 

Plasma extracts were analyzed with a LC gradient consisted of H2O with 0.1% formic acid 

(FA) (solvent A) and ACN (solvent B). The elution method started with 2% of B which stayed 

for 2 minutes. In the next 16 minutes B reached 100% and stayed for 2 minutes. Finally, at 21st 

minute, system returned to the initial conditions and stayed for 4 minutes for system 

equilibration. An Acquity UPLC Peptide BEH C18 (50 mm x 2.1 mm, 1.7 μm) column was used 

for the separation, with a stable temperature of 40°C. Measurements were performed with a total 

acquisition time of 25 minutes and a flow rate of 400 μL/min. The injection volume was 10 μL 

and the autosampler temperature was at 7°C. 

Mass spectra were obtained in negative ion mode using an electrospray ionization source 

(ESI). The capillary temperature was set at 350°C, capillary voltage at -10 V and tube lens at -40 

V. Sheath and auxiliary gas were adjusted at 40 and 10 arb, respectively. For the ionization, 

capillary temperature was set at 350°C, capillary voltage at -30 V and tube lens at -100 V. Sheath 
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and auxiliary gas were adjusted at 40 and 10 arb, respectively. Mass spectra were recorded in full 

scan mode in the range of 115-1000 m/z, with resolving power 30,000 at 500 m/z and scan rate 1 

microscan per second. HRMS/MS experiments were obtained in data-depending method with 

collision energy 35.0% (q = 0.25). The system was calibrated externally. 

2.14 Structure elucidation workflow 

Initially, full-scan chromatograms and their corresponding HRMS spectra (< 2 ppm) were 

investigated. Extraction ion method was used in parallel with peak-to-peak selection affording 

the corresponding full scan spectra. Suggested Elemental Composition (EC) of each detected 

peak together with isotopic patterns and ring double bond equivalent (RDBeq) values were 

further used to confirm the proposed structures. Additionally, HRMS/MS spectra contributed to 

the identification of specific chemical entities based on in-house databases. Furthermore, on-line 

databases were used for additional structural information. More specifically, Human 

Metabolome Data Base (HMDB) (http://www.hmdb.ca/), METLIN Metabolomics Database 

(https://metlin.scripps.edu/), Kyoto Encyclopedia of Genes and Genomes (KEGG) 

(https://www.genome.jp/kegg/) and ChemSpider free chemical structure database 

(http://www.chemspider.com/). The obtained data were compared with those previously reported 

in literature. 
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3. Results and Discussion 

3.1 EVOO selection for biophenols isolation and performance of biological assays 

In the current part of the study TPF and secoiridoid derivatives were evaluated with in vitro 

tests and in vivo models. A prerequisite for the conduction of the biological experiments is the 

isolation of compounds of interest in high amounts and purity. For this reason, an experimental 

workflow was designed, aiming the isolation of secoiridoid derivatives characterized by high 

pharmacological interest. Moreover, three different TPFs were tested characterized by different 

concentration in specific molecules (OLEO and OLEA). 

The first step of our workflow was the selection the appropriate OO sample, which was 

rich in biophenols and consequently could provide different derivatives in high amounts. In more 

detail, for the biological evaluation of TPF as well as pure OLEO and OLEA, three TPFs were 

selected based on their concentration in these compounds. The selection was based on 

quantification results conducted for OLEO, OLEA, HT and T from an in house library 

containing over 400 OO from different areas of Greece and two harvesting periods. For this 

purpose, a TPF with high (OLE 110), medium (OLE166) and low (OLE 122) levels of OLEA 

and OLEO were selected for the performance of the in vivo biological experiments (figure 15). 

The quantification results are presented in detail in appendix (Table A5). Moreover, TLC 

analysis was carried out with the method described previously in section 2.2.4 for the 

observation of TPF biophenols composition in UV light and visible. Based on TLC and HPLC-

DAD chromatograms, sample with code OLE 110 was also rich in ligstroside and oleuropein 

aglycons, which correspond to the close forms of OLEO and OLEA respectively. For this reason, 

OLE 110 was used as raw material for the isolation of open and close forms of secoiridoids. The 

figure below illustrates the HPLC-DAD chromatogram of the selected EVOOs.  
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Figure 15: HPLC-DAD chromatogram at 235 nm of the selected TPFs characterized by high-

red line (OLE110), medium-blue line (OLE166) and low-green line (OLE122) levels of OLEO 

and OLEA. 

 

3.2 Isolation of biophenols 

First step was the selection of EVOO rich in biophenols for the isolation of secoiridoids. 

Thus, OLE 110, which is characterized by high OLEO and OLEA content as well as other 

secoiridoid compounds was selected. After extraction and fractionation (section 2.2.1 and 2.2.2) 

targeted isolation of OLEO and OLEA as well as aglycons of ligstroside and oleuropein (opened 

and closed forms) was carried out. The purpose of this targeted isolation was the comparison of 

the activity of the opened and closed forms of secoiridoid derivatives. It is important to note that 

there limited studies for the biological properties of such compounds. Moreover, EA derivatives 

such as EA esters were isolated, due to their recent report and isolation from EVVO [48] and the 

absence of studies investigating its biological activities. EA was also isolated for comparison 

purposes.  

From CPC performance, 17 phenolic fractions were derived based on elutes compositional 

similarities. Fractions were grouped according to their TLC results in UV light and visible. The 
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total number of fractions were analyzed via 1H-NMR, UHPLC-HRMS and TLC for biophenols 

identification and subsequent targeted isolation of compounds. The figure below illustrates the 

TLC plate of the total number of CPC fractions annotated with the detected compounds intended 

for isolation. 

 

Figure 16: TLC analysis of CPC fractions. Plate is visualized after spraying with sulfuric 

vanillin and heating at 120oC. 

 

In order to isolate the annotated compounds of figure 16, the selected CPC fractions were 

subjected to further purification using silica gel and size exclusion column chromatography 

(section 2.2.3). In brief, fraction C was rich in iridoids and specifically in EA derivatives. 

Particularly EA and EA ethyl ester were isolated from this fraction. EA ethyl ester (5S, 8R, 9S) 

(PPh3) was isolated in high purity and as a mixture of two isomeric forms (5S, 8R, 9S / 5S, 8S, 

9S 50/50) (PPh4). From the same fraction EA was isolated in high purity (PPh5).  

Fraction E was rich in ligstroside aglycon derivatives. From this fraction, mixtures of two 

isomers of the monoaldehydic form of ligstroside aglycon (MFLA) were isolated. The one 
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fraction contained the isomer 5S, 8R, 9S and 5S, 8S, 9S in ratio 60/40 (PPh1) and the other 

fraction the two isomers in ratio 85/15 (PPh2). An isomer of monoaldehydic form of oleuropein 

aglycon (MFOA) was isolated from fraction N (PPh7). 

Moreover, OLEO and OLEA were isolated from fractions G and K respectively. The figure 

below illustrates the chemical structures of the isolated compounds.  

 

Figure 17: Isolated compounds via CPC fractionation. 

 

The structure elucidation of the isolated compounds was achieved by (1D-2D) NMR and 

HRMS analysis. The table below presents in detail the 1H-NMR spectroscopic data of the 

isolated isomeric forms 5S, 8R, 9S and 5S, 8R, 9S. Tables including the 1H-NMR data of all the 

isolated compounds are presented in appendix (Tables A6-A11).  
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Table 5: 1H-NMR data of 5S,8R,9S and 5S,8S,9S isomers of isolated elenolic acid and secoiridoid derivatives. 

 Elenolic acid Elenolic acid ethylester MFLA MFOA 

Pr. No (5S,8R,9S) (5S,8R,9S) (5S,8S,9S) (5S,8R,9S) (5S,8S,9S) (5S,8R,9S) (5S,8S,9S) 

1 
9.64 brd, J=2.0 

Hz 

9.63 brd, J=2.0 

Hz 

9.63 brd, J=2.0 

Hz 

9.48 brd, J=2.0 

Hz 
9.55 brs 

9.54 brd, J=2.0 

Hz 

9.60 brd, J=2.0 

Hz 

3 7.59 brs 7.58 brs 7.64 brs 7.56 brs 7.61 brs 7.59 brs 7.65 brs 

5 
3.43 ddd, 
J=9.5/6.1/3.6 Hz 

3.42 ddd, 

J=9.5/6.1/3.6 

Hz 

3.37 brd, J=11.1 
Hz 

3.38 ddd, 
J=9.5/6.1/3.6 Hz 

3.33 brd, J=11.1 
Hz 

3.40 ddd, 

J=9.5/6.1/3.6 

Hz 

3.36 brd, J=11.1 
Hz 

6a 
2.87 dd 
J=16.1/3.6 Hz 

2.90 dd 
J=16.1/3.6 Hz 

2.91 dd 
J=16.1/2.9 Hz 

2.88 dd 
J=16.1/3.6 Hz 

2.89 dd 
J=16.1/3.0 Hz 

2.88 dd 
J=16.1/3.6 Hz 

2.86 dd 
J=16.1/3.0 Hz 

6b 
2.54 dd 

J=16.1/9.5 Hz 

2.56 dd 

J=16.1/9.5 Hz 

2.24 dd 

J=16.1/11.1 Hz 

2.53 dd 

J=16.1/9.5 Hz 

2.20 dd 

J=16.1/11.1 Hz 

2.55 dd 

J=16.1/9.5 Hz 

2.20 dd 

J=16.1/11.1 Hz 

8 
4.49 qd 

J=6.7/6.1 Hz 

4.41 qd 

J=6.7/6.1 Hz 

4.20 qd 

J=6.7/2.0 Hz 

4.41 qd 

J=6.7/6.1 Hz 

4.14 qd 

J=6.7/2.0 Hz 

4.48 qd 

J=6.7/5.7 Hz 

4.20 qd 

J=6.7/2.0 Hz 

9 
2.72 td 

J=6.7/1.8 Hz 

2.72 td 

J=6.7/1.8 Hz 

2.64 ddd 

J=2.9/2.0/1.8 Hz 

2.53 td 

J=6.1/1.8 Hz 

2.48 ddd 

J=2.9/2.0/1.8 Hz 

2.64 td 

J=5.7/1.8 Hz 

2.62 ddd 

J=2.9/2.0/1.8 Hz 

10 
1.44, 3H, d 

J=6.7 Hz 

1.42, 3H, d 

J=6.7 Hz 

1.57, 3H, d 

J=6.7 Hz 

1.37, 3H, d 

J=6.7 Hz 

1.53, 3H, d 

J=6.7 Hz 

1.41, 3H, d 

J=6.7 Hz 

1.57, 3H, d 

J=6.7 Hz 

12 3.73, 3H, s  3.72, 3H, s  3.73, 3H, s  3.71, 3H, s  3.72, 3H, s  3.75, 3H, s  3.78, 3H, s  

1’  
4.12, 2H, q, 
J=7.10 Hz 

4.12, 2H, q, 
J=7.10 Hz 

4.25, 2H, m 4.28, 2H, m 
a)4.33, m 
b)4.23, m 

a)4.38, m 
b)4.28, m 

2’  
1.24, 3H, t, 

J=7.10 Hz 

1.26, 3H, t, 

J=7.10 Hz 

2.84, 2H, t, 

J=7.10 Hz 

2.85, 2H, t, 

J=7.10 Hz 
2.82, 2H, m  2.82, 2H, m  

4’    7.04 d, J=8.5 Hz 7.04 d, J=8.5 Hz 6.79 d, J=2 Hz 6.85 d, J=2 Hz 

5’    6.76 d, J=8.5 Hz 6.76 d, J=8.5 Hz - - 

7’    6.76 d, J=8.5 Hz 6.76 d, J=8.5 Hz 
6.81 d, J=8.5 

Hz 
6.82 d, J=8.5 Hz 

8’    7.04 d, J=8.5 Hz 7.04 d, J=8.5 Hz 
6.63 dd, 
J=8.5/2.0 Hz 

6.76 dd, 
J=8.5/2.0 Hz 
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3.3 Cell Viability assay 

MTT assay was initially employed for the evaluation of the effect of the isolated 

biophenols in cell viability. Cells were treated with increasing concentrations of the isolated 

compounds from 0.1-50 μM. The table below represents the tested compounds and the 

corresponding labeling used in MTT assay.  

Table 6: List of the isolated compounds with the corresponding labeling used for MTT assay. 

Compound Code 

Aldehydic form of ligstroside aglycon 

5S, 8R, 9S 60% 

5S, 8S, 9S 40% 

PPh1 

Aldehydic form of ligstroside aglycon 

5S, 8R, 9S 85% 

5S, 8S, 9S 15% 

PPh2 

Elenolic acid ethyl ester 

5S, 8R, 9S 

PPh3 

Elenolic acid ethyl ester 

5S, 8R, 9S 50% 

5S, 8S, 9S 50% 

PPh4 

Elenolic acid 

5S, 8R, 9S 

PPh5 

Aldehydic form oleuropein aglycon 

5S, 8R, 9S 

PPh7 

 

Figure 18 illustrates the results from MTT assay after 24 hours cells incubation with 

ligstroside aglycon derivatives (PPh1 and PPh2). As can be observed, the initial concentration 

affecting cells viability for both samples was found 1 μΜ for PPh1 and 10 μΜ for PPh2. At 10 

μΜ PPh1 and PPh2 appeared to induce cell death while all the tested above concentrations i.g. 

25 and 50 μM showed a significant decrease at cell number. It is interesting that PPh1, 
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containing the two isomers almost in the same percentage, at 50 μM is highly toxic for the cells 

(P< 0.001), while PPh2 was toxic but not in the same level. Presumably, the higher concentration 

of 8S isomer in PPh1 seems to be more important instigating that compared to 8R might be more 

potent. Both samples, PPh1 and PPh2 seem to affect ATDC5 cells in a dose-dependent manner.  

 

 

Figure 18: MTT assay. (A): Relative (%) vitality of ATDC5 cells treated with increasing 

concentrations (0.1, 1, 10, 25 and 50 μM) of PPh1 for 24 h through MTT. (B): Relative (%) 

viability of ATDC5 cells treated with increasing concentrations (0.1, 1, 10, 25 and 50 μM) of 

PPh2 for 24 h through MTT. Values are the mean of 3 independent replicates. ***=P< 0.001, 

*=P<0.05. 
 

Continuously, EA ethyl ester isomers (PPh3 and PPh4) were tested. In has to be noted that 

there are not previously published studies investigating the biological properties as well as the 

cytotoxic effect of EA ethyl ester isomers. The exhibited concentrations of figure 19, 

demonstrated that both fractions (PPh3 & PPh4) had no toxicity effect to cells even at the highest 

concentration. The concentration of 10 μΜ PPh3 and PPh4 seemed to affect the viability but no 

significant results were uncovered for the pure compound and the mixture of isomers. Figure 19 
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illustrates the corresponding results.

 

 

Figure 19: MTT assay. (A): Relative (%) vitality of ATDC5 cells treated with increasing 

concentrations (0.1, 1, 10, 25 and 50 μM) of PPh3 for 24 h through MTT. (B): Relative (%) 

viability of ATDC5 cells treated with increasing concentrations (0.1, 1, 10, 25 and 50 μM) of 

PPh4 for 24 h through MTT. Values are the mean of 3 independent replicates.  

 

Lastly PPh5 and PPh7 were tested for their toxicity effect in ATDC5 cells. PPh5 as can be 

expected followed the same pattern like PPh3 and PPh4 due to their chemical structure 

similarities. The concentration of 10 μΜ PPh5 seem to induce cell proliferation up to the 

concentration of 100 μΜ, without showing any toxic affect. Concerning PPh7, it followed the 

similar pattern to PPh1 and PPh2. The concentration of 1 μM was found as critical, affecting 

cells vitality. At 5 μΜ a considerable decreased was observed, while 50 and 100 μM affected 

significantly cells vitality (P<0.05), following a dose response pattern. 
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Figure 19’: MTT assay. (A): Relative (%) vitality of ATDC5 cells treated with increasing 

concentrations (0.1, 1, 10, 25 and 50 μM) of PPh5 for 24 h through MTT. (B): Relative (%) 

viability of ATDC5 cells treated with increasing concentrations (0.1, 1, 10, 25 and 50 μM) of 

PPh7 for 24 h through MTT. Values are the mean of 3 independent replicates. *=P<0.05. 

 

To summarize it seems that secoiridoid aglycons (oleuropein and ligstroside aglycons) 

were characterized by the highest cytotoxicity to ATDC5 cells in comparison to the other tested 

compounds missing the phenylalcohol part, instigating their effect. More specifically, MFLA 

found to be the most potent compound of all tested samples. EA and EA ethyl ester found to be 

inactive in any concentration. Exploring the role of 8R vs 8S isomers, the testing of isomeric 

forms (5S, 8R, 9S / 5S, 8S, 9S) in 50/50 ratio found as more effective in cells, while pure 5S, 8R, 

9S isomers or in fractions with this isomer in high ratio were not found so active. Based on the 

above outcomes, it can be hypothesized that the existence of the phenylalcohol part in 

biophenols seems to induce the death of ATDC5 cells, and more specifically 8S diastereoisomer 

engendered a more notable decreased in cells number. Thus, it can be assumed that 8S 

diastereoisomer of secoiridoid aglycons could behave as more potent agent for decreasing 
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ATDC5 cells number. Concerning, the substitution of the benzol ring, 8R isomer of MFOA 

(existence of two hydroxyl groups in the benzol ring) were found more active in comparison to 

the sample with high ratio of 8R isomer of MFLA. Generally, 3,4-dihydroxy substitution in 

phenols have been previously reported as stronger antioxidants agents in comparison to 4-

hydroxy substitution [49]. Overall, 8S isomers and 3,4-dihydroxy substitution in the benzol ring 

can be suggested as factors affecting secoiridoids aglycon activity. The no cytotoxic selected 

doses for the tested compounds were: 1 μΜ for PPh1, PPh2, PPh7 and 10 μΜ for PPh3, PPh4, 

PPh5. The isolated oleacein and oleocanthal were tested via MTT assay and discussed in more 

detail below in section 3.4.1 

3.4 Effects of EVOOs on cellular and in vivo models 

Mediterranean diet is considered as one of the healthiest diets and its cardioprotective role 

is well documented [50]. EVOO consumption is directly associated with MD comprising the 

main source of fat in MD. Studies have shown that adherence to MD reduce the expression of 

oxidative stress and inflammation markers [51] and is also associated with reduced incidences of 

metabolic syndrome [52] and type 2 diabetes [53]. Given the reported health-promoting effects 

of EVOOs and of Mediterranean diet, as well as that genetic or pharmacological activation of the 

PN modules suppressed cellular senescence or enhanced healthy aging in various models [32,33] 

we asked whether EVOOs also affect cytoprotective proteostatic cellular modules. Bio-guided 

studies of TPFs with different levels of OLEO and OLEA and of pure compounds were 

performed in both mammalian cells, as well as after oral administration in Drosophila flies. 

3.4.1 Analysis of TPF, OLEO and OLEA effects in mammalian cells 

We initially studied the effect of TPF (Ole110) on the viability of normal human skin 

fibroblasts (BJ cells) by using the MTT and trypan blue dye exclusion assays. To this end, cells 
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were incubated with increasing concentrations of TPF (0.1, 1, 5 and 10 μg/mL) for 48 h and, as 

shown in both figure A25A1 and A25A2, TPF did not exert any toxicity in BJ cells. Then, we 

sought to examine the effect of TPF on PN modules related genes. Thus, BJ cells were incubated 

with TPF at the maximum (non toxic) concentration of 10 μg/mL for 24 h. As can be seen in 

figure A25B, Q-PCR analyses showed that TPF upregulated the proteasomal subunits genes 

PSMA7, PSMB2, PSMB5 and RPN11 and the autophagylysosome related gene CTSD. Moreover, 

incubation of cells with TPF resulted in the upregulation of molecular chaperones genes (HSP70 

and CLU) and also of genes being involved in cellular antioxidant responses, namely NRF2 

along with downstream transcriptional targets of NRF2, i.e. the KEAP1 and TXNRD1 genes 

(figure A25C). Considering the induction of the PN modules, we then asked whether TPF could 

protect cells from H2O2-mediated oxidative stress toxicity. Cells were exposed to 200 μΜ H2O2 

for 24 h in the presence or absence of 10 μg/mL TPF and the viability was measured by the MTT 

assay. As can be seen in figure A25D, TPF conferred significant protection against H2O2-

mediated toxicity. In previous studies, olive oils which contained the two phenolic compounds 

OLEO and OLEA showed increased H2O2 scavenging activity [54]. Furthermore, according to 

other studies, natural compounds or peptides, such as Platanoside, Tiliroside and Hexapeptide-11 

have been found to enhance the proteasome activity, reduce the oxidative stress and thus, have 

anti-aging properties [32,55]. 

Furthermore, BJ cells were treated with different concentrations (50, 100, 150 and 200 μ

M) of OLEO or OLEA for 48 hours and, by MTT (figure A26A1 and A26B1) and trypan blue dye 

exclusion (figure A26A2 and A26B2) assays, we found that both OLEO and OLEA were relatively 

not toxic (toxicity threshold was set to 80% viability) in BJ cells up to 50 μM as revealed by both 

assays; OLEO exerted significant toxicity on BJ cells only at increased concentrations (IC50 106 
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μM) (figure A26A1). To examine if the compounds alter the proteasome activity, BJ cells were 

treated with 30 μM OLEO and/or 30 μM OLEA for 24 hours. As shown in figure A26C, OLEO 

did not affect the three peptidase activities of proteasome, whereas OLEA was found to induce 

the rate limiting for protein breakdown proteasome peptidase activity, i.e. the chymotrypsin-like 

activity (CTL). In line with this finding, Q-PCR analyses revealed that treatment of BJ cells with 

OLEA at the concentration of 30 μM for 24 hours promoted the upregulation of PN related 

genes, i.e. proteasome (PSMB2, PSMB5 and RPN11), ALP (HDAC6, BECN1, LC3B and CTSD), 

antioxidant responses (NQO1, TXNRD1 and KEAP1) and molecular chaperones (HSF1, HSP27, 

HSP70, CLU and STUB1) genes (figure A27). Thus, as reported before [56] and shown herein 

the induction of proteasome due to OLEA could be (among others) attributed to NRF2 

activation. Finally, we sought to evaluate whether these compounds could protect (similarly to 

the TPF extract) cells against H2O2 (oxidative stress) toxicity. To this end, BJ cells were treated 

with 200 μM H2O2 for 24 hours in the presence or absence of 30 μM OLEO or 30 μM OLEA and 

the viability was measured by the MTT assay. As it can be seen in figure A26D, OLEA largely 

rescued BJ cells from H2O2-mediated oxidative stress toxicity. 

We then examined the effects of OLEO and OLEA in an additional mammalian cellular 

model, namely mouse skin immortalized (highly differentiated) C5N cells. Cells were treated 

with increasing concentrations of OLEO (5, 15, 25, 50 and 100 μM) or OLEA (5, 25, 50 and 100 

μM) for 48 hours and survival was estimated by MTT (figure 20A1 and 20B1) and trypan blue 

dye exclusion (figure 20A2 and 20B2) assays. Neither OLEO nor OLEA were significantly toxic 

in C5N cells up to a concentration of ∼10 μM (figure 20A and 20B), as revealed by both cell 

viability assays. The IC50 for OLEO and OLEA was estimated to be 30 and 40 μM, respectively, 

for C5N cells by performing MTT assay. Also, both OLEO and OLEA activated the three 
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proteasomal peptidases activities after 48 hours of incubation (figure 20C) and tended to increase 

the lysosomal cathepsin peptidases activities; however, this increase was not statistically 

significant (figure 20D). Thus, proteasome activation by OLEO and OLEA is not cell- or 

species-specific. 

 

Figure 20: Exposure of C5N cells to OLEO or OLEA does not exert toxicity (at low 

concentrations) in C5N cells and it activates proteasome. (A) Relative (%) cell viability of C5N 

cells incubated with increasing concentrations (5, 15, 25, 50 and 100 μM) of OLEO for 48 h 
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through MTT (A1) and trypan blue dye exclusion (A2) assays. (B) Relative (%) survival of C5N 

cells treated with increasing concentrations (5, 25 50 and 100 μM) of OLEA for 48 h through 

MTT (B1) and trypan blue dye exclusion (B2) assays. (C) Enzymatic activities of the three (CT-

L/β5, C-L/β1 and T-L/β2) proteasomal peptidases activities in C5N cells treated with 30 μΜ 

OLEO or 40 μΜ OLEA for 48 h. Shown controls refer to control values of CT-L/β5 of the sample 

OLEO or OLEA. In all cases, standard deviation did not affect the shown significance of the 

other samples. (D) Relative (%) cathepsin B, L activities following exposure of C5N cells to 30 

μΜ OLEO or 40 μΜ OLEA for 48 h. Proteasome and cathepsin activities were expressed in 

fluorescence units per μg of input protein vs. controls set to 100%. Bars, ± SD. *, P<0.05; **, 

P<0.01. 

 

3.4.2 Analysis of short- and long-term effects of OLEO or OLEA after oral administration 

in Drosophila flies 

We then investigated the in vivo effects of OLEO and OLEA (added in the culture medium 

as food supplements) on proteostatic modules activity and physiology of Drosophila flies. 

Drosophila could be considered as a suitable organism to evaluate the biological properties of 

compounds or extracts. Drosophila melanogaster has similar metabolic pathways and 

proteasomes to mammalian organisms and also a large number of population can be cultured in a 

short period. Additionally, it is characterized by a short lifespan which is easily controlled. Due 

to the fact that the administration is carried out through food, Drosophila could serve as a model 

organism to investigate supplements and generally orally administered active entities.  

OLEO had no effect on flies' appetite (gustatory assay), whereas for OLEA we noted a 

mild reduction (not shown). We observed that dietary administration of OLEO or OLEA 

increased the CT-L proteasome activity (figure A28A) and the expression of 20 S (Prosβ5 and α-

type subunits) and 19 S (Rpn7) proteasomal subunits (figure A28B); notably, OLEA induced a 

stronger activation effect on proteasome than OLEO. Moreover, feeding of flies with OLEO or 

OLEA led to a significant decrease of ROS levels (in almost all tested concentrations) in somatic 

tissues of Drosophila flies (figure A28C). The protective effects of these compounds were also 
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evident by the noted delay of the age-related decline of flies’ locomotor performance (figure 

A28D). Thus, dietary OLEO and OLEA at the doses used activate cytoprotective and healthy-

aging promoting mechanisms. 

Considering these findings and given the reported anti-atheroclerotic and anti-diabetic 

action of VOO [57] we focused on the model of transgenic flies expressing ubiquitously a 

constitutively active form of InR (InRA1325D). This genetic intervention increased triglycerides in 

flies’ fat body and promoted inflammatory responses [58]; thus, this model phenocopies some of 

the features seen in mammalian obesity and diabetes type 2. We found that flies with aberrant 

insulin signalling had a significantly reduced longevity (figure 21A). 

Interestingly, addition of TPFs enriched with increased concentration of OLEO or OLEA 

resulted in higher proteasomes activities in the somatic tissues of flies fed with 10 μg/mL OLE 

166 (medium levels of OLEO and OLEA) or with either 1 or 10 μg/mL of OLE 110 (high levels 

of OLEO and OLEA) (figure 21B). Moreover, sustained feeding of flies with 10 μg/mL OLE 

122 (medium levels of OLEO and OLEA), OLE 166 (medium levels of OLEO and OLEA) and 

OLE 110 extended the lifespan of InRA1325D overexpressing transgenic flies (figure 21C); 

notably, OLE 166 and OLE 110 suppressed the toxic effects of InRA1325D overexpression more 

effectively than OLE 122 (low levels of OLEO and OLEA). In support to the herein reported 

anti-inflammatory activity of EVOOs rich in polyphenols, it has previously been found that 

OLEO inhibited COX-1, COX-2, Tumor necrosis factor-alpha (TNF-a) and Interleukin-1 beta 

(IL-1b) activity, as well as nitric oxide (NO) production in macrophages [59]. Additionally, 

OLEO causes necrotic and apoptotic cell death in cancer cell lines, reduces invasive capacity of 

breast cancer cell lines and inhibits proliferation of multiple myeloma cells [60]. Finally, it has 

been found that OLEO reduces Aβ accumulation both in vitro and in vivo, inhibits Tau 
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fibrilization and protects neurons from the synaptopathological effects of toxic oligomers [59]. 

Therefore, OLEO has been suggested as a lead compound for development in Alzheimer's 

disease therapeutics; our finding of OLEO-mediated proteasome activation reveals a novel 

mechanism that could contribute to anti-neurodegenerative effects of EVOOs. TPFs with 

different contents of OLEO or OLEA increase proteasome activity and partially rescue the 

longevity of a Drosophila model of reduced lifespan due to overexpression of a constitutively 

active InR. 

 

Figure 21: (A) Longevity curves of transgenic flies overexpressing or not a constitutively active 

InR. (B) Relative (%) chymotrypsin-like activity (CT-L/β5) and caspase-like (C-L/β1) 

proteasomal activities in somatic tissues of young transgenic flies following exposure to the 

indicated concentrations of TPFs for 18 days. (C) Longevity curves of transgenic flies 

overexpressing a constitutively active InR and fed with 10 μg/ml of TPFs. The transgene was 
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switched on by the addition of 30 μΜ RU486 in fly food. Flies median lifespan and comparative 

statistics are reported in Table S3; the longevity curves of UAS InRA1325D RU486(+) 30 μM, 

DMSO in (A), (C) are the same. TPFs with low (122), medium (166) and high (110) content of 

OLEO or OLEA are reported as OLE 122, OLE 166 and OLE 110, respectively. 

 

In this study, we provide novel data for the healthy aging-promoting effects (e.g. 

proteasome activation or delay of age-related locomotion decline) of TPFs (OLE 122, 166 or 

110) or pure compounds (OLEO or OLEA) in the fly model. In support, it was shown by 

Parzonko et al. (2013) [56] that OLEA decreased the intracellular ROS formation, since its 

biological action has been related to NRF2 activation. In consistence with the aforementioned 

findings, we observed decreased levels of ROS in OLEA-treated flies and also upregulation of 

proteasome protein subunits; the reduced oxidative stress and the increase of proteasome 

expression in OLEA- (and OLEO-) treated flies could be possibly due to NRF2 activation, as 

NRF2 is a main regulator of antioxidant response and proteasome in flies [47]. It was also 

recently proposed that OLEO can act as HSP90 inhibitor [61]. This finding could explain the 

partially rescue of TPFs in transgenic flies that overexpress a constitutively form of InR, as 

HSP90 seems to be indispensable to the homodimerization of monomeric InR precursor [62,63]. 

Therefore, in TPFs treated transgenic flies the active forms of InR were probably less than those 

in non-treated transgenic flies resulting in reduced insulin signalling. The reduced insulin 

signalling is a well-known intervention that confers lifespan extension in various model 

organisms. 

3.5 Pharmacokinetic/metabolization study 

PK studies are performed to describe the relationship between the dose of a drug and its 

concentration in body fluids and tissues over time [64]. Absorption, distribution, metabolism and 

excretion (ADME) studies are critical for the evaluation of metabolite profiles in plasma and aim 
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in obtaining an early estimate of pharmacokinetic characteristics and can easily reflect the 

diversity and complexity of biological systems [65]. In the current part of the study, a suitable 

mice model based protocol was set in standard OLEO dose of 5mg/Kg. Our goal was to study 

PK characteristics of OLEO such as Tmax and/or Cmax. For this purpose, an UPLC-Orbitrap-

MS methodology was developed for OLEO detection in plasma. In parallel, we were interested 

in investigating the possible metabolites of OLEO and the determination of their relative content 

in plasma over time. 

3.5.1 Method development for plasma UPLC-HRMS analysis 

For the evaluation of the sample preparation procedure 50 μg/mL of OLEO were spiked in 

plasma and recovery was calculated, resulting in values from 93-101 %. Spiked sample was used 

for the development of the UPLC and HRMS conditions. The figure below illustrates the UPLC-

HRMS chromatogram of the spiked sample. 
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Figure 22: UPLC-HRMS chromatogram of 50 μg/mL OLEO spiked in plasma (upper 

chromatogram) and a blank injection (lower chromatogram). 

 

For the development of the UPLC conditions, elution solvents, column temperature, and 

column characteristics were investigated. MeOH and ACN were tested as organic solvents and 

H2O with and without FA were tested as aqueous phase. ACN resulted in better peak shape, 

together with acidified water and column temperature at 40oC. Two different columns were 

tested; an Acquity UPLC Peptide BEH C18 (100 mm x 2.1 mm, 1.7 μm) and a Thermo Hypersil 

Gold C-18 (50 mm x 2.1 mm, 1.9 μm). The first column produced chromatograms with higher 

resolution. 

Mass spectrometer parameters were optimized for the ionization of secoiridoid derivatives 

and other biophenols after infusion of a TPF extract (OLE 110) with high content of OLEA and 

OLEO. The aim was to achieve optimal ionization to oleocanthal and other possible metabolic 

derivatives of this compound in order to detect oleocanthal as well as other metabolic derivatives 
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based on previous reported studies. Negative ion mode resulted in better ionization of 

secoiridoids and for this reason was selected for plasma analysis. The optimized tuning was then 

tested with the spiked OLEO sample (figure 22). 

3.5.2 OLEO determination in plasma 

OLEO is a molecule that concentrated the scientific interest the last years and a lot of 

research focuses on its pharmacological properties exploration [20]. However, its metabolism 

and PK characteristics in in vivo models and human system, is poorly studied due to its sensitive 

and unstable chemistry which triggers easy and fast decomposition or equilibration reactions in 

biological systems [66]. OLEO is characterized by two reactive hydrogens belonging to two 

aldehydes and a sensitive and easily hydrolyzed ester bond associating the T part with EDA 

(figure 14). Due to this nature it is expected to be fastly bio-transformed in biological systems 

and thus its detection in biological fluids and tissues is regarded as a challenging task [41]. 

OLEO undergoes several reactions in human body [43]. The ester bond could be easily 

hydrolyzed and generate corresponding products T and EDA as major metabolites [41]. 

Metabolic products are produced via phase I and phase II metabolic reactions. Usually phase I 

incorporates oxidation, hydrogenation, dehydrogenation, hydration, decarboxylation, 

methylation and hydroxylation reactions. Phase II reactions are usually known as conjugation 

reactions and engender glucuronidation, sulfoconjugation, acetylation and glutamination [43]. 

PK and/or ADME studies of OLEO in human are inadequate and poor data are present 

concerning the generated metabolic products and their corresponding content in human 

biological fluids. Only two studies were found investigating human biological fluids (plasma and 

urine) metabolic profile after VOO intake [43,67]. In brief, both studies incorporate mass 

spectrometry analysis for the detection and identification of secoiridoids in human biological 
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fluids after acute intake of VOO. OLEO was present in both cases in VOO, though not detected 

in biological fluids. Only products of phase I and phase II metabolization were identified. 

However, in both studies the lack of MS/MS experiments, in combination with the absence of 

standard compounds raise questions for the identification process.  

In the current study, UPLC-HRMS/MS methodology was employed for the detection of 

OLEO and the identification of OLEO metabolic products as well as their relative content in 

plasma in specific time points, as described in section 2.13.1. Metabolites identification was 

based on extraction ion method in parallel with peak-to-peak selection affording the 

corresponding full scan spectra. Unfortunately, OLEO was not detected in none of the time 

points and for this reason attention was given to the identification of OLEO metabolites.  

3.5.3 Identification of OLEO metabolites 

For the investigation of structurally related compounds that could be rationally derived 

from OLEO, the appeared peaks on chromatograms after OLEO ingestion were investigated. For 

this reason, unrelated peaks were excluded and RT window from 1-12 minutes in which the 

peaks of interest appeared, was thoroughly investigated. The rest of the chromatogram included 

mainly matrix compounds and no significant difference were observed from 12-25 minutes. The 

figure below represents the UPLC-HRMS chromatograms of mice plasma in two different time 

points.  
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Figure 23: UPLC-HRMS chromatogram of mice plasma. Upper part (T=1hour) illustrates the 

metabolic profile 1 hour after OLEO administration and lower part (T=0 min) the time of the 

administration.  

 

In figure 23, the upper chromatogram (T=1 hour) represents plasma metabolic profile 1 

hour after OLEO ingestion and the lower part of figure the respective chromatogram the time of 

the ingestion (T=0 min) and could be considered as blank. As it is obvious and already 

mentioned the identification step focused on injection time 1-12 minutes where differences were 

observed. The elution areas including the generated compounds after OLEO ingestion are 

annotated. The area marked in yellow corresponds to two chromatographic peaks which appear 

at the same RT with spiked OLEO in blank sample (figure 22).  

For the identification step, phase I and phase II metabolic reactions occurred in in vivo 

systems were studied for the determination of possible generated metabolic derivatives and 

interpretation of the results. In parallel, PK studies of other biophenols were studied in order to 

observe the biotransformation path of compounds with similar chemical structures [38,68,69] in 
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human systems or in vivo experiments. Ultimately, 21 metabolic derivatives of OLEO were 

assigned. Fourteen of them were totally identified and their chemical structures are presented in 

figure 24.  

 

Figure 24: Identified metabolites attributed to OLEO metabolization in plasma. 

 

Unfortunately, 7 chemical structures remain unresolved however their elemental 

composition was determined. Table 7 presents the identified metabolites in plasma 1 hour after 

OLEO administration. 
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Table 7: Identified metabolites in human plasma. Experimental and theoretical m/z, Elemental Composition (EC), Ring and Double 

Bond equivalent (RDB), Δ in ppm, Retention Time (RT) and HRMSn fragments are represented. 

# name RT 
m/z 

experimental 

m/z 

theoretical 
EC RDB Δ (ppm) 

HRMS
n
 (EC, 

RDB) 

P1 Benzol sulfate 4.16 172.9917 172.9903 C6H5O4S 4.5 1.777 
93.0352 

(C6H5O, 4.5) 

P2 Tyrosol sulfate 4.17 217.0173 217.0165 C8H9O5S 4.5 1.1509 196.4058 

P3 Homovanillic acid 4.26 181.0508 181.0495 C9H9O4 5.5 1.415  

P4 Unknown 4.85 212.0025 212.0012 C8H6O4NS 6.5 1.03 
196.4132, 

80.9659 

P5 Hippuric acid 5.04 178.0513 178.0499 C9H8O3N 6.5 1.593 
134.0615 

(C8H8ON, 5.5) 

P6 HT acetate sulfate-H2 5.27 273.0075 273.0063 C10H9O7S 6.5 2.351 
193.0509 

(C10H9O4, 6.5) 

P7 
3,4-Hydroxyphenylacetic 

acid 
5.85 167.0352 167.0339  C8H7O4 5.5 1.365 - 

P8 
3,4-Hydroxyphenylacetic 

acid sulfate 
5.85 246.9918 246.9907  C8H7O7S 5.5 1.664 

167.0353 

(C8H7O4) 

P9 Crezol sulfate 6.01 187.0073 187.006 C7H7O4S 4.5 1.376 
107.0506 

(C7H7O, 4.5) 

P10 
4-Hydroxyphenylacetic 

acid sulfate 
6.04 230.9969 230.9958 C8H7O6S 5.5 0.035 

151.0403 

(C8H7O3, 5.5) 

P11 
4-Hydroxyphenylacetic 

acid 
6.04 151.0404 151.039 C8H7O3 5.5 2.268 

136.0169 

(C7H4O3, 6) 



Chapter 2-Results & Discussion 

160 

 

P12 Homovanillic acid sulfate 6.22 261.0076 261.0063 C9H9O7S 5.5 0.818 
181.0508 

(C9H9O4, 5.5) 

P13 Unknown 6.85 333.0076 333.0063 C15H9O7S 11.5 0.371 
253.0509 

(C15H9O4, 11.5) 

P14 Unknown 6.98 417.1184 417.1180 C21H21O9 11.5 -1.739 
286.4811, 

196.4267 

P15 Benzol-ethanol glycuronide 7.07 297.098 297.0969 C14H17O7 6.5 0.148 
121.0664 

(C8H9O, 4.5) 

P16 Benzol-ethanol sulfate 7.31 201.0231 201.0216  C8H9O4S 4.5 1.827 
121.0666 

(C8H9O, 4.5) 

P17 Unknown 7.76 433.1143 433.1129 C21H21O10 11.5 0.554 
287.1794, 

196.3327 

P18 Oleocanthalic acid 8.11 319.1189 319.1176 C17H19O6 8.5 0.872 
153.0558 

(C8H9O3, 4.5) 

P19 Unknown 8.12 353.0335 353.0326 C15H13O8S 9.5 1.465 
273.0762 

(C15H13O5, 9.5) 

P20 Unknown 
8.22, 

8.31 
507.2239 507.2225 C26H35O10 9.5 0.669 

331.1911 

(C20H27O5, 7.5), 

287.1791, 

196.3295 

P21 Unknown 9.42 491.2292 491.2276 C26H35O9 9.5 1.026 
315.1962, 

196.3320 
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As it is already mentioned intact OLEO was not detected in none of the time points, 

possible due to its unstable nature or rapid biotransformation in plasma. However, possible 

structures deriving from decomposition or equilibria of OLEO were identified. Due to 

unavailability of reference standards, it was not possible to proceed to absolute quantitation of 

the identified metabolites. However, their relative abundance in time was determined. The figure 

bellow illustrates the relative abundance of metabolites appearing high structural similarity with 

OLEO. 

 

 

Figure 25: Relative abundance of metabolites P18, P2, P10, P8, P3 and P12 in time. 

 

Oleocanthalic acid (P18) and T sulfate (P2) were identified as the first generated metabolic 

derivatives. T has been already described and detected as ligstroside aglycon metabolite 

subjected to hydrolysis in the acidic environment of stomach [70]. Tyrosol has also been 

identified as an endogenous metabolite of human system, produced by a minor pathway of 

tyramine metabolism [70]. T sulfate is regarded as the most abundant T metabolite of phase II 



Chapter 2-Results & Discussion 

162 

 

reactions generated in liver and studies have shown that it retains the biological activities of the 

parent compound [38]. On the other hand, oleocanthalic acid has been recently identified and 

isolated from OO [71] and thus never mentioned before as OLEO metabolite in biological fluids. 

The figure below illustrates the corresponding metabolic reactions producing P18 and P2 

metabolites. 

 

Figure 26: Basic reactions of phase I and phase II metabolism of oleocanthal. Sulf: sulfation.  

 

Continuously the relative content of these two metabolites was determined according to the 

integrated peak area in each time point. Figure 27 illustrates the corresponding relative 

abundance of metabolites in plasma in the time points. 
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Figure 27: Relative abundance of oleocanthalic acid (P18) and tyrosol sulfate (P2) in mice 

plasma. Vertical axis corresponds to the integrated area of each metabolite and horizontal axis 

to the respective time point. Right of the graph the respective chemical structures are 

represented. 

 

As can be observed from the figure, both compounds were not present in T0 (ingestion 

time) in plasma. At T5 an obvious increase was observed and P18 existed in relative higher 

amount comparable to P2, possible due to its faster transformation reaction (aldehyde oxidation). 

P2 requires a hydrolysis of OLEO or P18 and then a sulfation of the corresponding product. Both 

compounds presented an increase in time with the highest peak (Tmax) observed at 15 minutes 

after ingestion (T15). One hour after ingestion (T1) both metabolites were almost undetectable. It 

has to be noted that, P2 despite being an endogenous metabolite, the corresponding increase and 

decrease of its content between T15 and T1 is a strong evidence of its association with OLEO 

administration. The observed Tmax is in agreement with previous published data [38] 

confirming their rapid metabolism and absorption in biological systems.  

Two other identified OLEO metabolites were 4-Hydroxyphenyl acetic acid sulfate (P10) 

which is the sulfate conjugate of the acidic form of T and 3,4-Dihydroxyphenylacetic acid sulfate 

(P8), bibliographically known as DOPAC sulfate, which is the sulfate conjugate of the acidic 
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form of HT. DOPAC is an abundant endogenous metabolite and is generally regarded as a 

typical dopamine biomarker [72]. The two compounds have been mentioned before as metabolic 

products of secoiridoids [70]. The generated T from OLEO hydrolysis suffers from oxidation and 

produces the corresponding acidic product. Also it has been reported that T could be 

interconverted to HT in liver microsomes by the activity of cytochrome P450 (CYP) and act as a 

precursor of HT [73]. Both metabolites are endogenous formed in biological matrices in minor 

biosynthetic pathways [72]. The figure bellow depicts the fluctuation of their relative abundance 

in plasma. 

 

Figure 28: Relative abundance of oxidized tyrosol sulfate (P10) and oxidized hydroxytyrosol 

sulfate (P8) in mice plasma. Vertical axis corresponds to the integrated area of each metabolite 

and horizontal axis to the respective time point. Right of the graph the respective chemical 

structures are represented. 

 

It is noteworthy that P10, produced from P2 oxidation, was present in plasma after the 

disappearance of P2 (Figures 28 & 27). Particularly, it was detected at the sixth hour after 

ingestion (T6) which was also the Tmax and then started to decrease. After 24 hours which is the 

last time point of plasma collection it continued to exist, indicating low rate of excretion in 
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comparison to the precursor. Likewise, Tmax of P8 appeared at T6, followed by the same 

decrease. The existence of the same trend in combination with its relative lower levels in 

comparison to P10 could be a sign of its production from P10. However, P8 was not present at 

the last time point. Also P11 metabolite was detected and has been previously described in 

literature but not identified [38]. In our study, P11 appeared in the same RT with P10 and for this 

reason it is thought as an ion fragment of P10. MS/MS data contributed to the identification of its 

chemical structure. 

Apparently homovanillic acid (P3), which is considered as the major metabolite of phenol 

derivatives in biological matrices [72] was investigated as well. P3 is also a normally formed 

metabolite of dopamine metabolism [72]. Its sulfate conjugate (P12) was also detected and 

correlated with its precursor. As it is shown on the figure below, the two metabolic products 

appeared an inverse relationship in their content in time. P3 existed from T0 revealing its higher 

relative content in T30. After 6 hours is completely absent in plasma. Contrary, the 

corresponding sulfate conjugate started its production in the fourth hour with Tmax 12 hours 

after OLEO injection (T12).  
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Figure 29: Relative abundance of homovanillic acid (P3) and homovanillic acid sulfate (P12) in 

mice plasma. Vertical axis corresponds to the integrated area of each metabolite and horizontal 

axis to the respective time point. Right of the graph the respective chemical structures are 

represented. 

 

It has to be highlighted that figure 29 speculates an inverse relationship between phase I 

and II metabolites of OLEO. In the figure the sulfated product (P12) appears its Tmax after the 

disappearance of the phase I metabolite (P3). The same trend of metabolites is also observed in 

figure 25; all sulfate products with exception P2 metabolite start to be produced after T4, 

presenting their Tmax between T4 and T12. 

Two other interesting identified compounds of our study were metabolites P14 and P15. 

These metabolites are characterized by absence of hydroxy groups in the benzol ring. Sulfate and 

glucuronide conjugates were detected and not the precursor benzolethanol possible due to the 

poor ionization of this compound. Both compounds were detected after T6 like all previous 

phase II metabolization products. Compounds were not included in the figures of relative 

abundance, because their poor ionization or low content affect axis normalization 

Dihydroxylation is a common reaction in biological systems caused by dihydroxylases and has 
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been previously reported [40]. Both of them are possible generated by the produced T after 

hydrolysis of OLEO ester bond. Benzol sulfate was also detected possible generated after α-

oxidation and dihydroxylation of P11. 

Moreover, P6 metabolite was detected. P6 is attributed to HT acetate sulfate after a 

dihydrogenation reaction. Acetyltransferase catalyzes the transfer of acetyl group to HT, forming 

HT acetate. This compound is characterized by a more lipophilic character and with easier 

transportation through the lipophilic cell membranes [74]. Previous studies have uncovered 

hydroxylated or hydrated products of this metabolite in human urine after EVOO intake [43]. P6 

was present in traces and for this reason the estimation of its relative content in plasma was not 

possible. However, its most intense peak appeared at T12. 

Hippuric acid (P5) and cresol sulfate (P9) were also detected. P5 is the glycine conjugate 

of benzoic acid possible generated by T after α-oxidation and dihydroxylation. Previous studies 

have revealed that phenols consumption is associated with increased levels of hippuric acid in 

humans [75]. P5 presented increasing levels in accordance to time with exception time points T4 

and T6. Its higher area was recorded at T12. P9, a metabolite produced from p-crezol in the liver, 

is normally produced from tyrosine pathway in human body [76]. Although it has never been 

associated before with secoiridoids administration. P9 appeared also increasing levels with 

exception time point T6 and T12. Its highest content was recorded at T4. The existence of 

increasing levels of both compounds is a possible indication of their association with OLEO 

administration. 



Chapter 2-Results & Discussion 

168 

 

 

Figure 30:  Relative abundance of cresol sulfate (P9) and hippuric acid (P5) in mice plasma. 

Vertical axis corresponds to the integrated area of each metabolite and horizontal axis to the 

respective time point. Right of the graph the respective chemical structures are represented. 

 

The rest peaks of the chromatogram after OLEO administration unfortunately were not 

identified. However, their EC was determined. The interesting finding in these compounds is that 

many of them were characterized by common MS/MS fragments; fragments with m/z 196.3220 

and 287.1791 were the most frequently identified. In this case belonged metabolite P19, which 

existed in two identical peaks at the same RT with OLEO spiked in blank sample, which after the 

first hour they disappeared. In figure 23 the corresponding area is marked in yellow box. 

The qualitative and quantitative variations of plasma profile in time were remarkable and 

have to be underlined. The figure below depicts plasma profile and its qualitative differentiation 

1 and 24 hours after OLEO ingestion. 
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Figure 31: UPLC-HRMS chromatogram of plasma profile 1 hour after OLEO ingestion (upper 

chromatogram) and 24 hours after OLEO ingestion (lower chromatogram). 

 

In the figure the most characteristic qualitative change is annotated. The existence of a 

peak at 6.04 minutes which increased 24 hours after OLEO ingestion is annotated. However, this 

peak did not correspond to the same metabolite 1 hour and 24 hours after ingestion. At T1 peak 

was assigned to P9, which as it already mentioned started to decline at T4. Interestingly at T24 

the same peak corresponded to P10, which revealed its Tmax at T4 and then presented a small 

decline in time until T24.  

To conclude, relative Tmax of compounds of interest were determined to understand the 

metabolism of OLEO and its products in plasma. The determined Tmax of the above discussed 

metabolites are in accordance with previous outcomes studying PK parameters of other OO 

biophenols [38,68,69]. Figures 27-30 indicating Tmax of selected compounds uncovered that 

metabolic production of sulfate conjugates (phase II metabolites) started four hours after OLEO 

ingestion and are characterized by longer existance in plasma, possible due to their more stable 
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chemical structures. Contrary according to the estimated Tmax of phase I metabolites, the higher 

relative content exists at 15-30 minutes after OLEO ingestion and they generally present for 

shorter period in plasma, characterized by completely disappearance 1-4 hours after secoiridoid 

ingestion. 

Ultimately, hydrolysis of OLEO ester bond and aldehydes oxidation could be characterized 

as the most important metabolic reactions of OLEO followed by sulfation. No methylation 

products of OLEO or T were identified. This observation has been already been reported due to 

the lack of catecholic structure required for the activity of Catechol-O-methyl transferase 

(COMT) [70]. It can be assumed that oleocanthalic acid and T sulfate are the metabolic markers 

of OLEO metabolism and thus can be used for the detection and further investigation of OLEO 

metabolism in biological systems.  
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4. Conclusions 

In this study, biological evaluation of OO biophenols was carried out with in vitro tests and 

in vivo models. The first step of the experimental workflow was the isolation of compounds for 

the performance of the biological experiments. For this reason, an OO rich in secoiridoids was 

extracted and fractionated for the isolation of selected biophenols. The selection of the isolated 

compounds was based either on their reported biological activities or the gap in bibliography for 

specific compounds. Some of them like OLEO and OLEA are characterized by high 

pharmacological interest and a plethora of biological activities, while no experiments have been 

reported for elenolic acid ethyl ester due to its recently reported existence in OO. Eventually, 

eight compounds, three iridoids and five secoiridoids were detected and then isolated from OO 

some of them with purity over 98% and others in mixtures with different ratios of 8S and 8R 

isomers. Isolated compounds were firstly tested in vitro with MTT assay for cell viability 

evaluation. Results indicated that secoiridoids were more potent, contrary to iridoids which were 

found not so effective. Moreover, 8S isomers revealed higher activity, while the existence of 8R 

isomeric forms in the mixtures reduced potency.  

Subsequently, secoiridoids found more active with in vitro testing, OLEO and OLEA were 

evaluated in parallel with selected OO extracts characterized by low, medium and high content in 

these compounds in mammalian cells and as a dietary supplement in a Drosophila in vivo model. 

Novel data were provided concerning their promising results both to mammalian cells and flies. 

Furthermore, the positive effects of OO extracts and the purified compounds, on cytoprotective 

proteostatic modules at cell-based and in vitro models, as well as on their long-term protective 

effect in a model of aberrant activation of the insulin receptor in the fly model adding thus 

further mechanistic knowledge on the reported healthy aging-promoting properties of EVOOs. 
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Ultimately, due to the lack of PK data for OLEO, a PK experiment was designed and 

oleocanthal was administered to a mouse model. Ten different time points were selected for the 

investigation of OLEO time-dependent metabolism and plasma samples were obtained in every 

time point. Oleocanthal was not detected in plasma samples. However specific metabolic 

derivatives of the parent compound were identified. Oleocanthalic acid and tyrosol sulfate were 

identified as first formed metabolites of OLEO and suggested as possible biomarkers for 

monitoring OLEO in plasma. Fourteen more phase I and phase II metabolites were identified and 

their relative content was determined. Results indicated that sulfated metallization products 

presented their Tmax at least 4 hours after OLEO ingestion, while phase I metabolites revealed 

their Tmax 15-30 minutes after OLEO ingestion. For the first time an experiment was designed 

for monitoring OLEO existence and/or biostransfromation in plasma. The derived data could be 

used for the design of more targeted experiments and the exact quantitation of the suggested 

compounds. 
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Appendix 

Table A 5: HPLC-DAD quantification results for hydroxytyrosol (HT), tyrosol (T), oleocanthal 

(OLEO) and oleacein (OLEA). Results are expressed as mg/Kg of OO. Total phenolic content 

(TPC) and total phenolic fraction(TPF) are also presented and expressed as mg GAE/Kg of OO 

and g/Kg of OO respectively.  

Code 
HT (mg/Kg 

OO) 

T (mg/Kg 

OO) 

OLEO 

(mg/Kg OO) 

OLEA 

(mg/Kg OO) 

TPC (mg 

GAE/Kg OO) 

TPF (g/Kg 

OO) 

OLE 110 1.3 1.6 83 116 166 1.8 

OLE 122 37.3 16.9 < LOD1 < LOD1 128 2.14 

OLE 166 11.1 9.8 57 71 142 1.31 
1LOD: lower limit of detection 

Table A 6: 1H-NMR data of elenolic acid (600 MHz,CDCl3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Proton 
Number of 

protons 
δ (ppm) Multiplicity 

J coupling 

(Hz) 

1 1H 9.70 d J=2.0 

3 1H 7.70 s - 

5 1H 3.40 dd J=2.5/2.0 

6 2H a)2.95 

b) 2.28 

dd 

dd 

J=16.5/3.0 

J=16.5/11.1 

8 1H 4.28 qd J=6.7/2.0 

9 1H 2.75 m - 

10 3H 1.58 d J=7.0 

12 3H 3.72 s - 

-COOH 1H 9.92 s (br) - 



Chapter 2-Appendix 

187 

 

 

Figure A 19: HRMS spectrum of elenolic acid in negative ionization. [M-H]- corresponds to the 

pseudomolecular ion. Experimental m/z and elemental composition are also depicted. 

Table A 7: 1H-NMR data of monoaldehydic form of oleuropein aglycon (600 MHz,CDCl3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Proton 
Number of 

protons 
δ (ppm) Multiplicity 

J coupling 

(Hz) 

1 1H 9.52 d J=1.7 

3 1H 7.57 s (br) - 

5 1H 3.34 m - 

6a/2’ 3H 2.86 m - 

6b/9 1H 2.55 m - 

8 1H 4.45 p J=6.4 

10 3H 1.39 d J=6.7 

12 3Η 3.75 s - 

1’ 2H 4.24 m - 

4’ 1H 6.75 d J=2.0 

7’ 1H 6.50 d J=8.0 

8’ 1H 6.79 dd J=8.0/2.0 
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Figure A 20: HRMS spectrum of monoaldehydic form of oleuropein aglycon in negative 

ionization. [M-H]- corresponds to the pseudomolecular ion. Experimental m/z and elemental 

composition are also depicted. 

Table A 8: 1H-NMR data of oleacein (600 MHz,CDCl3). 

Proton 
Number of 

protons 
δ (ppm) Multiplicity J coupling (Hz) 

1 1H 9.17 d J=1.9 

3 1H 9.61 s (br) - 

4a 1H 2.92 ddd J=18.4/8.3/1.0  

4b 1H 2.73 m - 

5 1H 3.60 m - 

6a 1H 2.69 dd J=15.6/8.7 

6b 1H 2.59 dd J=15.6/6.5 

9 1H 6.63 d J=7.1 

10 3H 2.04 d J=7.1  

1’a 1H 4.22 dt J=10.8/6.7 

1’b 1H 4.15 dt J=10.8/6.4 

2’ 2H 2.76 m - 
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Figure A 21: HRMS spectrum of oleacein in negative ionization. [M-H]- corresponds to the 

pseudomolecular ion. Experimental m/z and elemental composition are also depicted. 

 

Table A 9: 1H-NMR data of ligstroside aglycon (600 MHz,CDCl3). 

4’ 1H 6.69 d J=2.0  

7’ 1H 6.77 d J=8,0 

8’ 1H 6.75 dd J=8,1/2.0 

Proton 
Number of 

protons 
δ (ppm) Multiplicity 

J coupling 

(Hz) 

1 1H 9,50 d J=1,8 Hz 

3 1H 7,56 s (br) - 

5 1H 3,35 m - 

6a 1H 2,89 dd J=16,1/ 3,7 

6b/9 2H 2,54 m - 
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Figure A 22: HRMS spectrum of monoaldehydic form of ligstroside aglycon in negative 

ionization. [M-H]- corresponds to the pseudomolecular ion. Experimental m/z and elemental 

composition are also depicted. 

 

Table A 10:
 1H-NMR data of oleocanthal (600 MHz,CDCl3). 

8 1H 4,41 p J=6,5 Hz 

10 3H 1,38 d J=6,7 Hz 

12 3H 3,72 s - 

1’ 2H 4,27 m - 

2’ 2H 2,85 t J=7,1 Hz 

4’/8’ 2H 7,06 d J=8,5 Hz 

5’/7’ 2H 6,76 d J=8,5 Hz 

Proton 
Number of 

protons 
δ (ppm) Multiplicity 

J coupling 

(Hz) 

1 1H 9.21 d J=1.9  

3 1H 9.61 s (br) - 

4a 1H 2.97 ddd J=18.3/8.7/1.3 

4b 1H 2.73 ddd J=18.3/5.5/0.8  
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Figure A 23: HRMS spectrum of oleocanthal in negative ionization. [M-H]- corresponds to the 

pseudomolecular ion. Experimental m/z and elemental composition are also depicted. 

 

Table A 11: 1H-NMR data of elenolic ethyl ester (600 MHz,CDCl3). 

5 1H 3.60 m - 

6 1H 2.64 m - 

9 1H 6.63 q J=7.1 

10 3H 2.06 d J=7.1  

1’ 2H 4.20 m - 

2’ 2H 2.81 t J=6.9 

4’/8’ 2H 7.03 d J=8.5 

5’/7’ 2H 6.75 d J=8.5 

Proton 
Number of 

protons 
δ (ppm) Multiplicity 

J coupling 

(Hz) 

1 1H 9.64 d J=1.8 

3 1H 7.58 s - 

5 1H 3.42 ddd J=9.5/6.1/3.6 

6 2H a) 2.90 

b) 2.56 

dd 

dd 

J=16.1/3.6 

J=16.1/9.5 

8 1H 4.41 qd J=6.7/6.1 

9 1H 2.72 td J=6.1/1.8 
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Figure A 24: HRMS spectrum of elenolic acid ethyl ester in negative ionization. [M-H]- 

corresponds to the pseudomolecular ion. Experimental m/z and elemental composition are also 

depicted. 

 

Cell lines and cell culture conditions 

Human newborn foreskin diploid fibroblasts (BJs) were obtained from the American 

Tissue Culture Collection and were maintained in Dulbecco's modified Eagle's medium (Gibco 

Life Technologies), supplemented with 10% (v/v) fetal bovine serum, 2 mM glutamine and 1% 

non-essential amino acids. The non-tumorigenic immortalized mouse skin keratinocytes (C5N) 

10 3H 1.43 d J=6.6 

12 3H 3.73 s - 

1’ 2H 4.13 q J=7.10 

2’ 3H 1.25 t J=7.10  
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cells were a kind donation of Dr. V. Zoumpourlis (National Hellenic Research Foundation) 

(Zoumbourlis et al., 2003). C5N cells were cultured in Dulbecco's modified Eagle's medium 

(Gibco Life Technologies) containing 10% (v/v) fetal bovine serum and 2 mM glutamine. Both 

cell lines were maintained in a humidified incubator at 5% CO2 and 37°C. 

Quantitative Real Time PCR (Q-PCR) analysis 

Primers were designed using the primer-BLAST tool 

(http://www.ncbi.nlm.nih.gov/tools/primer-blast/) and were the following (F: forward, R: 

reverse, Sequence: 5’3’): 

H-PSMA7-F: TAC-ATC-ACC-CGC-TAC-ATC-GC, H-PSMA7-R:AGA-GCC-TAG-GAG-

TGC-CAT-CA; H-PSMB1-F: GGA-TGC-AGC-GGT-TTT-CAT-GG, H-PSMB1-R: AAT-TGC-

CCC-CGT-AGT-CAT-GG; H-PSMB2-F: CTG-CTC-CGC-CCT-CCA-TTA-AC, H-PSMB2-R: 

GCC-AAG-CAT-GGA-GTA-GAA-CG; H-PSMB5-F: TCA-AGT-TCC-GCC-ATG-GAG-TC, 

H-PSMB5-R: CTT-CTT-CAC-CGT-CTG-GGA-GG; H-RPN6-F: TCA-AAC-TCT-CCA-AGG-

CCG-AC, H-RPN6-R: CTC-CCC-CTG-GTC-CAA-AAT-CC; H-RPN11-F: ACG-GAA-GCC-

GAA-GCA-AAC-TA, H-RPN11-R: GCA-AAC-CGG-CGA-TGA-ATC-AG; H-BECN1-F: 

CAG-AGC-GAT-GGT-AGT-TCT-GGA, H-BECN1-R: TTG-GAC-GTC-TTA-GAC-CCT-TCC; 

H-HDAC6-F: GAC-CAT-CCA-AGT-CCA-TCG-CA, H-HDAC6-R: ACC-TAG-GTT-TGG-

CTG-GTT-GG; H-LC3B-F: GCTATCGCCAGAGTCGGAT, H-LC3B-R: 

CTTTGTTCGAAGGTGCGGC; H-CTSL-F: ACA-GGG-AAG-GGA-AAC-ACA-GC, H-CTSL-

R: TTC-ACA-GGA-GTC-ACG-TAG-CC; H-CTSD-F: ACC-TTC-ATC-GCA-GCC-AAG-TT, 

H-CTSD-R: AGC-ACG-TTG-TTG-ACG-GAG-AT; H-HSF1-F: TAT-GGC-TTC-CGG-AAA-

GTG-GT, H-HSF1-R: GGA-ACT-CCG-TGT-CGT-CTC-TC; H-HSP27/HSPB1-F: CCA-CCC-

AAG-TTT-CCT-CCT-C, H-HSP27/HSPB1-R: GAC-TGG-GAT-GGT-GAT-CTC-GT; H-
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HSP70/HSPA1A-F: AGG-CCA-ACA-AGA-TCA-CCA-TC, H-HSP70/HSPA1A-R: TCG-TCC-

TCC-GCT-TTG-TAC-TT; H-HSP90-F: GGC-AGA-GGC-TGA-TAA-GAA-CG, H-HSP90-R: 

CTG-GGG-ATC-TTC-CAG-ACT-GA; H-CLU-F: AAA-CGA-AGA-GCG-CAA-GAC-AC, H-

CLU-R: TGT-TTC-AGG-CAG-GGC-TTA-CA; H-STUB1-F: TAC-GGC-CGC-GCG-ATC-A, 

H-STUB1-R: GAA-GTG-CGC-CTT-CAC-AGA-CT; H-NRF2-F: CAT-CCA-GTC-AGA-AAC-

CAG-TGG, H-NRF2-R: GCA-GTC-ATC-AAA-GTA-CAA-AGC-AT; H-KEAP1-F: AGT-TCA-

TGG-CCC-ACA-AGG-TG, H-KEAP1-R: AAT-GGA-CAC-CAC-CTC-CAT-GC; H-NQO1-F: 

AGC-AGA-CGC-CCG-AAT-TCA-AA, H-NQO1-R: AGA-GGC-TGC-TTG-GAG-CAA-AA; 

H-TXNRD1-F: TTG-GAG-TGC-GCT-GGA-TTT-CT, H-TXNRD1-R: TTT-GTT-GGC-CAT-

GTC-CTG-GT. The beta-2-microglobulin gene (H-B2M-F: ACT-GAA-TTC-ACC-CCC-ACT-

GA, H-B2M-R: AAG-CAA-GCA-AGC-AGA-ATT-TGG) was used as Q-PCR normalizer. 

Treatment of Drosophila flies with EVOOs 

EVOOs were directly added in flies’ culture medium before its solidification and when the 

temperature of the medium had dropped to ~50-60°C; the preparation was then thoroughly 

mixed. The doses and duration of flies’ exposure to EVOOs are indicated in figure legends. In all 

experiments fresh culture medium containing the pure compounds or EVOOs was prepared 

every 3 days. 
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Figure A 25: OLE 110 does not exert any significant toxicity in normal human diploid skin 

fibroblasts; upregulates genes involved in the proteostasis network regulation, as well as in 

cellular antioxidant responses, and protects cells from H2O2-mediated toxicity. (A) Relative (%) 

cell viability of early passage human skin (BJ) fibroblasts exposed to the indicated 

concentrations (0.1, 1, 5 and 10 μg/ml) of OLE 110 (TPF with high content of OLEO or OLEA) 

for 48 h through MTT (A1) and trypan blue dye exclusion (A2) assays. (B) Q-PCR mRNA 

expression analyses of proteasome genes (PSMA7, PSMB1, PSMB2, PSMB5, RPN6 and RPN11) 

and of genes involved in ALP functionality (HDAC6, BECN1, LC3B, CTSL and CTSD). Shown 

control refers to control values of the PSMA7 gene; in all other cases, standard deviation did not 
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affect the shown significance of the other samples. (C) Q-PCR mRNA expression levels of genes 

involved in antioxidant responses (NRF2, NQO1, TXNRD1 and KEAP1), as well as of molecular 

chaperones genes (HSF1, HSP27, HSP70, HSP90, CLU and STUB1). Shown control refers to 

control values of the NRF2 gene; in all other cases, standard deviation did not affect the shown 

significance of the other samples. (D) Relative (%) survival (MTT assay) of BJ fibroblasts 

exposed to 200 μΜ H2O2 for 24 h in the presence or absence of 10 μg/ml OLE110. In (A) and (D) 

controls were set to 100%, whereas in (B) and (C) controls were set to 1. In gene expression 

analyses the beta-2-microglobulin (B2M) gene expression was used as normalizer. Bars, ± SD. 

*, P<0.05; **, P<0.01. 
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Figure A 26: OLEO and OLEA are relatively not toxic (at low concentrations) in human 

fibroblasts; OLEA induces the main proteasome peptidase activity and confers protection 

against H2O2-mediated toxicity. (A) Relative (%) viability of proliferating human diploid skin 

(BJ) fibroblasts treated with increasing concentrations (50, 100, 150 and 200 μM) of OLEO for 

48 h through MTT (A1) and trypan blue dye exclusion (A2) assays. (B) Relative (%) survival of 

proliferating human skin (BJ) fibroblasts incubated with increasing concentrations (50, 100, 150 

and 200 μM) of OLEA for 48 h through MTT (B1) and trypan blue dye exclusion (B2) assays. (C) 

(%) 26S proteasome activity (CT-L/β5, C-L/β1 and T-L/β2) in BJ cells following treatment with 

30 μΜ OLEO or 30 μΜ OLEA for 24 h. Shown control refers to control values of the OLEO or 

OLEA CT-L/β5; in all other cases, standard deviation did not affect the shown significance of the 

other samples. (D) Relative (%) survival (MTT assay) of BJ fibroblasts exposed to 200 μΜ H2O2 
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for 24 h in the presence or absence of 30 μΜ OLEO or 30 μΜ OLEA for 24 h. In (A)-(D) 

controls were set to 100%. Bars, ± SD. *, P<0.05; **, P<0.01. 

 

 

Figure A 27: Exposure of skin fibroblasts (BJ cells) to 30 μΜ OLEA for 24 h induces genes 

involved in the proteostasis network regulation, as well as in cellular antioxidant responses. 

Shown Q-PCR gene expression studies refer to proteasomal genes (PSMA7, PSMB1, PSMB2, 

PSMB5, RPN6 and RPN11), to genes involved in ALP functionality (HDAC6, BECN1, LC3B, 

CTSL and CTSD), as well as to genes involved in antioxidant responses regulation (NRF2, 

NQO1, TXNRD1 and KEAP1) and to molecular chaperones genes (HSF1, HSP27, HSP70, 

HSP90, CLU and STUB1). Shown controls refer to the control values of the samples PSMA7, 

HDAC6, NRF2 and HSF1, respectively. In all cases, standard deviation did not affect the shown 

significance of the other samples. The beta-2-microglobulin (B2M) gene expression was used as 

normalizer. ars, ± SD. *, P<0.05; **, P<0.01 vs. controls set to 1. 
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Figure A 28: Oral administration of OLEO or OLEA in wild type Drosophila flies enhances 

proteasome activity and expression, decreases ROS levels and delays the age-related decline of 

locomotor (climbing) activity. (A) Relative (%) CT-L activity in somatic tissues of flies that were 

exposed for 10 and 20 days to the indicated concentrations of OLEO or OLEA. Proteasome 

activities were expressed in fluorescence units per μg of input protein vs. controls set to 100%. 

(B) Representative immunoblotting analyses of proteasome β5 subunit (Prosβ5), proteasome α-

type subunits (20S-α) and Rpn7 expression following treatment of young wild type flies to the 

indicated concentrations of OLEO or OLEA for 10 days. Gapdh probing was used as reference 

for protein input. (C) ROS levels in somatic tissues of young flies after treatment with the 

indicated concentrations of OLEO or OLEA for 20 days (control samples were set to 100%). (D) 

Relative climbing activity (%) (vs. controls) of flies that were exposed to OLEO or OLEA for 20 

days at the indicated concentrations. Bars, ± SD (n = 3). *P<0.05; **P<0.01. 
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Table A 12: Summary of Drosophila lifespan experiments. 
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Abstract 

Based on World Health Organization recent data, obesity is regarded as a major public 

health problem. So far, several in vivo studies and experimental models investigate the effect of 

olive oil (OO) biophenols and particular hydroxytyrosol (HT), a strong antioxidant entity of OO, 

in metabolic diseases. Promising results have been uncovered and nowadays research focuses on 

the exploration of HT effects on human metabolome.  

In this study two different UPLC-HRMS platforms were incorporated for the quantification 

of HT in human biological fluids and the identification of metabolites-biomarkers thereof, after 

the administration of an encapsulated biophenol extract enriched in HT. In particular, urine and 

blood samples were collected in three time points from 30 overweight/obese women, randomized 

in three groups according to HT intake (A–15mg HT/day, B-5mg HT/day, C-placebo) in a 

double-blinded study. After investigation and application of the appropriate extraction protocols, 

a UHPLC-triple-quadrupole method was developed and validated for HT detection and 

quantification in human urine, using multiple reaction monitoring mode. Maximum HT excretion 

levels were determined for each group in all time points and further correlated with the 

corresponding weight and fat loss. Successively, blood and urine extracts were subjected to 

untargeted metabolomics via UPLC-Orbitrap-MS in negative ionization mode using full scan 

and data-depended methods. After pre-treatment, data were subjected to multivariate statistical 

analysis assisted by chemometric tools. Well-defined groups were revealed and statistical 

significant metabolites-biomarkers were identified among groups. The determined HT 

concentrations and weight loss of each group were correlated with the identified biomarkers and 

associated with specific metabolic pathways. Significant interrelations were observed associating 
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HT administration with a positive impact to weight and fat loss in overweight/obese women 

characterized by specific metabolic markers. 
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1. Introduction 

Obesity is regarded as a major public health problem and based on World Health 

Organization (WHO) most recent data it affects more than 39% of world population [1]. 

Overweight and obesity are defined as abnormal or excessive fat accumulation that may impair 

health and are measured by body mass index (BMI) [1]. BMI is determined as weight in 

kilograms (Kg) divided by the square of height in meters (Kg/m2). Overweight is considered 

someone with BMI ranging from 25-29.9 Kg/m2 and obese someone with BMI>30 Kg/m2 [2]. 

Obesity usually is accompanied with chronic low-grade inflammation and other metabolic 

disorders such as type 2 diabetes, disorders of lipid and glucose homeostasis, cardiovascular 

diseases (CVD) and hepatic steatosis [3].  

Obesity is induced both by genetic and lifestyle factors. Generally is caused due to the 

imbalance between calories intake and expenditure, usually due to the consumption of energy-

dense foods and lack of physical activity [4]. Lately, a growing number of studies focus also on 

gut microbiome and specifically in changes of symbiotic bacteria population in the 

gastrointestinal tract and the impact of such changes in human metabolic disorders [5]. Gut 

microbiome has a recognized contribution to digestion and metabolism by regulating energy 

production and fatty acid tissue composition. Investigation of gut microbiome population and its 

effects to human health are nowadays in the center of scientific interest [6]. 

These two determinant factors, calories intake and microbiota composition, are affected by 

populations’ and personal dietary habits. Mediterranean Diet (MD) is considered as one of the 

healthiest diets and its cardioprotective effect is well documented. Nevertheless, based on 

literature data, greater adherence to MD is associated with lower abdominal adiposity in 

Mediterranean populations [7,8], prevention of obesity, metabolic syndrome and its related 
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disorders [9]. Olive products are major components of MD containing a plethora of phenol and 

secoiridoid derivatives, known for its antioxidant and anti-inflammatory properties [10]. One of 

these compounds is hydroxytyrosol (3,4-dihydroxyphenylethanol, HT) which is a bioactive 

catecholic compound of olive products with confirmed strong antioxidant, antinflammatory and 

antimicrobial properties [11]. Likewise HT is associated with metabolic syndrome and its 

disorders [12], while it was recently found that it improves obesity and insulin resistance by 

modulating gut microbiota [3]. Also it has been found that HT prevents inflammation and 

hyperglycemia produced by a high fat diet [13,14] and decreases lipid steatosis [14].  

HT is a characteristic and biological important phenol of olive oil (OO) strongly associated 

with the protection of blood lipids from oxidative stress. After European Food Safety Authority 

(EFSA) investigation, the above positive effect was recognized, following a daily consumption 

of OO containing at least 5 mg of HT and its derivatives per 20 g of OO [15]. HT shows also 

high concentration in olive drupes and leaves [16,17] and it is also present in red wine [18] and 

several other species of Oleaceae family [19]. Nevertheless, HT can be found in considerable 

high concentrations in the generated by-products of OO mechanic extraction, in both solid 

residue (pomace) and aqueous known as olive mill wastewater (OMWW). Another source of 

high HT amount is the by-products from debittering process of edible olives (OWW). Its 

concentration in these by-products depends on several factors such as production procedure 

system (two, three, two and a half phases decanters) for OO production, extraction conditions, 

olive cultivar, agronomic practices and storage conditions [16]. 

It has to be highlighted that HT is normally synthesized in human body, formed through 

dopamine metabolic pathway [20]. Figure 32 describes the corresponding pathway for the 

formation of HT. Initially, dopamine is metabolized by monoaminooxidase B (MAO-B), which 
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removes the amine group and generates the corresponding aldehydic derivative 3,4-

dihydroxyphenylacetaldehyde (DOPAL) [20]. Due to its unstable nature, DOPAL can be easily 

oxidized by mitochondrial aldehyde dehydrogenase (ALDH) to the corresponding acidic 

metabolite 3,4-dihydroxyphenylacetic acid (DOPAC). DOPAC is considered as the major 

metabolite of dopamine in biological matrices and the above pathway is known as the dopamine 

oxidative metabolism [21]. DOPAC can be further methylated by catechol-O-methyltransferase 

enzyme (COMT) to form homovanillic acid. However, another minor metabolic pathway can be 

followed after DOPAL generation. DOPAL reduction by aldehyde/aldose reductases (ALR) 

gives rise to 3,4-dihodroxyphenylethanol, known as HT. The latter reaction can also happens 

reversely by alcohol dehydrogenase (ADH) [21]. 4-hydroxy-3-methoxyphenylethanol or 

homovanillic alcohol is the corresponding methylated metabolite of HT after COMT activity 

[20]. Furthermore, DOPAC can be transformed to HT by DOPAC reductase [22]. HT and 

homovanillic alcohol are physiologically present in low concentrations in biological matrices, 

while DOPAC and homovanillic acid are more abundant. The latter compounds are regarded as 

typically dopamine biomarkers. It is notable that HT, which is a normally formed metabolite in 

human body, is considered as one of the most bioactive natural products [23]. 
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Figure 32: Endogenous biosynthetic pathway for HT formation through dopamine metabolism. 

MAO-B: monoaminooxidase B, ALDH: aldehyde dehydrogenase, COMT: catechol-O-

methyltransferase enzyme, ALR: aldehyde/aldose reductases, ADH: alcohol dehydrogenase. 

 

Animal studies have shown that ethanol consumption creates a reductive environment 

which engenders a shift in dopamine oxidative metabolism and enhances the formation of HT 

instead of DOPAC [24]. The in vivo evidences have been confirmed by clinical trials where 

measurements in volunteers urine have shown an increase in HT excretion in sulfate form after 

wine intake [25,26].  

HT is mainly absorbed in the intestine through bi-directional passive diffusion mechanism 

with an efficiency ranging from 75% up to 100% [27]. The absorption process depends on the 

used matrix for HT administration, being more effective in the form of OO, than in pure form 

[28]. In vivo studies have shown that also gender is a critical feature for final HT bioavailability, 

persisting for longer time in female rats [29]. HT has an intense and rapid absorption and its 
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plasma half-life is around 1-2 minutes and once absorbed it is strongly binded to high density 

lipoproteins acting as antioxidant and cardioprotective factor, when administered intravenously 

[30]. HT and its metabolites are characterized by high distribution abilities to tissues such as 

muscle, testis, liver, and brain (HT is able to cross the blood brain barrier) and are generally 

accumulated in kidneys and liver [31].  

HT after is absorbed, it undergoes a rapid and intense metabolization. Initially, it is 

subjected to phase I metabolization inside enterocytes (phase I) and then recirculates in the liver 

to end in large intestine (phase II). Gut microbiota are the responsible modulator for absorption 

and transformation of HT and its metabolites. During phase I metabolism mainly oxidation 

reaction occurs, producing the major metabolic products; DOPAL and DOPAC [20]. During 

phase II metabolism, methylation reaction produces methoxy aldehydic and/or acidic derivatives 

and then sulfation and glucuronidation produce the corresponding metabolic sulfate/glucuronide 

conjugates of all the previous produced metabolites [20]. Moreover, in phase II metabolism and 

more specifically the alkaline conditions of human lumen, lead to the activity of an acetyl-

transferase enzyme which can form HT-acetate and subsequently the corresponding sulfate 

product [32]. Also in a rat model a metabolite called N-acetyl-5-S-cysteinyl-HT has been 

identified in urine [33]. It has been found that HT and its conjugated metabolites are mainly 

excreted by the kidneys [34] approximately after six hours for the complete elimination from 

human body [20]. Metabolites from liver can be redirected back to duodenum where they can be 

transformed and reabsorbed. This recycling procedure leads to longer presence of HT and its 

metabolites in human body [35]. 

HT is easily detected in human urine in its free form and several coupled methodologies 

such as GC-MS and LC-MS have been proposed for quantification purposes [36,37]. From the 
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first reports it has been discovered that HT absorption and excretion levels are positively 

correlated with the administrated doses [38]. After the elucidation of HT metabolism in humans, 

its sulfate conjugate has been proposed as the most suitable biomarker for monitoring 

compliance in urine and plasma as well [37]. Nevertheless, other HT conjugates have been 

previously suggested and still used and mostly HT-glucuronides [38].  

On the contrary, HT detection in human plasma is not an easy assignment. Radiolabeling 

of HT has uncovered its absorption and elimination in in vivo models estimating an absorption of 

99% when administered orally in OO [28]. Its high binding affinity to plasma lipoproteins makes 

it almost undetectable in human plasma in its free form. Few quantification methodologies have 

been proposed via GC/LC-MS for the quantification of HT and selected conjugates [39]. 

However, for the detection usually several time-consuming steps are required in sample 

preparation process including derivatization reactions and expensive purification steps [40]. Low 

analytes recovery is the common element in the suggested methodologies and so far there is not 

an easy and efficient method for the quantification of HT in plasma. 

In the present work a randomized bouble-blind intervention study was designed for the 

investigation of HT effect in overweight/obese women. For this purpose, an encapsulated HT 

enriched extract was developed and administered to 30 overweight/obese women. The HT 

extract derived from edible olives, with a final concentration of 2.5 mg HT per capsule. An 

analytical methodology was developed for capsules analysis and exact HT quantification thereof. 

Urine and blood samples were collected in three time points during a six-month intervention 

period. A validated method was developed for the quantification of HT in urine and the 

examination of the corresponding absorption and excretion levels during intervention. 

Continuously a UPLC-HRMS platform was integrated for the metabolomic analysis of urine and 
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blood samples as well. The derived data were subjected to MVA, which is considered an 

advanced tool for the treatment of the massive generated data of human metabolome analysis and 

contribute to the uncover of statistical significant metabolites. Statistical and optimization 

models were developed for blood and urine after studying and application of the appropriate 

parameters and algorithms respectively. The employed statistical process and chemometric tools 

in urine samples revealed metabolites which highlighted the followed metabolic pathway in the 

intervention groups (placebo and HT), while statistical significant blood biomarkers were 

revealed and appear to get altered after HT intake. 
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2. Materials and Methods  

2.1.1 Chemicals and Reagents 

Acetonitrile (ACN), n-hexane and HCl used for HT capsule pretreatment were of analytical 

grade (Fisher chemicals). ACN, water (H2O) and acetic acid used for HT quantification in 

capsules were HPLC grade (Fischer chemicals). ACN and formic acid used for HRMS analysis 

were LC-MS grade (Fisher Chemical) and water (H2O) was obtained from a milli-Q water 

purification system (Millipore, USA). The analytical reference standards, hydroxytyrosol (HT) 

and 2,4-Dinitrophenol (2,4-DNP) were purchased from Chembiotin (Greece) with purity > 99%.  

2.1.2 Instrumentation 

Quantification of HT in capsules was performed to an HPLC system equipped with a pump 

SpectraSystem P4000, autosampler SpectraSystem AS3000 and PDA SpectraSystem UV800. 

For the quantification of HT in urine extracts an AdvanceTM UPLC system was used couple to an 

EVOQTM Elite Triple Quadrupole Mass Spectrometer (Bruker) equipped with a heated 

electrospray ionization source (HESI). Metabolomic analysis of urine and plasma was 

accomplished to an H class Acquity UPLC system (Waters, USA) coupled to a LTQ-Orbitrap 

XL hybrid mass spectrometer (Thermo Scientific, USA). 

2.2 Capsules quantitative and qualitative analysis 

Two different capsules were developed for the conduction of the intervention study; HT 

and placebo capsules. Both of them were soft capsules inducting refined OO with complete 

absence of biophenols as carrier. HT capsule was enriched in HT coming from the debittering 

by-product of edible olives, with final concentration 2.5 mg/capsule. 
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2.2.1 HT quantitative analysis 

For the quantification of HT in capsule a special treatment was employed. Capsules outer 

cover was deconstructed with incubation for 90 min at 37oC with special pH conditions adjusted 

at 2 using HCl as acidic element. After the incubation, the solution was filtered and then directly 

analyzed via HPLC-DAD. For the quantitative analysis a Supelco Discovery HS C18 (25 cm x 

4.6 mm, 5 μm) column was used. The gradient was consisted of H2O + 0.2% acetic acid (AA) as 

solvent A and ACN as solvent B. The separation started with 2% of B and in seventeen minutes 

reached 30%. Finally, in tree minutes system returned to the initial conditions. The total flow rate 

was 1 mL/min and injection volume 20 μL. The total acquisition time was 20 minutes with 

λmax=280 nm. The same procedure was applied to placebo capsules as well. Capsules 

treatments and HPLC-DAD analysis were performed in triplicates. Spectra recording and data 

processing were carried out with ChromQuestTM 4.1 software. 

2.2.2 UPLC-HRMS qualitative analysis of capsule 

For compounds identification in the two type of capsules (HT and placebo) UPLC-

Orbitrap-MS analysis was employed. Capsules were incised and the outer cover was separated 

from the inner content. The weight of the content was measured and then diluted in ACN and n-

hexane in 1:1 ratio for defatting using liquid-liquid extraction. The ACN phase was collected and 

evaporated until dryness using rota evaporator. 

For UPLS-Orbitrao-MS analysis, defatted extracts were prepared in the final concentration 

of 200 μg/mL diluted in 80:20 H2O:MeOH solution. For the separation H2O with 0.1% formic 

acid (FA) was used as solvent A and ACN as solvent B. The elution method started with 2% of B 

and stayed in these conditions for two minutes. The next sixteen minutes the percentage of B 

increased to 100% and maintained for three minutes. Finally, at twenty-ninth minute, A reached 
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the initial conditions and stayed for 4 minutes for system equilibration. An Acquity UPLC 

Peptide BEH C18 (100 mm x 2.1 mm, 1.7 μm) column was used for the analysis with stable 

temperature at 40oC. The measurements were performed with a total acquisition time of 25 

minutes and a flow rate of 400 μL/min. The injection volume was 10 μL and the autosampler 

temperature was at 7oC. Mass spectra were obtained in negative and positive ion mode. For the 

negative ionization the capillary temperature was set at 350°C, capillary voltage at -30 V and 

tube lens at -100 V. Sheath and auxiliary gas were adjusted at 40 and 10 arb, respectively. For 

the positive ionization the above parameters were obtained and only capillary voltage and tube 

lens were adjusted to 40V and 120 V, respectively. Mass spectra were recorded in full scan mode 

in the range of 115-1000 m/z, with resolving power 30,000 at 500 m/z and scan rate 1 microscan 

per second. HRMS/MS experiments were obtained in data-depending method with collision 

energy 35.0% (q = 0.25). Anlysis was carried out and for both type of capsules for comparison 

purposes.  

2.3 HT capsule administration to overweight/obese women 

2.3.1 Study design 

The study was carried out in the First Department of Propaedeutic and Internal Medicine of 

Medicine School of National and Kapodistrian University of Athens (NKUA). 38 overweigh and 

obese women with BMI 27-35 Kg/m2 and waist circumference up to130 cm were randomized in 

a double-blind intervention study. Participants were divided into three groups; group A in which 

participants received 15 mg HT per day, group B in which participants received daily 5 mg HT 

and group C in which participants received placebo capsules. The intervention lasted six months 

and during the entire period participants followed the same dietary plan and record their actual 

diets and possible physical activity. At the baseline visit each participant was randomized in the 
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intervention and anthropometric measurements were carried out (weight and height for BMI 

estimation, perimeter of waist and hips and determination of body and visceral fat). The next 

visits were programmed in the first, the third and sixth month of the intervention, where 

participants provided urine and blood samples. The protocol was approved by the medical ethical 

committee of Medical School of NKUA. All participant gave written informed consent in order 

to participate in the current study. From the initial list of participants, 8 women were stepped 

back from the intervention and 30 women continued with capsules consumption. 

2.3.2 Biofluid collection 

Urine samples for HT quantification and metabolomics analysis were collected in the 

appropriate urine collection vessels and were stored at -80oC before use. Blood samples were 

collected in EDTA vacuum tubes and were stored at -80oC until subsequent analysis. 

2.4 Quantitative determination of HT in human urine 

For the quantification of HT in human urine an ultra high performance liquid 

chromatography coupled to a triple quadrupole mass spectrometer (UHPLC-Tq-MS) was used. A 

sensitive and accurate methodology was developed and then validated for the determination of 

the excretion levels of HT in two groups (group A and B) in time points t1, t3 and t6. 

2.4.1 Samples for quantitative determination of HT in urine 

Totally 53 urine samples coming from groups A and B in their time points (t1=1month, 

t3=3months and t6=6months) were included in the list for HT quantification via UHPLC-Tq-MS. 

Samples were collected in urine vessels before capsule consumption (overnight fasting) and 

stored at -80oC until analysis day. Ultimately, 21 samples from group A and 19 samples from 

group B were forwarded for HT quantification. The rest 13 samples belong to pending 
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participants whose groups are still unknown because participants have not yet implemented the 

sixth month visit. Placebo samples were not quantified due to the absence of HT in placebo 

capsule. Table A13 tabulates the list of samples included in urine quantification accompanied by 

their code labels.  

2.4.2 Urine sample preparation  

Initially, samples were thawed in ice, homogenized and then 1.5 mL of them centrifuged at 

12.000 rpm for 10 minutes at 4oC. 50 μL of each sample code were added in an epperdorf (the 

rest volume was kept as an aliquot at -80oC). Consequently, 200 μL of cold methanol were added 

and homogenized with vortex for 60 seconds. Finally, samples were centrifuged at 4oC for 12 

minutes in 14.000 rpm and supernatants were evaporated under vacuum conditions and 

centrifugation at room temperature until the complete dryness of the pellets. The derived residues 

were diluted in 100 μL MeOH:H2O 60:40 and 5 μL of 2,4-Dinitrophenol (2,4-DNP) (IS) were 

added in the final concentration of 2 ng/mL. Samples were analyzed in triplicates with the 

developed UHPLC-Tq-MS method described below. 

2.4.3 UHPLC-ESI-Tq-MS quantitative analysis 

The mobile phase was consisted of a gradient system with H2O and 0.1% (v/v) formic acid 

(A) and acetonitrile (B); the flow rate was set at 0.4 mL/min. Total analysis time was 10 min and 

the used chromatographic separation column was an Acquity® UPLC HSS T3 (Waters) (18 μm, 

2.1 x 200 mm) heated at 40oC. The elution system started with 2% B which reached 50% in 4 

minutes. The next 2 minutes B reached 100% and stayed for 2 more minutes. At the ninth minute 

system returned to the initial conditions for 1 minuter for equilibrium. The injection volume was 

5 μL and during analysis samples were stored at 10oC. 
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Samples were ionized in negative mode with an ion spray voltage at 4000 V. The mass 

spectrometric parameters were: cone temperature, 250oC; cone gas flow, 25 units; heated probe 

temperature, 300oC; probe gas flow, 50 units; nebulizer gas flow, 50 units. The quantification of 

HT was conducted employing multiple reaction monitoring (MRM) mode and suitable collision 

energies. For HT the following transitions were monitored: 153.1>123.1, collision energy:14 as 

confirmation transition and 153.1>113.1, collision energy:6 as quantification transition. The 

above transitions were monitored for 4 minutes retention time (RT) window. For IS the 

following transitions were monitored: 183.1>109.2, collision energy:25; 183.1>137.0 collision 

energy:19 as confirmation and quantification transitions, respectively monitored for RT window 

of 4 minutes. Data were collected in centroid mode. 

2.4.4 Preparation of standard solutions, calibration curve and quality control (QC) samples 

Stock solution of HT and IS were prepared at a concentration level of 1 mg/mL in MeOH 

and stored at -20oC. Working solutions were prepared by diluting appropriate volumes of the 

analyte and IS stock solutions in a solution of H2O:MeOH 60:40. Calibration points were built in 

matrix solution using 12 different concentrations of HT. The dynamic range of HT calibration 

curve was 0.1 ng/mL-100 ng/mL (100 pg/mL, 200 pg/mL, 500 pg/mL, 1 ng/mL, 2.5 ng/mL, 5 

ng/mL, 12.5 ng/mL, 25 ng/mL, 50 ng/mL, 75 ng/mL and 100 ng/mL). IS final concentration was 

2 ng/mL. As QC samples three concentration levels of the analyte and IS were prepared from the 

stock solutions, a low (1 ng/mL) a medium (25 ng/mL) and a high (100 ng/mL) and injected 

every 50 runs. 

2.4.5 Matrix preparation 

For the preparation of the matrix sample KA_20_t1 which belongs to placebo group and t1 

was selected as appropriate time point. Matrix was prepared as all the other samples. This 
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procedure was followed individually for all the concentrations of the calibration curves and QC 

samples. Matrix samples were prepared as well in H2O:MeOH 60:40.  

2.4.6 Quantification and validation of the bioanalytical methodology 

For the construction of the calibration curves the ratio of area of HT vs the area of the IS 

was used. The linearity was checked using partition least squares method and evaluation of the 

regression coefficient (R2).  

The validation of the method was performed in accordance to ICH quality guidelines 

“Validation of Analytical Procedures Q2 (R1)” [41], FDA [42] and EMA CHMP guidelines [43] 

for bioanalytical methodologies by evaluating the stability, specificity, linearity, precision, 

accuracy, lower limit of quantification (LLOQ) and the system suitability parameters. 

2.4.6.1 Specificity-Recovery-Matrix effect 

Specificity was evaluated by injecting five individually prepared matrix samples and 

investigation of the presence of possible interference at the corresponding RT of HT and IS. 

Recovery was determined at the three QC levels comparing the concentrations of HT and IS 

from pre-spiked samples with post-spiked samples. Matrix effect was assessed by comparing the 

% RSD of the peak area in the three QC samples in solvent and matrix solution.  

2.4.6.2 Lower limit of quantification (LLOQ) and detection (LLOD) 

LLOQ and LLOD were calculated based on the standard deviation and the slope of the 

respective calibration curve. Both parameters were estimated using the calibration curves and the 

signal of a blank using the equations below: 

LLOQ= 
𝑦𝑏𝑙𝑎𝑛𝑘+10 𝜎

𝑏
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LLOD= 
𝑦𝑏𝑙𝑎𝑛𝑘+3 𝜎

𝑏
 

Where yblank is the background signal, b is the slope estimated from the calibration curve 

and σ is the standard deviation of the response. 

2.4.6.3 Repeatability, intermediate precision and accuracy 

Repeatability (within-run) and intermediate precision (between run) of the assay were 

evaluated based on and the standard deviation (SD) and relative standard deviation (%RSD) of 

the three concentration levels of QC run in five replicates. The rejection criteria was % 

RSD<20% for the low concentration and <15% for the medium and the high. Within-run 

accuracy and between-run were determined for QCs as the % standard error (% Er). The % 

deviation of the mean from the true value should be less than 20% for the low concentration and 

20% for medium and high. 

2.4.6.4 Robustness 

The robustness of the method was evaluated incorporating alterations in analysis 

conditions within ±5% changes. Firstly, column temperature was set at 38oC and 42oC and 

secondly heated probe temperature was set at 285oC and 315oC. All experiments were performed 

in the medium QC concentration (25 ng/mL) calculating the chromatographic peak area of HT, 

the RT, 10% peak asymmetry and 10% peak width. Results are expressed as % RSD. 

2.5 Metabolomic analysis of urine and blood samples 

2.5.1 Samples for metabolomics study  

The participants were divided in three sample groups. Two of them received HT in two 

different concentrations of HT, 15 and 5 mg per day and one more sample group received 
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placebo capsules. From all the participants urine and blood samples were collected in three time 

points; the first month (t1), the third month (t3) and the sixth (t6). Therefore, 73 urine samples 

and 75 blood samples were forwarded for metabolomic analysis. Table A14 in appendix 

illustrates in detail the analyzed samples. 

2.5.2 Sample preparation 

Urine samples were prepared in the same way as described in section 2.4.2. For the 

pretreatment of blood, samples were thawed in ice and then homogenized and centrifuged at 

12.000 rpm for 10 minutes at 4oC.  

Unfortunately, because blood samples were stored directly to -80oC without prior 

centrifugation, hemolysis supervened to all of them. For this reason, 50 μL οf blood after dilution 

with H2O in ratio 1:1 were mixed with 800 μL of cold MeOH and then vortexed for 60 seconds. 

Continuously, samples were centrifuged at 4oC for 12 minutes in 14.000 rpm. Supernatants were 

collected and then mixed with n-hexane in ratio 1:1 for defatting purposes and the removal of the 

majority of cell membranes to the lipophilic n-hexane phase. The solutions were centrifugated in 

3.500 rpm for 3 minutes for phase separation. Lower phases were evaporated under vacuum 

conditions and centrifugation at room temperature until the complete dryness of the pellets. The 

derived residues were diluted in 100 μL MeOH:H2O 60:40. 

QC pooled sample was prepared in the same way for urine and blood. Aliquots of all the 

samples were mixed and then extracted with the corresponding extraction methodology of each 

biofluid material. 
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2.5.3 UPLC-HRMS analysis 

Urine samples acquisition. Urine extracts as well as the quality control (QC) pooled 

sample were analyzed with a LC gradient consisted of H2O with 0.1% formic acid (FA) (solvent 

A) and ACN (solvent B). The elution method started with 2% of B which stayed for 2 minutes. 

In the next 16 minutes B reached 100% and stayed for 2 minutes. Finally, at 21st minute, system 

returned to the initial conditions and stayed for 4 minutes for system equilibration. A Thermo 

Hypersil Gold C-18 (50 mm x 2.1 mm, 1.9 μm) column was used for the separation, with a stable 

temperature of 40°C. The measurements were performed with a total acquisition time of 25 

minutes and a flow rate of 400 μL/min. The injection volume was 10 μL and the autosampler 

temperature was at 7°C. 

Mass spectra were obtained in negative ion mode using an electrospray ionisation source 

(ESI). The capillary temperature was set at 350°C, capillary voltage at -10 V and tube lens at -40 

V. Sheath and auxiliary gas were adjusted at 40 and 10 arb, respectively. Mass spectra were 

obtained in negative and positive ion mode. For the negative ionization the capillary temperature 

was set at 350°C, capillary voltage at -30 V and tube lens at -100 V. Sheath and auxiliary gas 

were adjusted at 40 and 10 arb, respectively. For the positive ionization the above parameters 

were obtained and only capillary voltage and tube lens were adjusted to 40V and 120 V, 

respectively. Mass spectra were recorded in full scan mode in the range of 115-1000 m/z, with 

resolving power 30,000 at 500 m/z and scan rate 1 microscan per second. HRMS/MS 

experiments were obtained in data-depending method with collision energy 35.0% (q = 0.25). 

The system was calibrated externally every 50 injections.  

Blood samples acquisition. Blood extracts as well as the quality control (QC) pooled 

sample were analyzed with a LC gradient consisted of H2O with 0.1% formic acid (FA) (solvent 
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A) and ACN (solvent B). The elution method started with 2% of B which reached 70% in 4 

minutes. In the next 6 minutes B reached 100% and stayed for 2 more minutes. In the next 

minute, system returned to the initial conditions for 2 minutes for system equilibration. An 

Acquity UPLC Peptide BEH C18 (50 mm x 2.1 mm, 1.7 μm) column was used for the 

separation, with a stable temperature of 40°C. The measurements were performed with a total 

acquisition time of 25 minutes and a flow rate of 400 μL/min. The injection volume was 10 μL 

and the autosampler temperature was at 7°C. 

Mass spectra were obtained in negative ion mode using an electrospray ionisation source 

(ESI). The capillary temperature was set at 350°C, capillary voltage at -10 V and tube lens at -40 

V. Sheath and auxiliary gas were adjusted at 40 and 10 arb, respectively. Mass spectra were 

obtained in negative and positive ion mode. For the negative ionization the capillary temperature 

was set at 350°C, capillary voltage at -30 V and tube lens at -100 V. Sheath and auxiliary gas 

were adjusted at 40 and 10 arb, respectively. For the positive ionization the above parameters 

were obtained and only capillary voltage and tube lens were adjusted to 40V and 120 V, 

respectively. Mass spectra were recorded in full scan mode in the range of 115-1000 m/z, with 

resolving power 30,000 at 500 m/z and scan rate 1 microscan per second. HRMS/MS 

experiments were obtained in data-depending method with collision energy 35.0% (q = 0.25). 

The system was calibrated externally every 50 injections. 

2.5.4 Statistical process and chemometrics  

UPLC-MS urine and blood injections were recorded with Xcalibur 2.2. Raw files (.raw, 

Thermo) were imported to MZmine 2.26 software for data processing. Peak lists were generated 

with centroid selection algorithm. For chromatogram building of the generated mass lists, 0.03 

min was set as minimum time of span and 5 ppm for mass tolerance. Chromatogram 
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deconvolution module was employed and spectra were processed with local minimum search 

algorithm using R package. The minimum retention time range was set at 0.03 minute and peak 

width 0.05-0.5 minutes for urine and 0.03-0.8 for blood injections. Chromatograms were aligned 

and spectra were normalized regarding retention time with 0.05 minute tolerance. Join align 

method which aligns detected masses using a match score, calculated based on the mass and 

detection time of each peak was used. Finally, gap filing was implemented, using peak finder 

method. These lists were exported as asc file for import in SIMCA. 

Both of the generated data tables were imported to SIMCA 14.1 (Umetrics, Sweden) 

software for statistical analysis. Mainly, Principal Component Analysis (PCA) and Orthogonal 

Partial Least Squares-Discriminant Analysis (OPLS-DA) were implemented for sample 

discrimination and identification of statistically important metabolites responsible for observed 

trends and classifications. For this purpose, Variable Importance in Projection (VIP) values of 

OPLS-DA models which rank variable contribution were estimated and evaluated. VIP scores >1 

were considered as statistically significant.  

The generated models were evaluated for their R2 and Q2 parameters indicating the 

measure of fit and the predictability, respectively. Only models with R2 values close to 1, Q2 

values over 0.5 or models with lower R2 but close to Q2 value were accepted. Permutation test 

was also applied for further validation of the models. Similarly, only models which succeeded in 

the permutation test were used for data visualization and VIP calculations. 

2.5.5 Structure elucidation workflow 

Based on VIP calculations a list with significant features was created for each dataset and 

subjected to identification process. Initially, LC-HRMS chromatograms and their corresponding 

HRMS spectra (< 2 ppm) were investigated. Extraction ion method was used in parallel with 
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peak-to-peak selection affording the corresponding full scan spectra. Suggested Elemental 

Composition (EC) of each detected peak together with isotopic patterns and ring double bond 

equivalent (RDBeq) values were further used to confirm the proposed structures. Additionally, 

HRMS/MS spectra contributed to the identification of specific chemical entities based on in-

house databases. Furthermore, on-line databases were used for additional structural information. 

More specifically, Human Metabolome Data Base (HMDB) (http://www.hmdb.ca/), METLIN 

Metabolomics Database (https://metlin.scripps.edu/), Kyoto Encyclopedia of Genes and 

Genomes (KEGG) (https://www.genome.jp/kegg/), ChemSpider free chemical structure database 

(http://www.chemspider.com/) and LIPID MASS (https://www.lipidmaps.org) lipidomics 

gateway were used. The obtained data were compared with those previously reported in 

literature.  
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3. Results and Discussion 

Few studies have been conducted for the investigation of OO biophenols and more 

specifically HT in obesity. One human study was found in which an encapsulated olive leaf 

extract (containing 9 mg HT/capsule) was administered daily in men for evaluation of its effect 

on insulin sensitivity. The study revealed 15% improvement in insulin sensitivity and no effect 

on body composition [44]. On the other hand two other in vivo studies in obese mice showed a 

positive correlation of HT with anti-obesity effect after receiving HT by gavage (10 mg/Kg and 

50 mg/Kg) [3,14]. Other studies conducted in rodents and rabbits which received HT by gavage 

in the form of OO or as a purified compound did not show any effect on weight loss; in these 

cases the administered doses were extremely low [45–47]. In the current study, HT was 

administered in soft capsules with final concentration of 2.5 mg/capsule (2 or 5 capsules/day).  

3.1 Capsules quantitative and qualitative analysis 

For the production of the enriched with HT capsule, OWW was 

used as raw material, due to its high content in HT (olivomed capsule). 

Extract was encapsulated with a soft outer cover and OO was used as 

carrier in HT and placebo capsule as well, based on the reports that HT 

is more effectively absorbed from humans when administered in OO 

matrix.[28]. The two type of capsules were identical to protect the 

double blindness of the study (Figure 33). 

HT and placebo capsules were weighted and extracted to determine the total capsule 

weight, and content weight as well. The measurements revealed that HT capsules have an 

average weight of 0.7203 g and placebo 0.69846 g. The inner content was estimated at 0.5024g 

Figure 33: Illustration 

of HT and placebo 

capsules. 
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and 0.6226 g respectively. Weight measurements were conducted for verification of the outward 

similarity of the two type of capsules. 

3.1.1 HT quantitative analysis of capsules via HPLC-DAD 

The used protocol for capsules dialysis aimed to the simulation of human stomach 

conditions (pH=2 and T=37oC) in order to quantify the exact amount of HT released in human 

stomach after capsule consumption. The protocol was employed both to HT and placebo 

capsules to reassure the complete absence of HT in the latter capsule. 

The quantification was based on an eight-point calibration curve constructed using the area 

of HT. The equation was y=87793x – 35339 with R2=0.99998. After area integration in the 

appropriate RT, HT concentration was estimated at 2.47 mg HT per capsule. Placebo capsules 

have no traces of HT at all. The figure below depicts the HPLC-DAD chromatogram of the 

acidic treatment of HT capsule acquired at 280 nm. 

 

Figure 34: HPLC-DAD chromatogram at 280 nm of HT capsule after dialysis in stomach 

conditions. HT is circled in red. 
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3.1.2 UPLC-HRMS qualitative analysis of capsule 

Inner contents of HT and placebo capsules were appropriate diluted and analyzed via 

UPLC-Orbitrap-MS for metabolites identification. 

 

Figure 35: Full scan chromatogram of HT capsule extract (A), extracted ion chromatogram of 

HT (B) and full scan chromatogram of placebo extract (C). HT is circle in blue. 

 

Figure 35 illustrates the full scan chromatogram of HT capsule extract (A), the 

extracted ion chromatogram of HT (B) and the full scan chromatogram of placebo extract 

(C). As it is obvious from the figure, HT constitutes the major peak in chromatogram A. 

However, in placebo capsule there is a complete absence of this compound. Figure 36 

represents the full scan chromatogram of HT and the corresponding HRMS spectrum 

indicating HT pseudomolecular ion [M-H]- and its characteristic MS/MS fragment 

(MS2@153.056). 
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Figure 36: Base peak full scan chromatogram of HT capsule extract. At the right side of the 

chromatogram HRMS spectrum of HT is represented. [M-H]- corresponds to the 

pseudomolecular ion in negative ionization and MS2@ the respective MS/MS fragment of the 

pseudomolecular ion. 

 

Taking the advantage of the high resolving power of Orbitrap analyzer in combination 

with the separation of the UPLC dimension, identification of compounds was achieved with 

high confidence. Tools of elemental composition (EC) and ring and double bong equivalence 

(RDBeq) in parallel with the observed isotopic patterns and the high resolution of MS/MS 

spectra contribute together to the identification of compounds. Negative ion mode revealed 

better ionization of compounds and ultimately used for the identification process. The 

identified compounds of HT capsule extract are presented in Table 8 below. Totally 7 

secondary metabolites were identified. The rest peaks of the chromatogram are agents 

contributing to the encapsulation of the extract and are common for both capsules. In detail, 

in HT capsule, HT (1) was identified with m/z 153.0561, EC: C8H10O3 and RDB:4.5. 
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Additionally, dialdehydic form of decarboxymethyl elenolic acid (2) (m/z: 183.0665, 

C9H12O4, 4.5), HT acetate (3) (m/z: 195.0656, C9H12O4, 4.5), octadecanediooic acid (4) (m/z: 

313.2379, C18H33O4, 2.5), linoleic acid (5) (m/z: 279.2325, C18H32O2, 3.5), palmitic acid (6) 

(m/z: 255.2328, C16H31O2, 1.5) and oleic acid (7) (m/z: 281.2483, C18H33O2, 2.5) were also 

detected. The identified metabolites 1-3 are typical biophenol metabolites of the enriched HT 

extract and metabolites 4-7 are characteristic fatty acids (FA) of OO which was used as 

carrier of the extract during encapsulation process. For this reason, placebo capsule is 

composed only from the metabolites 4-7 and does not contain at all biophenols. It has to be 

underlined that both kind of capsules contain the same OO as carrier and as a result the two 

capsules have the same FA composition. As it has been already mentioned, oleic acid has 

been reported as satiety factors [48]. The use of the same OO in capsules reassures that the 

obtained results of the study are caused from HT and not from the contained FA which are 

received from all the groups of the study. 
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Table 8: Identified compounds in extract of the HT capsule. In columns are presented the detailed identification parameters. 

 m/z experimental m/z theoritical RT 
Elemental 

composition 
RDB Δ (ppm) Name 

1 153.0561 153.0546 10.05 C8H10O3 4.5 1.650 Hydroxytyrosol 

2 183.0665 183.0652 12.06 C9H12O4 4.5 0.917 
Dialdehydic form of 

decarboxymethyl elenolic acid 

3 195.0656 195.0652 13.19 C10H11O4 5.5 0.963 Hydroxytyrosol acetate 

4 313.2379 313.2373 18.82 C18H33O4 2.5 -1.861 Octadecanedioic acid 

5 279.2325 279.2319 20.09 C18H32O2 3.5 -1.588 Linoleic acid 

6 255.2328 255.2319 21.45 C16H31O2 1.5 -0.719 Palmitic acid 

7 281.2483 281.2475 21.60 C18H33O2 2.5 -1.222 Oleic acid 
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3.2 HT capsule administration to overweight/obese women 

Recent evidences have underlined the positive impact of HT to obesity and insulin 

resistance in high-fat diet (HFD)-fed mice [3]. Moreover it has been found that HT has beneficial 

effect on obesity by suppressing dose-dependently intracellular TG accumulation and the 

expression of adipogenesis-stimulating factors during adipocyte differentiation, promotes 

lipolysis in human primary visceral adipocytes during differentiation and decreases hepatic 

steatosis [49,50]. Only one human study was found in literature, in which overweight men 

received daily an encapsulated olive leaf extract containing 9 mg HT/capsule. However, 

participants did not experience any weight loss and only a positive association with insulin 

sensitivity was revealed [44]. In the current study, an enriched HT capsule was developed and 

administered in different doses in overweight/obese women in a six-month period. 

3.2.1 Study design and sample collection 

For the intervention 38 women were recruited with an average age of 49.47 years. The 

selection of female subjects was based on bibliographic data that HT persists longer in female 

subjects [29]. All of them enrolled as overweight or obese with BMI ranging from 27-35 kg/m2 

and stable weight (<5% variation during the past three months). Participants were randomized in 

three groups according to the administered HT dosage. Dosage administration was based on 

EFSA scientific health claim, daily polyphenols intake through olive oil and ult imate polyphenol 

absorption in humans. One group received the dosage described in EFSA health claim (5 

mg/day) (low HT dosage), the second group three times higher the basic dosage (15 mg/day) 

(high HT dosage) and the last group received a placebo capsule. The table below describes the 

intervention groups and the capsule administration details. Ultimately, 8 women stepped out 

from the study and terminated capsules consumption and 30 continued until the sixth month of 
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the intervention. Ultimately 30 women participate in the study; 5 of them have not yet 

implemented the six-months period and for this reason their measurements have not been 

included in results representation and statistical process 

Table 9: Description of intervention groups. For each group the total HT intake and capsule 

consumption per day is illustrated. In the last row the number of volunteers of each group is 

presented.  

Group Group A Group B Group C 

HT intake 15 mg HT/day 5 mg HT/day 0 mg/day 

Capsule consumption 

(per day) 
6 HT capsules 

2 HT & 4 placebo 

capsules 
6 placebo 

Number of volunteers 8 9 8 

 

All participants were consulted by dietitian to achieve uniformity in calories intake and 

evaluated by doctors in the first month of the intervention (t1), the third (t3) and the sixth (t6). 

Compliance in capsule consumption was evaluated by checking the empty blister packs when 

visiting the investigator. Measurements of body weight and body composition were carried out in 

each visit. The collected urine and blood samples were presented in detail in appendix (Table 

A14)  

3.2.2 Anthropometric parameters of HT administration 

Mean body weight loss, mean visceral fat loss and mean body fat loss were the used 

parameters for the determination of the effect of HT in overweight/obese women. Tables 10-12 

below depict the measurements of the above parameters in the three time points of the 

intervention. In more detail, table 10 represents the mean body weight loss in kilograms (Kg) 

registered in each visit of the participants to the investigator. In the first month, group A which 
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received the high HT dosage lost 4.17 Kg, followed by group B and C which lost 1.21 Kg and 

1.98 Kg, respectively. The third month of the study group A duplicated the loss and totally lost 8 

Kg in average. The same trend was observed in group B and C which lost 2.77 and 4.00 Kg, 

respectively. At the last month of the intervention only group A lost more weight and overall 

participants lost 11.44 Kg in average after six months administration of HT. Group B and C did 

not lose any more weight and remain almost stable. It is notable that only participants of group A 

experienced body weight loss upper than 5% on the first month of the study and weight loss 

upper than 10% during the entire period of the study. Table A15 in appendix represents the 

statistical differences among groups.  

Table 10: Mean body weight loss in kilograms (Kg) of the three groups in time point t1 (month 

1), t3 (month 3) and t6 (month 6). Group A received 15 mg HT/day, group B 5 mg HT/day and 

group C received placebo.  

Mean body weight 

loss (Kg) 
1 month (t1) 3 months (t3) 6 months (t6) 

Group Α -4.17 (SD 1.85) -8.00 (SD 3.89) -11.44 (SD 4.01) 

Group Β -1.21 (SD 1.03) -2.77 (SD 2.11) -2.73 (SD 2.43) 

Group C -1.98 (SD 0.83) -4.00 (SD 2.00) -2.33 (SD 2.87) 

p 0.010 0.005 <0.001 

 

Visceral fat loss is considered as a parameter of high importance in weight loss and study 

of obesity. Table 11 illustrates the loss of visceral fat of the three groups expressed in % 

percentage. In the first month of the study group A lost 1.87% visceral fat, while B and C groups 

appear the same levels of visceral fat loss being 0.22% and 0.58% respectively. At the third 

month again duplication of loss levels was observed. Group A lost 3.06% visceral fat and B and 

C 0.62% and 1.33 % respectively. The last month of the study all of the groups remain almost 

stable at the visceral fat loss. 
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Table 11: Mean visceral fat loss expressed as %. Results are expressed as mean values of groups 

A, B and C in time points t1, t3 and t6. 

Mean visceral fat 

loss (%) 
1 month (t1) 3 months (t3) 6 months (t6) 

Group Α -1.87 (SD 1.09) -3.06 (SD 1.08) -3.85 (SD 1.02) 

Group Β -0.22 (SD 0.44) -0.62 (SD 0.83) -0.56 (SD 1.14) 

Group C -0.58 (SD 0.58) -1.33 (SD 0.93) -1.87 (SD 1.65) 

p 0.010 0.000 0.000 

 

Table 12 depicts the total mean body fat loss expressed in Kg. Group A lost 3.2 Kg in fat 

while in groups B and C the corresponding mean loss was 1.10 Kg and 2.46 Kg, respectively. In 

the third month the trend of duplication was observed again with fat loss of 6.60 Kg, 2.67 kg and 

2.58 Kg for group A, B and C, respectively. The last month of the study like the previous 

parameters group A continued losing body fat and participants showed a total mean fat loss of 

9.55 Kg. Groups B and C remained almost stable. 

Table 12: Mean body fat loss expressed in Kg. Results are expressed as mean values of groups 

A, B and C in time points t1, t3 and t6. 

Mean body fat loss 

(Kg) 
1 month (t1) 3 months (t3) 6 months (t6) 

Group Α -3.20 (SD 1.06)  -6.30 (SD 3.08) -9.55 (SD 2.43) 

Group Β -1.10 (SD 0.99) -2.67 (SD 1.85) -2.06 (SD 1.72) 

Group C -2.46 (SD 1.78) -2.58 (SD 2.69) -2.13 (SD 2.66) 

p 0.080 0.017 0.000 

 

Based on the above data, body fat loss is also significant. After 6 months of HT intake, 

body fat loss followed similar pattern with body weight loss. It has to be underlined that group A 

lost 11.44 Kg in average, from which 9.55 Kg were loss in fat. This fat loss represents 83.5 % of 

the general weight loss. These results of HT effects in human weight loss are reported for the 

first time. A previous cohort study in overweight men did not show any effect of the 
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administered capsule, containing 9 mg HT/capsule [44]. This outcome could be correlated with 

the anthropometric measurements of group B of our study, which receive 5mg HT/day and did 

not show significant weight/fat loss. The dose of 15 mg/day (group A) seems to be effective, 

resulting in significant weight/fat loss. Bibliographically, the dose of 15 mg/day is reported for 

the first time and it has to be noted that this HT dose revealed anti-obesity effect in human. 

Moreover, adverse events were not reported with capsule consumption. 

3.3 HT quantification via UHPLC-Tq-MS in urine 

3.3.1 Sample preparation 

For the sample preparation of urine samples ACN and MeOH were tested as extraction 

solvent system in pre-spiked samples with HT. MeOH results in 97-112% HT recovery with 

%RSD<10 (RSD=7.1%). ACN has recovery ranging from 70-93% and RSD>20% and for this 

reason was rejected as extraction solvent. Additionally, two different ratio of sample:MeOH 

were tested, 1:4 and 1:8, which result in the same recovery value. Ratio 1:4 was selected to 

decrease time in sample preparation procedure during the evaporation step. 

3.3.2 Method development for UHPLC-ESI-Tq-MS  

For the development of the chromatographic conditions MeOH and ACN were tested for 

analytes elution and ACN appeared better peak shape. Also addition of formic acid in water and 

40oC column temperature improve HT peak shape as well. The elution of HT and IS were 

adjusted in order to unfold a fast chromatographic analysis time, obviating the co-elution with 

other matrix compounds.  

For the development of mass spectrometric parameters direct infusion of HT and IS in final 

concentration of 50 ng/mL and 20 ng/mL respectively were performed. Standards were tested in 
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negative and positive ionization. Both of them revealed better ionization in negative ion mode. 

MRM tool builder was used for the investigation of the appropriate collision energies to achieve 

optimal sensitivity and selectivity. Table 13 summarizes the selected parameters. 

Table 13: Summary of the used mass spectrometry and MRM method parameters for the 

quantification of HT and 2,4-DNP (IS) via UHPLC-Tq-MS. 

Mass spectrometry parameters 

Cone temperature 

(oC) 
250 

Cone gas flow 

(units) 
25 

Heated probe 

temperature (oC) 
300 

Probe gas flow 

(units) 
50 

Nebulizer gas flow 

(units) 
50 

MRM parameters 

Compound 
Precursor RT 

RT 

window 

Scan time 

(ms) 
Product 

Collision 

energy (v) 

HT 
153.1 2.0 4 100 

123.1 14 

113.1 6 

2,4-DNP 
183.1 4.5 4 100 

109.2 25 

137.0 19 

 

3.3.3 Quantification and validation of the bioanalytical methodology 

Quantification of HT was performed using MRM method in negative ion mode. 2,4-DNP 

was used as IS, since it exhibits high and repeatable recovery and same chromatographic and 

ionization behavior like HT. 2,4-DNP shows high stability during analysis and it has not been 

described as an endogenous urine metabolite. Moreover, it does not interfere with HT. For these 

reasons it was selected as IS of the employed quantification methodology. Figure 37 illustrates 

the peaks of HT and IS in some of the injections used for calibration curves construction. 
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Figure 37: UHPLC-Tq-MS chromatograms of nine calibration points of HT and IS (0.5 ng/mL, 

1 ng/mL, 2.5 ng/mL, 5 ng/mL, 12.5 ng/mL, 25 ng/mL, 50 ng/mL, 75 ng/mL and 100 ng/mL). 

Peaks of HT and IS are annotated. 

 

For the construction of the calibration curves the ratio of the area of HT to the area of the 

IS was used. The linearity was checked using partition least squares method. The derived 

equation is: y = 0.148x + 06237 with correlation coefficient R2=0.9997. The corresponding 

equation is presented in figure A29. 

3.3.3.1 Specificity-recovery- Matrix effect 

The specificity was evaluated and no interference from the endogenous urine metabolites 

was found to the corresponding RT of HT and IS. The matrix effect was assessed by comparing 
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the % RSD of the peak area in the three QC samples in solvent and matrix solution. Calculations 

displayed %RSD values < 10% for all the concentrations indicating that the construction of 

calibration curves in matrix does not affect the signal of the analyte. The recovery was 

determined in the three QC levels in five replicates with use of the equation below: 

%𝑅 =
𝑝𝑟𝑒 − 𝑠𝑝𝑖𝑘𝑒𝑑 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑎𝑟𝑒𝑎

𝑝𝑜𝑠𝑡 − 𝑠𝑝𝑖𝑘𝑒𝑑 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑎𝑟𝑒𝑎
 𝑥 100 

Recoveries were estimated over 94% for all the QC levels and render the employed 

methodology suitable for the quantification of HT in human urine. 

3.3.3.2 Lower limit of quantification (LLOQ) and detection (LLOD) 

LLOQ and LLOD were determined based on the given equations in section 2.4.6.2 of 

methods and materials. Particularly LLOQ was calculated at 0.04 ng/ml and LLOD at 0.03 

ng/mL. 

3.3.4.3 Repeatability, intermediate precision and accuracy 

Repeatability, intermediate precision and accuracy were determined by analyzing five 

replicates at the three QC concentration levels. Repeatability and intermediate precision did not 

exhibit values over 8.3% and 13.4% respectively. Measured accuracy displayed %Er ±5.3% for 

all QC levels. 

3.3.4.4 Robustness 

The altered conditions to evaluate system robustness resulted in % RSD < 2% in both 

deliberate changed conditions. Change of column temperature caused an RT shifting with 

RSD=1.73 %, while change of the heated probe temperature caused RSD=0.47% in peak area 

calculations. 
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3.3.4 Measurements of HT in human urine 

Fifty-three human urine samples were prepared and analyzed with the above discussed 

method for the quantitative determination of HT. For the quantification, groups A and B which 

received HT in different concentrations were forwarded for analysis. Placebo were not quantified 

due to the administration of placebo capsules, which did not contain HT at all. Quantification 

was based on a standard calibration curve prepared the same day of samples analysis. Previous 

research has shown that HT bioavailability in human body depends on the administered 

concentration [39,51]. The measured concentration depends on several factors such as the way of 

administration (ingestion of consumption), if it is administered with olive oil or as a separate 

substance and a critical parameter is urine collection (collection pre and post HT administration, 

fasting hours etc). These factors render difficult the establishment of specific excretion and 

absorption HT levels in human. In the current study, measurements between groups are 

characterized by high deviation due to the different water intake of participants during the day, 

which was obvious from sample colour and the different analyte intensities. Results are not 

normalized based on creatinine concentration in urine and the aim of the quantification was to 

investigate a possible trend of HT excretion during the sixth month period of intervention in the 

different groups. The figure bellow presents the concentration results of the participants grouped 

according to HT administration. 
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Figure 38: HT quantification in urine expressed in ng/mL urine. Graph A represents HT 

excretion in group A and graph B the corresponding excretion in group B. Red bars refer to t1, 

purple bars to t3 and orange bars to t6. Bellow graphs a table with the exact measurements is 

presented for each participant and the calculated mean value in the three time points. 

 

Concerning group A (figure 38A) HT highest concentration was found at 3 months 

showing an average concentration of 220.02 ng/mL urine. At the first month of the intervention 

HT was calculated at 91.59 ng/mL urine and at the sixth month at 171.32 ng/mL urine. The 

number of samples was low (n=8) and in some cases data were missing. As already mentioned 

there is a strong variability between individuals due to their different habits and most importantly 
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water consumption. Therefore, the average quantitative data are considered indicative of the 

excreted HT levels. In almost all women of group A the highest excretion was observed at the 

third month and then at the sixth there is a decline. Exception was participant with code 

Ur_KA_24, which appeared its highest concentration at the month six. Measurements of sample 

Ur_KA_7 were considerable low possible due to intake of high volume of water which caused 

high dilution of the sample. Although it is important that the trend was maintained. For the code 

Ur_KA_10 no urine samples were provided for the third and sixth month and for Ur_KA_33 for 

the sixth month. 

Concerning group B (figure 38B), the highest excretion was found at six months being 

247.37 ng/mL urine. In almost all of the participants, the highest concentration was measured at 

the sixth month with exception participant with code Ur_KA_15 which has extremely diluted 

samples and possibly due to the high dilution the highest concentration was observed on the first 

month. Also sample Ur_KA_21 showed almost the same concentrations for month three and six. 

For the code Ur_KA_32 no urine sample was provided for the sixth month.  

It is notable that the highest concentration of HT is in the same level (220.02 ng/mL and 

247.37 ng/mL for group A and B respectively) for the two HT treatments with a difference at the 

months that this concentration is detected. From this observation it can be hypothesized that 

participants of group B need approximately three more months to accumulate and thus to achieve 

the same HT excretion levels with group A. However, it is interesting that despite group B 

excreted the same HT amount with group A three months later, participants did not experience 

the respective weight and fat loss at this time point but remain stable at the anthropometric 

measurements (section 3.2.2). A rational explanation based on excretion values could be that the 

high HT dosage resulted in the faster weight loss of group A and for this reason group A was the 
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only group experienced weight loss, despite that group B received HT capsule as well. A 

possible extension of the intervention period may cause a weight loss to group B too. 

Consequently, it can be assumed that the recommended EFSA dosage (5 mg HT/day) could may 

have positive impact to the protection of blood lipids from oxidative stress but cannot contribute 

to weight loss. In the case of obesity, higher HT dosage seems to be more effective with strong 

positive impact in weight and visceral fat loss. 

3.4 Metabolomic analysis of urine samples via UPLC-Orbitrap-MS 

3.4.1 Samples for metabolomics study 

The figure below presents the number of samples included in the statistical analysis grouped per 

treatment. 

 

Figure 39: Representation of final urine collection. (A) presents in detail the collected samples 

per group; purple bar illustrates placebo samples, yellow bar samples from group B and light 

pink bar samples from group A. (B) presents the final composition of QC-pooled sample; purple 

part of the bar represents placebo samples and light pink the HT samples. Below each graph a 

detailed table describing the total sample collection in numbers is illustrated. 

 

Totally 40 samples were included in the metabolomic analysis coming from participants who 

received the HT treatment; 21 from group A and 19 from group B. Additionally, 23 samples 
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come from participants who received the placebo capsule. QC-pooled sample was prepared from 

the total number of samples (63 samples), meaning that QC is composed 63.5% from HT 

samples and 36.5 % from placebo samples. Pending samples that their identity group was not 

known were excluded from the statistical treatment. 

3.4.2 Development of UPLC-HRMS methodology 

For the development of the UPLC conditions, elution solvents, column temperature, and 

column characteristics were investigated. MeOH and ACN were tested as organic solvents and 

H2O with and without FA were tested as aqueous phase. ACN resulted in better peak shape, 

together with acidified water and column temperature at 40oC. Two different columns were 

tested; an Acquity UPLC Peptide BEH C18 (100 mm x 2.1 mm, 1.7 μm) and a Thermo Hypersil 

Gold C-18 (50 mm x 2.1 mm, 1.9 μm). The second column produced chromatograms with higher 

resolution. 

Mass spectrometer parameters were optimized for the ionization of middle molecular 

weight compounds ~500 Da, which is the average weight of secondary metabolites. The aim was 

to achieve optimal ionization in a wide range of metabolites and develop a generic ionization 

methodology for negative and positive mode. The parameters described in section 2.5.3 were 

selected as more appropriate for this purpose. 

3.4.3 Validation aspects  

A QC-polled sample was prepared and injected every fifty runs to evaluate the 

repeatability of the analysis. The parameters of RT, mass accuracy and area were evaluated in 

each QC injection. For this purpose, three peaks were selected who had: 

 different RT covering as possible the injection time 
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 different mass range to cover as possible the scanning mass range 

 different levels for evaluation the parameter of area. 

Hippuric acid (m/z: 178.0512, RT=4.82), cortolone-3-glucuronide (m/z: 571.2665, RT=7.59) and 

laurylsulfate (m/z: 265.1479, RT=9.60) were selected as the peaks satisfying RT, mass range and 

levels. Figure 40 illustrates a QC injection. The three selected compounds are annotated.  

 

Figure 40: UPLC-HRMS chromatogram of QC sample in negative ionization. Annotated peaks 

represent the selected compounds used for the evaluation of the repeatability of the analysis. 

 

Two evaluation criteria were subjected to each peak. Firstly, % RSD should be less than 

1% for RT and 10% for area. Also accuracy should be less than 5 ppm. Hippuric acid, cortolone-

3-glucuronide and laurylsulfate were evaluated for the above criteria. The figure below illustrates 

the %RSD of RT for the three selected metabolites. The same procedure was applied also for the 

parameter of area [42]. 
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Figure 41: Representation of RSD (%) for RT of hippuric acid, cortolone-3-glucuronide and 

laurylsulfate in QC injections. 

 

As it is shown in the figure above RSD (%) values of the three metabolites were found 

0.34% for hippuric acid, 0.20% for cortolone-3-glucuronide and 0.21% for laurylsulfate. The 

same estimations were performed for area parameter. In brief, the calculations showed %RSD 

for RT<0.4%, %RSD for area <8.2% and accuracy<2 ppm. The methodology was evaluated as 

accurate and repeatable for samples analysis. Moreover, injections and repetitions of each sample 

were randomized in the sequence to achieve more reliable evaluation of QC injections [42]. 
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3.4.4 Chemometrics in urine samples 

The statistical process started with unsupervised methods and particularly with PCA 

analysis in order to observe the data fitting, the existence of outliers and possible trends and 

variation between groups. Data were treated with UV and pareto to investigate the most 

appropriate scaling for data visualization. UV scaling found to produce models with better fitting 

parameters (R2 and Q2) and visualization plots and eventually selected for the statistical process. 

PCA analysis has been initially used to investigate the trends and the existence outliers in the two 

basic treatments; HT and placebo. The plot below represents the visualization of the total number 

of HT and placebo samples analyzed in negative ionization and treated with UV scaling. 

 

Figure 42: PCA plot in UV scaling including the total number of samples. Observations are 

colored according to the administered capsule; purple for placebo and light pink for HT 

capsules. Fitting parameters are also depicted. 

 

The generated model resulted a plot with nine components and impotent data fitting. The 

scores values R2 and Q2 were significantly low, 0.296 and 0.112 respectively. Despite the low 
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fitting parameters, a weak trend of separation was observed on the first component between HT 

and placebo group. HT samples (light pink) tended to cluster on the right side of the first 

component and placebo samples (purple) on the left side. However, a considerable dispersion 

was observed in both groups. Placebo group revealed outliers coming from 3 different 

participants and time points (KA_16_t3, KA_28_t3 and KA_30_t6), while HT group had no 

outliers. Moreover, an additional tendency of forming two separate groups appeared between 

groups A and B of HT treatment.  

For the further statistical exploration supervised methods were employed. Firstly, PLS 

treatment in UV scaling was performed defining HT and placebo treatment as Y qualitative 

parameters. With PLS treatment the fitting parameters were much higher (R2=0.985 and 

Q2=0.914). Both scores values were close to 1 and the one value close to the other indicating the 

improvement in data fitting and the high predictive power of the model. 

 

Figure 43: PLS plot in UV scaling including the total number of samples. Observations are 

colored and clustered according to the administered capsule; purple for placebo and light pink 

for HT capsules. Fitting parameters are also depicted. 
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In the PLS plot a notable and stronger clustering was observed, although retaining the same 

trend of separation like the first constructed PCA plot. Both groups were characterized again by 

high dispersion, probably caused from the high metabolic deviation of each participant and the 

different metabolism of individuals placebo group disclosed outliers but in PLS only KA_28_t3 

behaved as outlier. For this reason, the initial outliers of PCA plot were not excluded from the 

statistical process and the analysis continued with the total number of observations. 

Continuously OPLS in UV was used to improve visualization. Using this treatment clear 

clusters were revealed between HT and placebo treatment and further grouping of HT into 

groups A and B. Nevertheless, in OPLS QC-pooled samples were imported to investigate the 

model visualization efficiency. QC samples were almost centralized revealing a discreet 

tendency towards HT cluster. This observation was normally expected given the fact that 63.5% 

of QC was consisted of HT samples. It has to be underlined that a distinct separation existed on 

the first component between HT treatment and placebo being retained in all the data treatments, 

supervised and unsupervised employed methodologies. Additionally, separation on the second 

component between groups A and B was also observed. Also in this treatment high fitting 

parameters were generated (R2=0.961 and Q2=0.815). 
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Figure 44: OPLS plot in UV scaling including the total number of samples. Observations are 

colored and clustered according to the administered capsule and dose; purple for placebo, 

yellow for group B, light pink for group A and grey for QC. Fitting parameters are also depicted. 

 

The above model was validated via the permutation test of Simca. Model passed the 

permutation test. Figure A30 presents in detail the R2 and Q2 intercepts for all the Y variables of 

the above OPLS plot (group A, group B, placebo and QC). 

3.4.5 Metabolites identification 

The aim of the current metabolomic approach is not only to investigate the clustering of 

different groups according to the capsule intake, but also to identify the variables, contributing to 

the clustering. In other words, to identify the statistical significant metabolites and potential 

biomarkers of HT intake. Loadings plot provide this information and in combination with VIP 

calculations can elicit the most statistical significant loadings of the model. After preliminary 

tests and chromatogram examination of individual samples belonging to groups A and B, turned 
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out that there were no significant metabolic differences between these groups and unambiguous 

results could be derived. In order to maximize the differentiation between groups an OPLS-DA 

plot was constructed using the two basic groups, HT and placebo. S-plot was prepared to 

investigate statistical significant metabolites between the two basic treatments and identify 

differential metabolites in each one. 

 

Figure 45: (A): OPLS-DA scores plot of all samples in UV scaling. Observations are coloured 

according to the adminisered capsule; purple for placebo and light pink for HT. Fitting 

parameters are also depicted. (B) S-plot of the corresponding OPLS-DA scores plot. Statistical 

significant identified metabolites are annotated.  

 

Totally 105 features were calculated with VIP scores over 1. From this final list 30 

compounds were identified in urine with decisive role in the metabolic pathway of each 

treatment. The list with the identified metabolites is presented in Table 14 below. 

Table 14: Identified statistical significant metabolites of urine samples. For each metabolite a 

code number is given in the first column. Experimental m/z, name, elemental composition (EC), 

ring and double bong equivalent (RDB) and VIP value are illustrated. In the last column the 

belonging class of each metabolite is noted.  

# 
Experimental 

m/z 
Suggested molecule EC RDB VIP Group 

Ur1 178.0512 Hippuric acid C9H9O3N 6.5 20.3404 HT 
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Ur2 194.0462 Hydroxyhippuric acid C9H9O4N 6.5 6.30864 Placebo 

Ur3 367.1586 Epitestosterone sulfate C19H28O5S 6.5 5.59170 Placebo 

Ur4 369.1733 
5a-Dihydrotestosterone 

sulfate 
C19H30O5S 5.5 5.29357 Placebo 

Ur5 181.0505 Homovanillic acid C9H10O4 5.5 5.20725 Placebo 

Ur6 145.0616 Glutamine C5H10O3N2 2.5 5.08479 HT 

Ur7 261.0079 Homovanillic acid sulfate C9H10O7S 5.5 4.62802 Placebo 

Ur8 187.0073 p-cresol sulfate C7H8O4S 4.5 4.15471 HT 

Ur9 195.05226 1,3-Dimethyluric acid C7H8O3N4 6.5 4.05979 Placebo 

Ur10 245.0128 
Homovanillic aldehyde 

sulfate 
C9H10O6S 5.5 3.97235 Placebo 

Ur11 229.0544 Unknown C10H14O4S 4.5 3.70759 HT 

Ur12 541.2665 Cortolone-3-glucuronide C27H42O11 7.5 3.63431 Placebo 

Ur13 217.0181 Tyrosol-4-sulfate C8H10O5S 4.5 3.55331 Placebo 

Ur14 191.0201 Citric acid C6H8O7 3.5 3.0914 Placebo 

Ur15 203.0018 Methoxycatehol sulphate C7H8O5S 4.5 2.92597 Placebo 

Ur16 274.0029 Hippuric acid sulfate C9H9O7NS 6.5 2.60944 Placebo 

Ur17 128.0359 Pyroglutamic acid C5H7O3N 3.5 2.55335 Placebo 

Ur18 173.0097 Aconitic acid C6H6O6 4.5 2.18325 Placebo 

Ur19 265.1479 Lauryl sulfate C12H26O4 0.5 2.13303 Placebo 

Ur20 263.1040 Phenylacetylglutamine C13H16O4N2 7.5 1.98936 HT 

Ur21 167.0215 Uric acid C5H4O3N4 6.5 1.91047 Placebo 

Ur22 151.0404 

3,4-

Dihydroxyphenylacetaldeh

yde 

C8H8O3 5.5 1.8488 Placebo 

Ur23 245.0478 Unknown C10H14O5S 4.5 1.7337 HT 

Ur24 123.0451 HT MS2 C7H8O2 4.5 1.54178 HT 

Ur25 227.0387 Unknown C10H12O4S 5.5 1.51326 HT 

Ur26 465.2490 

5-alpha-

Dihydrotestosterone 

glucuronide 

C25H38O8 7.5 1.42304 HT 

Ur27 243.0331 Unknown C10H12O5S 5.5 1.25191 HT 

Ur 28 283.0829 p-crezol glucuronide C13H16O7 6.5 1.19395 HT 

Ur29 259.0285 HT-acetate-4'-O-sulfate C10H12O6S 5.5 1.13281 HT 

Ur30 343.1393 
Homovanillic alcohol 

glucuronide 
C16H24O8 5.5 1.1057 HT 
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Overall, based on the above identified statistical significant metabolites of the dataset 

tyrosine/dopamine metabolic pathway seems to be altered from HT administration. However, 

each of the two basic treatments, HT and placebo, affected different subpathways and in each 

case different metabolites were upregulated or downregulated. In the case of placebo group, the 

classic dopamine metabolic pathway seems to be followed. Standard metabolites of this pathway 

were identified with high significance, such as 3,4-dihydroxyphenylacetylaldehyde, 

homovanillic aldehyde and homovanillic acid, accompanied with their methylated, sulfated and 

glucuronated products [20]. On the other hand, in the case of HT an overexpression pathway of 

three different normal urinary components was revealed. HT administration increased the final 

formation of thee phenol derived metabolites; hippruric acid, p-cresol and 

phenylaceytylglutamine [52].  

In more detail, urine samples from placebo treatment disclosed that the metabolism of 

participants followed the classic phenylalanine pathway leading to the final formation of 

hydroxyhippuric acid (hydroxy-HA) and hippuric acid (HA) which are normal urinary 

components. Based on literature data and figure 32, the first produced dopamine metabolite, 3,4-

dihydroxyphenylacetaldehyde (DOPAL), was identified in our statistical process with m/z 

151.0401, chemical formula C8H7O3 and RDB: 5.5. Consequently, homovanillic acid (m/z 

181.0506, C9H9O4, 5.5), homovanillic acid sulfate (m/z 261.0074, C9H9O7S, 5.5) and 

homovanillic aldehyde sulfate (m/z 261.0074, C9H9O6S, 5.5) were identified. In literature 

homovanillic metabolite and its products are considered as typical biomarkers of dopamine 

turnover in clinical chemistry, abundant in biological matrices [20]. Also other intermediate 

metabolites of the pathway were identified, tyrosol sulfate (m/z 217.0179, C8H9O5S, 4.5) and 

methoxycatechol sulfate (m/z 203.0018, C7H7O5S, 4.5). It has to be noted that the latest 
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metabolites were found in a relative small sample group and the corresponding metabolic 

reactions are regarded as minor pathways bibliographically [20]. This high metabolic divergence 

and the different metabolic reactions followed in the same metabolic pathway is attributed to the 

personal dietary and general habits followed by each participant. The final products of the 

pathway hydroxy-HA (m/z 194.0466, C9H9O4N, 6.5) and HA sulfate (m/z 274.0029, C9H8O7NS, 

6.5) were identified. HA was detected as well in all the samples of the dataset, although it was 

not characterized as statistical significant metabolite of placebo group. Moreover, testosterone 

metabolites, methyluric acids, aconitic, citric acid, amino acids and fatty acids sulfates were 

identified as normally occurred urinary metabolites. Table A16 in appendix represents the 

identification parameters of the identified metabolites. The followed dopamine biosynthentic 

pathway enriched with the identified metabolic products for placebo is shown in the figure 

below. 
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Figure 46: Proposed metabolic pathway based on the identified metabolites of placebo group. 

The identified metabolites of the datset are annotaeted. COMT: catechol-O-methyltransferase , 

ALDH: aldehyde dehydrogenase, Sulf: sulphotransferase, DOH: dihydroxylase, ALR: 

aldehyde/aldose reductase. 

 

A different pathway was discovered in HT treatment due to the high phenol intake. Both A 

and B group seem to follow the same biosynthetic pathway. In this case phenylalanine pathway 

leads to the increased production of three different final metabolites; HA, p-cresol and 

phenylacetylglutamine (PAG). Based on literature, these three metabolites are characterized by 

bad reputation due to their association with toluene and benzene exposure and their use as 

indicators of such exposures in human urine [53]. However, recent evidences denote that 

increasing trends of these three metabolites are associated with reduced risk of metabolic 
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syndrome (MetS), through their influence in gut microbiome regulation [54] and phenols 

consumption [55]. 

HA acid was found as the metabolite indicating the highest statistical significance 

(VIP=24.1) in the whole dataset. It is worth to note that its concentration in human urine is 

directly associated with phenols consumption [55]. Hippuric acid (or hippurate) with m/z 

178.0510, chemical formula C9H9O3N and RDB: 6.5 is the glycine conjugate of benzoic acid. 

The mean 24-h urinary excretion for HA has been measured via UPLC−MS/MS and found 

6284.6 (4008.1) μmol/24-h in men and 4793.0 (3293.3) μmol/24-h in women (standard deviation 

shown in brackets) [56]. As it is obvious the excretion in the two genders is not the same and 

men exert higher concentrations in comparison to women.  

HA biosynthesis is known since 1977 and requires two reactions carried out in 

mitochondrial matrix [57,58]. Initially, benzoic acid (produced from phenylalanine pathway) 

reacts with coenzyme A (CoA) and adenosine triphosphate (ATP) to form the intermediate 

complex benzoyl-CoA catalyzed by benzoyl-CoA synthase [59]. Consequently, this complex 

reacts with glycine which crosses the inner mitochondrial membrane to finally produce HA. The 

second reaction is catalyzed by benzoyl CoA: glycine N-acyltransferase [59,60] (Figure 47) 

 

Figure 47: Biosynthesis of hippuric acid in mitochondrial matrix. 
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Studies have shown that dietary supplementation of phenolic compounds is associated with 

an increase in HA excretion in urine. Phase I and II metabolization of the consumed phenolic 

compounds lead to the increase of phenolic acid derivatives and thus HA [55].  

Based on our findings (Table 14) and figure 32 the HT intake leads to the increased 

formation of DOPAC, which after dehydrogenases activity produces phenylacetic acid. After α-

oxidation, benzoic acid is produced and finally HA is formed (Figure 48A). 

Nevertheless DOPAC produces p-crezol and its derivatives, p-crezol sulfate (m/z: 

187.0073, C7H8O4S, 4.5) and p-crezol glucuronide (m/z: 283.0829, C13H16O7, 6.5) which are also 

normally occurring urinary metabolites (Figure 48B) produced from tyrosine metabolic pathway 

[61]. P-cresol normally urinary excertion is 1002.5 (737.1) μmol/24-hr (men) and 1031.8 (687.9) 

μmol/24-hr (women), being in the same levels for the both genders [56]. Figure A31 in appendix 

presents in detail p-cresol biosynthesis through tyrosine pathway. The increased phenol 

administration leads the increased DOPAC production, which loses one hydroxyl group and after 

decarboxylation produces p-cresol. Because p-cresol is a product of the activity of intestinal 

bacteria, its excretion in urine is regarded as a marker of the proper population (in terms of 

bacteria species and number of each species) and activity of human microbiota [61].  

The third overproduced compound is PAG (m/z: 263.1040, C13H16O4N2, 7.5). Like the 

other two compounds PAG is another microbial metabolite coming from phenylalanine pathway 

[62]. PAG is produced in the liver mitochondria after the reaction of phenylacetic acid with 

coenzyme A to form phenylacetyl-CoA. Subsequently, glutamine N-acetyl transferase catalyzes 

the reaction of glutamine with phenylacetyl-CoA for the final formation of PAG [62]. It is a 

normal urinary component and its mean excretion has been found 1283.0 μmol/24-hr in men and 

1145.9 μmol/24-hr in women [56]. Phenylacetylglutamin concentration in urine is associated 
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with the excretion of nitrogenous wastes in human body like ammonia, urea, uric acid, and 

creatinine (uric acid found as a statistical significant metabolite for placebo group), produced 

from protein metabolism. In many animals, urine is the main route of excretion for such wastes 

through PAG and HA conjugation with glutamine and glycine, respectively [63,64]. In our study, 

the increased levels of DOPAC, caused by HT intake, led to the production of 3,4-

Dihydroxyphenylpropanoic acid (DOPPAC) after carboxylation. DOPPAC can be then used 

either for p-cresol synthesis (figure A31) or can react with glutamine to form PAG (Figure 48C). 

It has to be noted that PAG shows better ionization in positive mode and higher VIP value in the 

corresponding model of positive ionization. Also the identified glutamine (m/z: 145.0616, 

C5H10O3N2, 2.5) of Table 14, appears the same RT with PAG and its detection is attributed to 

PAG fragmentation. 
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Figure 48: Proposed metabolic pathway based on the identified metabolites of HT group. The 

identified metabolites of the datset are annotaeted. DOH: dihydroxylase, Dcarb: decarboxylase, 

Sulf: sulphotransferase, , UGT: glucurosyl-transferase, Carb: carboxylase. 

 

Moreover, HT-acetate sulfate, which is the sulfated product of HT-acetate is found as 

statistical significant metabolite in HT group. It has been reported that the alkaline conditions of 

human lumen induce the activity of acetyltransferase which catalyzes the transfer of acetyl group 

from acetyl-CoA to HT and finally form HT-acetate [65]. It has to be noted that in our study HT-

acetate was detected in HT capsule and thus the production of HT-acetate sulfate could be 

derived either from HT metabolism either from the its direct consumption from the capsule. It is 

very important that HT-acetate has more lipophilic character in comparison to HT and pass 

easier the lipophilic cell membranes [65]. 
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Another interesting finding of the statistical process is the identified metabolite Ur24 (m/z: 

123.0451, C7H8O2, 4.5) in HT groups. The interesting thing of this metabolite is that it has 

identical identification parameters with the characteristic MS2 fragment of HT and is eluted in 

the same RT with HT, after a standard HT injection with the same analytical methodology. This 

could signify the existence of HT in our samples, but probably binded to another chemical 

structure that is not well ionized or even its not identified. Also Ur24 could be an independent 

metabolite produced from phenols metabolization.  

As it is shown in Table 14 also other compounds were encountered as statistical significant 

in HT groups, although they are considered as unknown metabolites. Specifically, metabolites 

Ur11 (m/z: 229.0554, C10H14O4S, 4.5), Ur23 (m/z: 245.0478, C10H14O5S, 4.5), Ur25 (m/z: 

227.0387, C10H12O4S, 5.5) and Ur27 (m/z: 243.0331, C10H12O5S, 5.5) have not yet been referred 

in the literature. Although, the high resolving power of Orbitrap analyzer permits the 

determination of their chemical formula with confidence and thus their structure could be 

predicted. Based on the discovered biosynthetic pathways the chemical formula, RDB and 

MS/MS spectra, all of them are sulfated metabolites consisted of a benzene or phenol ring linked 

with a butyl carbon chain or propyl carbon chain plus on more methyl substitution. Additionally, 

the respective RT (Table A17) and their elution in non-polar systems implies the existence of an 

aliphatic chain with more than two carbons, which is normally found in our dataset and eluted in 

more polar systems. The possible structures indicate p-cresol biosynthetic pathway and it can be 

hypothesized that they are generated by tyrosine biosynthetic pathway (figure A31) in which is 

incorporated a dehydrogenation reaction and can explain the lack of two hydrogens and the 

existence of double bonds in Ur25 and Ur 27 which are possible produced from Ur11 and Ur23, 

respectively. Finally, a testosterone derivative Ur26 (m/z: 465.2490, C25H38O8, 7.5) and 
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homovanillic alcohol glucuronide (m/z: 343.1393, C16H24O8, 5.5) were characterized as statistical 

significant for HT groups. 

In the above discovered pathway, all the identified metabolites are endogenous produced 

from dopamine and tyrosine pathways [20,66], with no reported effect until now on obesity. All 

of them are phenol derivatives and it can be assumed that the increased consumption of HT leads 

to overexpression of phenolic metabolites in human system. However, a recent study uncovered 

that increased levels of several endogenous metabolites, including hippuric acid, p-cresol and 

PAG were associated with reduced incidences of MetS [54]. This study adds further value to our 

outcomes and the need of further exploration of these three metabolites to human obesity and 

weight/fat loss has arisen. Previous in vivo experiments did not show any effect of HT in obesity 

[45–47]. However, the administered concentrations were low and the design of animal and 

human studies with higher HT intake is required for determination of the effect and relationship 

of the three metabolites in obese subjects as well as for the discovery of the mechanism which 

induces possible weigh/fat loss. 

3.5 Metabolomic analysis of blood via UPLC-HRMS 

Unfortunately, as it is already mentioned in methods and materials section all the collected 

blood samples were hemolyzed, because they were stored in -80oC, before centrifugation for 

plasma obtainment. This accident impeded the sample preparation procedure and the subsequent 

metabolites identification. However, all of them were extracted as normal raw material for the 

generation of the total metabolic extract of blood.  
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3.5.2 Development of UPLC-HRMS methodology 

For the development of the UPLC conditions, elution solvents, column temperature, and 

column characteristics were investigated. MeOH and ACN were tested as organic solvents and 

H2O with and without FA were tested as aqueous phase. Using ACN a lot of peaks were not 

eluted and MeOH showed better elution abilities and thus selected as organic solvent. Acidified 

water with FA improved significantly peak shape and used as aqueous solvent. Column 

temperature was set at 40oC to improve peak shape as well. Two different columns were tested; 

an Acquity UPLC Peptide BEH C18 (100 mm x 2.1 mm, 1.7 μm) and an Acquity UPLC Peptide 

BEH C18 (50 mm x 2.1 mm, 1.7 μm). The fist column produced chromatograms with higher 

resolution and selected for the separation. 

The used mass spectrometric parameters were the same as urine HRMS optimized for 

generic ionization. 

3.5.1 Samples for metabolomics study 

Totally 43 samples were included in the metabolomic analysis coming from participants 

who received the HT treatment; 23 from group A and 20 from group B. Additionally, 20 samples 

came from participants who received the placebo capsule. QC-pooled sample was prepared from 

the total number of samples (63 samples), meaning that QC was composed 68.3% from HT 

samples and 31.7 % from placebo samples. Pending samples (n=12) that their identity group was 

not known were excluded from the statistical treatment. 
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Figure 49: Representation of total blood collection. (A) presents in detail the collected samples 

per group; blue bar illustrates placebo samples, light green bar samples from group B and dark 

green bar samples from group A. (B) presents the final composition of QC-pooled sample; blue 

part of the bar represents placebo samples and green the HT samples. Below each graph a 

detailed table describing the total sample collection in numbers is illustrated. 

 

3.5.3 Validation aspects  

A QC-polled sample was prepared and injected every fifty runs to evaluate the 

repeatability of the analysis. The parameters of RT, mass accuracy and area were evaluated in 

each QC injection. For this purpose, three peaks were selected who had: 

 different RT covering as possible the injection time 

 different mass range to cover as possible the scanning mass range 

 different levels for evaluation the parameter of area. 

P-cresol sulfate (m/z:187.0072, RT=2.70), epitestosterone sulfate (m/z:367.1586, RT=4.71) 

and 1-linoleoyl-2-docosadienoyl-sn-glycero-3-phosphoinositol (m/z:913.5815, RT=10.15) were 

selected as the peaks satisfying RT, mass range and levels. Figure 50 illustrates a QC injection. 

The three selected compounds are annotated. 
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Figure 50: UPLC-HRMS chromatogram of QC sample in negative ionization. Annotated peaks 

represent the selected compounds used for the evaluation of the repeatability of the analysis. 

 

Two evaluation criteria were subjected to each peak. Firstly, % RSD should be less than 

1% for RT and 10% for area. Also accuracy should be less than 5 ppm. P-cresol sulfate, 

epitestosterone sulfate and 1-linoleoyl-2-docosadienoyl-sn-glycero-3-phosphoinositol were 

evaluated for the above criteria. The figure below illustrates the %RSD of RT for the three 

selected metabolites. The same procedure was applied also for the parameter of area [42]. 
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Figure 51: Representation of RSD (%) for RT of p-cresol sulfate, epitestosterone sulfate and 1-

linoleoyl-2-docosadienoyl-sn-glycerol-3-PI in QC injections. 

 

As it is shown in the figure above RSD (%) values of the three metabolites were found 

0.85% for p-cresol sulfate, 0.60% for epitestosterone sulfate and 0.49% for l1-linoleoyl-2-

docosadienoyl-sn-glycero-3-phosphoinositol. The same estimations were performed for area 

parameter. In brief, the calculations showed %RSD for RT<0.85%, %RSD for area <9.1% and 

accuracy<3.7 ppm. The methodology was evaluated as accurate and repeatable for samples 

analysis. Moreover, injections and repetitions of each sample were randomized in the sequence 

to achieve more reliable evaluation of QC injections [42]. 

3.5.4 Chemometrics in blood 

Initially all observations were treated with unsupervised method to investigate data fitting 

and scaling. Data were analyzed with PCA in UV and Pareto scaling. In both scalings fitting was 
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not so good and the scoring parameters presented low values. The decision of the appropriate 

scaling was based on the visualization results and the outcomes that could be derived from the 

corresponding loadings plot. For these reasons UV scaling was rejected and pareto was used for 

PCA analysis. The figure below illustrates the corresponding PCA plot in pareto scaling 

including the total number of observations.  

 

Figure 52: PCA plot in pareto scaling including the total number of samples. Observations are 

colored according to the administered capsule; blue for placebo and green for HT capsules. 

Fitting parameters are also depicted. 

 

As it is shown in Figure 52 the trend of separation was not intense and fitting parameters 

were low (R2=0.320 and Q2=0.182), showing also a peculiar distribution of observations. The 

existence of many outliers was characteristic for HT group. The only observation of the plot was 

that placebo samples tend to aggregate at the upper part of the second component and no 

significant conclusion could be derived from the PCA model. Samples were characterized by 

high deviation and PCA found as impotent tool for the elicitation of the first remarks that can be 

used as guidance for the continuation of the statistical process. For this reason, the analysis 
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continued with PLS method and scaling parameter was tested again. In PLS, UV scaling resulted 

in much higher fitting parameters in comparison to pareto and as a result it was selected as 

scaling in PLS and the further data treatment as well. The figure below illustrates the 

corresponding plot in UV scaling. 

 

Figure 53: PLS plot in UV scaling including the total number of samples. Observations are 

colored and clustered according to the administered capsule; blue for placebo and green for HT 

capsules. Fitting parameters are also depicted. 

 

Using PLS analysis fitting parameters were significantly improved (R2=0.986 and 

Q2=0.828) together with the grouping. Again HT treatment revealed outliers and specifically the 

sample with code KA_33_t3, which possessed significant distance from its group. For this 

reason, this sample was excluded for the data set. Another important remark is that there was a 

noticeable trend of separation on the first component between HT and placebo groups. In order 

to improve more the visualization, OPLS was applied in UV scaling. Additionally, in OPLS QC-
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pooled samples were imported to the study to investigate their behavior in the dataset. The 

generated model is presented below. 

 

Figure 54: OPLS plot in UV scaling including the total number of samples. Observations are 

colored and clustered according to the administered capsule and dose; blue for placebo, light 

green for group B, dark green for group A and grey for QC. Fitting parameters are also 

depicted. 

 

In OPLS model fitting parameter R2 is close to 1 and Q2 over 0.5. However, the two 

parameters are not the one close to the other and the predictivity of the model was considered 

low. It is remarkable that despite the low Q2 value, HT treatment (green-right side of the plot) 

differentiated from placebo group (blue-left side of the plot) on the first component. In parallel, 

the two HT treatments (group A and B) were discriminated on the second component. Group A 

signifying the high capsule dosage (15 mg/day) (dark green) was clustered at the upper part and 

low dosage samples (5 mg/day) (light green) at the lower part of the component. Also like urine 
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study, QC samples were not precisely centralized because in majority QC was composed from 

HT samples  

3.5.5 Metabolites identification 

For the investigation of the statistical significant metabolites, OPLS-DA analysis was 

employed to maximize the differentiation among groups. The treatment was based to the 

comparison of the two basic groups, HT and placebo to increase the discrimination capability. 

Based on preliminary results group A and B of HT did not present quality differences and they 

were characterized by the same features. For the study of the loadings, S-plot was constructed 

and VIP calculations were carried out to generate a list with the features influencing the model.  

The first OPLS-DA plot between HT and placebo revealed outliers coming from both 

treatments. In particular, HT group revealed again outliers KA_33_t0 and t3 which behaved from 

the initial step as outliers. For this reason, these samples were excluded from the statistical 

analysis. Also KA_32_t6 and KA_37_t0 and t6 and KA_30_t3 were also excluded. Due to the 

poor data fitting, analysis in UV and pareto scaling was performed and investigation of the 

corresponding S-plot to select the best scaling for metabolites identification. Pareto scaling 

produced loadings plot with clear trends of metabolites and for this reason was selected despite 

having moderate Q2 value which indicated the low predictivity of the model. 



Chapter 3-Results & Discussion 

270 

 

 

Figure 55: (A): OPLS-DA scores plot of all samples in UV scaling. Observations are coloured 

according to the adminisered capsule; blue for placebo and green for HT. Fitting parameters 

are also depicted. (B) S-plot of the corresponding OPLS-DA scores plot. Statistical significant 

identified metabolites are annotated. 

 

Unfortunately, due to samples hemolysis VIP calculations generated a list with 1235 

features with VIP scores over 1. The generated number of features was extremely high to study 

all the metabolites. After studying the first 100 features their m/z and the corresponding 

suggested EC revealed that most of them are compounds consisted of P and N indicating the 

intense existence of phospholipidic membranes or part of them in the extracts. In combination 

with the moderate predictive power of the model the perspective of the strong influence of the 

phospholipidic compounds to the model was rendered as possible. Table 15 presents the list with 

the identified compounds.  
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Table 15: Identified statistical significant metabolites of blood samples. For each metabolite a code is given in the first column. 

Experimental m/z, name, elemental composition (EC), ring and double bong equivalent (RDB) and VIP value are illustrated. In the 

last column the belonging class of each metabolite in noted. 

 Experimental 

m/z 
Suggested molecule 

Elemental 

composition 
RDB VIP Group 

BL1 281.2481 Oleic acid C18H34O2 2.5 10.628 HT 

BL2 810.5277 
1-stearoyl-2-arachidonoyl-sn-

glycero-3-phosphoserine 
C44H78O10NP 7.5 9.51445 Placebo 

BL3 395.2435 
Hydroxy-16,16-

dimethylprostaglandin E2 
C22H36O6 5.5 8.92886 HT 

BL4 885.5472 
1-oleoyl-2-homo-g-linolenoyl-sn-

glycero-3-phosphoinositol 
C47H83O13P 

7.5 
8.04665 HT 

BL5 464.3138 
1-palmitoyl glycol-2-

phosphocholine 
C23H48O6NP 

1.5 
7.96425 HT 

BL6 283.2638 Stearic acid C18H36O2 1.5 7.412 HT 

BL7 913.5815 
1-linoleoyl-2-docosadienoyl-sn-

glycero-3-phosphoinositol 
C49H87O13P 7.5 7.00679 HT 

BL8 540.3298 
1-(2-methoxy-octadecanyl)-sn-

glycero-3-phosphoserine 
C25H52O9NP 

1.5 
5.78445 Placebo 

BL9 524.2988 1-Stearoylglycerophosphoserine C24H48O9NP 2.5 5.36596 HT 

BL10 500.2785 
1-Arachidonyl-sn-glycero-3-

phosphoethanolamine 
C25H44O7NP 

5.5 
4.74211 Placebo 

BL11 367.1586 Epitestosterone sulfate C19H28O5S 5.5 4.20346 Placebo 

https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%221-(2-methoxy-octadecanyl)-sn-glycero-3-phosphoserine%22%5bCompleteSynonym%5d%20AND%20137323953%5bStandardizedCID%5d
https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%221-(2-methoxy-octadecanyl)-sn-glycero-3-phosphoserine%22%5bCompleteSynonym%5d%20AND%20137323953%5bStandardizedCID%5d
http://www.hmdb.ca/metabolites/HMDB0061698
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BL12 544.2685 
1-arachidonoyl-sn-glycero-3-

phosphoserine 
C26H44O9NP 

6.5 
3.82733 Placebo 

BL13 255.2329 Palmitic acid C16H32O2 1.5 3.6735 HT 

BL14 786.5282 1,2-Dioleoylphosphatidylserine C42H78O10NP 5.5 3.62558 Placebo 

BL15 187.0072 p-cresol sulfate C7H8O4S 4.5 3.46336 HT 

BL16 303.2331 Arachidonic acid C20H32O2 5.5 3.14676 Placebo 

BL17 265.1479 Lauryl sulfate C12H26O4S 0.5 2.9314 Placebo 

BL18 269.2482 Palmitoleic acid C17H34O2 1.5 2.51477 HT 

BL19 279.2332 Linoleic acid C18H32O2 3.5 2.49506 HT 

BL20 369.1739 5a-Dihydrotestosterone sulfate C19H30O5S 5.5 1.99531 Placebo 

BL21 435.2519 1-Oleoyl-lysophosphatidic acid C21H41O7P 2.5 1.56696 HT 

BL22 229.0504 Unknown C10H14O4S 4.5 1.42524 HT 

BL23 448.3066 
Glycochenodeoxycholic acid 

(bile acid) 
C26H43O5N 6.5 1.26083 HT 
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Overall 23 metabolites were identified. The presence of phospholipidic membranes in 

samples impeded considerably the identification step. Regardless the defatting step during 

extraction only unpolar metabolites were identified and none of HT metabolization products. The 

interesting part of identification was the detection of OO FA in HT treatment, which are included 

in HT capsule. Despite that placebo capsules contain also FA the corresponding samples were 

characterized only be phospholipids. From table 15 it can be assumed that HT treatment was 

characterized by the chemical categories of FA and phosphatidylinositols (PI). Also a 

prostaglandin derivative, a lysophosphatidic acid, a bile acid and two phenol derivatives were 

identified. On the other hand, placebo treatment was characterized by phosphatidylserines (PS), 

testosterone derivatives, lysophosphatidylethanolamine (LysoPE), one FA and one FA sulfate. 

The compound with the highest significance was oleic acid (VIP=10.628) found in HT 

samples. Oleic acid (m/z: 281.2481, C18H34O2, 2.5) is a monounsaturated fatty acid of OO 

(C18:1) and comprises almost 56-84% of its total FA content with known activity in decreasing 

LDL-cholesterol and increasing HDL-cholesterol in plasma [67]. Moreover, other FA contained 

in capsules were identified as statistical significant metabolites and specifically, stearic acid 

(m/z: 283.2638, C18H36O2, 2.5) palmitic acid (m/z: 255.2329, C16H32O2, 1.5), palmitoleic (m/z: 

269.2482, C17H34O2, 1.5) and linoleic acid (m/z: 279.2332, C18H32O2,3.5). As it is already 

mentioned in the section of 3.1.2, these FA are constituents of HT capsule used as capsule 

carrier. Both groups of HT treatment were differentiated from placebo despite that these 

compounds are part of placebo capsule as well. It is noteworthy that oleic acid presented the 

highest intensities in group A, followed by group B which was in absolute accordance with the 

total capsule consumption of the two groups. Based on observational and cohort studies results 

populations with adherence to diets rich in MUFA (diet using OO as the only source of fat) like 



Chapter 3-Results & Discussion 

274 

 

Mediterranean diet is tightly associated with decreased obesity rates [68,69]. Recent data proved 

that dietary intake of oleic acid mobilizes intestinally-derived oleoylethanolamidea which is a 

lipid messenger of satiety [48]. Also oleic acid found to modulate gut microbiota composition 

towards a “lean-like phenotype”, and polarises gut-specific immune responses mimicking the 

effect of a diet low in fat and high in polysaccharides content [70]. As a result, it can be assumed 

that the existence of MUFA, oleic acid, in capsules acted as a potential factor inducing satiety 

sense at participants.  

Also in HT two PI derivatives were identified; BL4 (m/z: 885.5472, C47H83O13P, 7.5) and 

BL7 (m/z: 913.5815, C49H87O13P, 7.5). Their exact FA synthesis were discovered based on their 

HRMSn fragmentation (Table A17). PI are important lipids, both as a key membrane constituents 

and as participants in essential metabolic processes [71]. They are consisted of a phosphatidic 

acid backbone, linked via the phosphate group to inositol (hexahydroxycyclohexane). PI can 

have many different combinations of FA of varying lengths and saturation degree attached at the 

C-1 and C-2 positions. FA containing 18 and 20 carbons are the most common in our case, oleic 

and linoleic acid which were supplied via capsule. PI plasma existence in high concentration has 

been linked with the decrease of tracylglycerol concentration in obesity-model Zuker(fa/fa) 

rats[72], promotes cholesterol transportation and excretion [73] and anti-obesity effect in diet-

induced obesity (DIO) mice, suggesting that PI improves liver function and reduces body fat and 

body weight [74]. 

BL3 metabolite (m/z: 395.2435, C22H36O6, 5.5) is a prostaglandin derivative, in which the 

exact substitution of the hydroxyl group is not possible to be recognized in the basic 

prostaglandin E2 (PGE2) structure. Although based on the HRMSn data the hydroxyl group 

exists among C1-C5 (Table A17). BL3 was detected mainly in group A and some samples from 
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group B of HT treatment. Prostaglandins are naturally occurring prostanoids generated by the 

metabolism of arachidonic acid which is a major component of human lipidic membranes and 

plays a key role in membranes fluidity [75]. Specifically, prostaglandins are produced from the 

metabolization of free arachidonic acid produced from phospholipase A2 mediated hydrolysis. 

PGE2 has four G protein–coupled receptors: EP1 through EP4 [76]. Several studies have 

demonstrated the direct association of obesity with inflammation in adipose tissue characterized 

by hypertrophied adipocytes and increased production of proinflammatory cytokines and 

chemokines [77]. The inflammation is induced from the infiltration of adipose tissue by 

macrophages, which are primarily responsible for the inflammation response in this metabolic 

tissue [78]. Studies in LPS–treated human and murine macrophages have shown that PGE2 

suppresses the production of proinflammatory cytokines and chemokines via EP4 and suppresses 

chronic inflammation in vivo by mitigating macrophage activation during afflictions [79,80]. The 

above facts indicate that the increased levels of PGE2 derivatives in HT group, possible 

regulated the typical chronic inflammation disorders occurred by obesity. 

BL21 (m/z: 435.2519, C21H41O7P, 2.5) belongs to the category of lysophospatidic acids 

(LPA). LPAs are the simplest glycerophospholipids consisted of an acyl moiety esterified to the 

glycerol-3-phosphate backbone. BL21 was identified in HT groups and contained oleoyl in its 

structure, which was expected due to the identification of BL1 also as statistical significant 

biomarker. Like all glycerophospholipids, LPA are integral constituents of cellular membranes 

and are important signaling molecules as well [81]. Animal studies have demonstrated the 

association of increased LPA levels with obesity and insulin resistance [81], while in humans 

there are limited measurements. However a recent study highlightes that LPA is positively 

correlated with BMI [82]. 
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Metabolite BL5 (m/z: 464.3138, C23H48O6NP, 1.5) belongs to the category of 

lysophosphocholines (LysoPC). Generally, they have been postulated as biomarkers of the 

progression of different pathologies. In vivo investigations demonstrated that dysregulation of 

serum and hepatic levels of several LysoPCs occurs in rodents fed high-calorie diets [83–85]. 

Therefore, the examination of circulating levels of Lyso-PCs holds remarkable potential in the 

diagnosis of lipid disorders. This molecule was identified only in group A of HT and in relative 

high intensities in sample Bl_KA_33_t6. It is notable that t1 and t3 time points of this participant 

have been excluded from the statistical analysis because they behaved as outliers. This 

observation may indicate that the participant with this code may followed completely different 

dietary pattern and habits in comparison to the rest HT participants. 

Finally, a bile acid (BL23, m/z: 448.3066, C26H43O5N, 6.5) and two phenol derivative 

(BL15, m/z: 187.0072, C7H8O4S, 7.5 and BL22, m/z: 229.0504, C10H14O4S, 4.5) were 

identified in HT treatment. It has to be underlined that BL15 and BL22 were found as statistical 

significant biomarkers in urine experiments in HT group, indicating the increased levels of these 

compounds in participants’ biological fluids after capsule intake. 

The major identified chemical category in placebo group is PS. PS are 

glycerophospholipids in which a phosphorylserine moiety occupies a glycerol substitution site. 

As is the case with diacylglycerols, glycerophosphoserines can have many different 

combinations of FA of varying lengths and saturation attached at the C-1 and C-2 positions. 

Phosphatidylserine is located entirely on the inner monolayer surface of the plasma membrane 

(and of other cellular membranes) and it is the most abundant anionic phospholipid. Therefore, 

phosphatidylserine may make the largest contribution to interfacial effects in membranes 

involving non-specific electrostatic interactions. Their role is to get exposed to cell membranes 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/high-calorie-diet
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/lipid-disorders
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and acts as an “eat me signal” during apoptosis, by prompting phagocytes to engulf the cells 

[86].  

BL10 (m/z: 500.2785, C25H44O7NP, 5.5) belongs to LysoPE in which one of the two acyl 

chains is missing. Generally, hemolysis is regarded as a possible reason for this acyl loss. 

Phosphatidylethanolamines (PE) have been found to be in increased levels in obese women with 

insulin resistance [87]. Also in placebo group BL16 (m/z: 303.2331, C20H32O2, 5.5) which is a C-

20 carbon carboxylic acid with 4 cis double bonds. BL16 is a major lipid component of cell 

membranes and usually one of the two acyl chains of glycerophospholipids structure. It has to be 

noted that the detected testosterone derivatives BL11 (m/z: 367.1586, C19H28O5S, 5.5) and BL20 

(m/z: 369.1739, C19H30O5S, 5.5) were also found as statistical significant metabolites in urine 

placebo samples. 

In contrast to urine, in blood samples metabolic pathways were not revealed. Samples 

hemolysis impeded significantly the identification step and few metabolites were identified 

coming from the capsule or endogenous formed. It is very important that in HT group a common 

metabolite in urine and blood was identified, p-cresol sulfate, which was suggested in the current 

study as a metabolite of high importance, requiring further exploration for its relavance in 

obesity. Moreover, MUFA capsule ingredients revealed as statistical significant, confirming 

previous studies denoting their effect on weight maintenance through modulation of gut 

microbiome [70]. Additionally, a category of compounds, phosphoinisitols, was revealed as 

significant in HT group, which has demonstrated anti-obesity effect in mice [74]. Further studies 

are required for observation of phenols variation in plasma and the combination of the results 

with urine metabolites for discovery of the followed mechanism causing weight/fat loss in 

human. 
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4. Conclusions 

In the current study, different analytical platforms were employed for the investigation of 

human biological fluids after HT supplementation in a double-blinded study. After HT 

quantitative determination, urine and blood samples were analyzed for the investigation of 

human metabolome after daily administration of HT in standard doses. A six-months human 

intervention study was carried out consisted of the administration of HT in different doses and 

placebo capsules in 30 overweight/obese women. Anthropometric measurements were 

determined during the whole period and registration of the corresponding weight and fat loss. 

Participants lost 2-11 Kg depending on the treatment, followed by a total fat loss of 2-9 Kg. This 

the first human study where the designed protocol and administered HT doses, demonstrated 

anti-obesity effect and cause significant weight and fat loss in the group of participants receiving 

the high HT dose. The used capsules (HT and placebo) were characterized in terms of HT 

contained concentration and the description of their composition. 

A highly sensitive and specific UHPLC-Tq-MS methodology was developed for the 

quantification of HT in human urine. Quantification results revealed an association between HT 

consumption and the excreted amount. An average value of 220.02 ng/mL was recorded after 

three-months administration of HT in the high dosage group (15 mg HT per day) and 247.37 

ng/mL after six months administration of HT in low dosage (5 mg HT per day). The resulted 

concentrations revealed that the maximum excretion was in the same levels in both treatments 

with difference in the required period for the corresponding absorption and subsequent excretion. 

A double supplementation period was required for the low dose of HT (5 mg per day) for the 

excretion of the maximum recorded concentration. More specifically, in low dose a linear dose-

response pattern was observed reaching the highest levels in 6 months of administration. In 
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contrast, in high dose which is also correlated with the observed weight/fat loss the highest levels 

are reached in 3 months showing a saturation effect. This is the first study investigating the role 

of HT supplementation and obesity, where an effect of HT saturation was recorder in human 

system.  

Additionally, two different mass spectrometry based metabolomic approaches were 

developed for the investigation of HT biotransformation in human system and the corresponding 

followed biosynthetic pathways. Placebo and HT urine samples revealed two different 

biosynthetic pathways. Placebo group followed the standard dopamine pathway indicating as 

statistical significant features normally occurring components of dopamine pathway. On the 

other hand, study of HT samples exposed that HT supplementation leads to the overexpression of 

standard dopamine metabolites which subsequently form phenol and benzene urine derivatives. 

Specifically, hippuric acid, p-cresol and phenylacetylglutamine accompanied by the 

corresponding conjugated compounds produced through phase I and II metabolism were 

identified as major metabolites of this treatment. These metabolites are reported for the first time 

as final metabolites of HT supplementation, with a possible role in the mechanism of weight/fat 

loss. Also it has to noted that the three of them have been associated with toluene exposure and 

they are characterized by bad reputation in literature. Recent studies as well as the present study 

verify that these metabolites are generally overproduced, after phenol derivatives consumption 

and not only after exposure to organic solvents and the need of further exploration of these 

metabolites in human system and their possible anti-obesity effect was suggested. Plasma 

metabolomics revealed as statistical significant biomarkers capsule ingredients assuring the 

release and circulation of capsule ingredients in human biological fluids. 
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Overall, for the first time a double-blinded, placebo controlled human study was performed 

with administration of an encapsulated HT enriched extract in women for investigation of HT 

anti-obesity effect. For the first time weight/fat loss was recorded after HT supplementation 

which was analogous to the administered dose, indicating HT beneficial effect in overweight 

participants. Moreover, use of different doses and quantitative analysis in urine revealed novel 

data for the existence of HT saturation effect in human system. Metabolome investigation 

revealed the followed biosynthetic pathway and the biomarkers of HT administration in human 

urine. Three of them were correlated for the first time with HT supplementation and were 

suggested as the biomarkers playing key role in the corresponding weight/fat loss. 
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Appendix 

Table A 13: List of urine samples included in analysis for HT quantification via UHPLC-Tq-MS. 

The first column represents the given code to the participant and the second to fourth column the 

corresponding urine collection in the first (t1), third (t3) and sixth (t6) month of the intervention. 

Last column illustrates participant group. 

Participant code t1 t3 t6 Group 

Ur_KA_1   - Pending 

Ur_KA_4    Α 

Ur_KA_7    Α 

Ur_KA_8    Β 

Ur_KA_9    Β 

Ur_KA_10  - - Α 

Ur_KA_11   
 Α 

Ur_KA_14   - Pending 

Ur_KA_15   
 Β 

Ur_KA_18   - Pending 

Ur_KA_21    B 

Ur_KA_22    A 

Ur_KA_24    A 

Ur_KA_27   - Β 

Ur_KA_29   
 A 

Ur_KA_32   - B 

Ur_KA_33   - A 

Ur_KA_35 -  - Pending 

Ur_KA_38   - Pending 

Ur_KA_39   - Pending 

Ur_KA_41   - Pending 

Ur_KA_45   
 Β 

Sum 53 samples 
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Table A 14: List of urine and blood samples included in metabolomics analysis via UPLC-HRMS 

metabolomics. The first column represents the given code to the participant and the second to 

fourth column the corresponding urine and blood collection in the first (t1), third (t3) and sixth 

(t6) month of the intervention. Last column illustrates participant group. 

Patient 

code 

t1 t3 t6 

Group 
Urine Blood Urine Blood Urine Blood 

KA_1    - - - pending 

KA_2       P 

KA_3   - - - - P 

KA_4       Α 

KA_7       Α 

KA_8       Β 

KA_10   -  - - Α 

KA_11       Α 

KA_14     - - pending 

KA_15       Β 

KA_16     - - P 

KA_18     - - pending 

KA_20       P 

KA_21      - B 

KA_22       A 

KA_24       A 

KA_27     -  Β 

KA_28       P 

KA_29       A 

KA_30      - P 

KA_31   -    P 

KA_32     -  B 

KA_33     -  A 

KA_35 - -   - - pending 

KA_37       P 

KA_38     - - pending 

KA_39     - - pending 

KA_41     - - pending 

KA_45       Β 

Sum 

Urine 73 samples 

Blood 75 samples 
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Table A 15: Representation of the statistical differences of body weight loss among groups A, B 

and C in the three time points of the intervention study. 

Statistical difference 

among groups 

Body weight loss > 

5% 

Body weight loss > 

10% 

1 month (t1) p=0.037 - 

3 months (t3) p=0.123 p=0.009 

6 months (t6) p=0.020 p=0.010 

 

 

 

Figure A 29: Resulted equation of HT calibration curves. Horizontal axis represents the 

concentration of HT in ng/mL and the vertical axis the ratio of the HT vs IS. 
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Figure A 30: (A) Representation of the results of permutation test describing R2 and Q2 

intercepts for all the Y variables (group A, group B, placebo and QC) of the above OPLS urine 

plot. (B) Plot generated by permutation test. 
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Table A 16: Identification parameters of statistical significant urine metabolites. Metabolite code (first column) as well as Δ value in 

ppm, RT and the corresponding MS/MS fragmentation are given. 

 Suggested molecule 
Experimental 

m/z 

Theoritical 

m/z 
Δ( ppm) 

Elemental 

composition 
RDB RT 

MS/MS (EC, 

RDBeq) 

Ur1 Hippuric acid 178.0512 178.0499 1.087 C9H9O3N 6.5 4.79 
134.0613 

(C8H8ON, 5.5) 

Ur2 Hydroxyhippuric acid 194.0462 194.0448 -1.734 C9H10O4N 6.5 3.38 
150.0564 

(C8H8O2N, 5.5) 

Ur3 Epitestosterone sulfate 367.1587 367.1574 0.4425 C19H28O5S 6.5 9.75 
287.1805 

(C19H27O2, 6.5) 

Ur4 
5a-Dihydrotestosterone 

sulfate 
369.1733 369.1730 -0.7840 C19H30O5S 5.5 10.29 

289.1609 

(C19H29O2, 5.5) 

Ur5 Homovanillic acid 181.0510 181.0495 1.9196 C9H10O4 5.5 4.18 
121.0299 

(C7H5O2, 5.5) 

Ur6 Glutamine 145.0616 145.0619 -1.968 C5H10O3N2 2.5 5.14 
127.0514 

(C5H7O2N2, 3.5) 

Ur7 Homovanillic acid sulfate 261.0079 261.0063 1.7528 C9H10O7S 5.5 4.97 
181.0508 

(C9H9O4, 5.5) 

Ur8 p-cresol sulfate 187.0073 187.0071 1.215 C7H7O4S 4.5 5.96 

107.0505 

(C7H7O, 4.5) 

79.9579 

(SO3, 0) 

Ur9 1,3-Dimethyluric acid 195.0528 195.0513 2.033 C7H8O3N 6.5 4.07 
180.0290 

(C6H4O3N4, 7.0) 

Ur10 Homovanillic aldehyde sulfate 245.0128 245.0114 1.420 C9H10O6S 5.5 5.43 
165.0558 

(C9H9O3, 5.5) 
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Ur11 Unknown 229.0544 229.0540 1.5899 C10H13O4S 4.5 8.94 

149.0977 

(C10H13O, 4.5) 

79.9582 

(SO3, 0) 

Ur12 Cortolone-3-glucuronide 541.2265 541.2643 0.157 C27H42O11 7.5 7.59 

523.2517 

(C27H39O10, 8.5) 

335.2208 

(C20H31O4, 5.5) 

Ur13 Tyrosol-4-sulfate 217.0179 217.0165 0.327 C8H10O5S 4.5 7.05 
137.0611 

(C8H9O2, 4.5) 

Ur14 Citric acid 191.0198 191.0186 2.168 C6H8O7 3.5 0.75 
173.0090 

(C6H5O6, 4.5) 

Ur15 Methoxycatehol sulphate 203.0018 203.0009 0.384 C7H8O5S 4.5 5.55 
123.0452 

(C7H7O2, 4.5) 

Ur16 Hippuric acid sulfate 274.0029 274.0016 0.819 C9H9O7NS 6.5 2.59 

230.0125 

(C8H8O5S, 5.5) 

194.0457 

(C9H8O4N, 6.5) 

150.0562 

(C8H8O2N, 5.5) 

Ur17 Pyroglutamic acid 128.0356 128.0342 2.528 C5H7O3N 3.5 22.14 - 

Ur18 Aconitic acid 173.0097 173.0081 2.5237 C6H6O6 4.5 1.10 - 

Ur19 Lauryl sulfate 265.1479 265.1468 0.575 C12H26O4S 0.5 14.80 
96.9606 (HSO4, 

0.5) 

Ur20 Phenylacetylglutamine 263.1040 263.1026 0.848 C13H16O4N2 7.5 5.14 
145.0624 

(C5H9O3N2, 2.5) 

Ur21 Uric acid 167.0215 167.0200 2.7952 C5H4O3N4 6.5 0.98 - 
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Ur22 
3,4-

Dihydroxyphenylacetaldehyde 
151.0404 151.0390 1.937 C8H8O3 5.5 6.42 

107.0505 

(C7H7O, 4.5) 

93.0350 

(C6H5O, 4.5) 

Ur23 Unknown 245.0478 245.0478 -1.037 C10H14O5S 4.5 6.89 
165.0914 

(C10H13O2, 4.5) 

Ur24 HT MS2 123.0451 123.0441 -0.073 C7H8O2 4.5 5.34 - 

Ur25 Unknown 227.0387 227.0373 0.347 C10H12O4S 5.5 8.55 

147.0818 

(C10H11O, 5.5) 

79.951 (SO3, 0) 

Ur26 
5-alpha-Dihydrotestosterone 

glucuronide 
465.2490 465.2483 -0.777 C25H38O8 7.5 9.52 

447.2371 

(C25H35O7, 4.5) 

Ur27 Unknown 243.0331 243.0322 -0.137 C10H12O5S 5.5 7.92 

163.0764 

(C10H11O2, 5.5) 

79.9579 (SO3, 

0) 

Ur 28 p-cresol glucuronide 283.0829 283.0832 1.992 C13H16O7 6.5 5.97 
175.0249 

(C6H7O6, 3.5) 

Ur29 HT-acetate-4'-O-sulfate 259.0286 259.0271 0.988 C10H12O6S 5.5 7.38 
179.0715 

(C10H11O3, 5.5) 

Ur30 
Homovanillic alcohol 

glucuronide 
343.1394 343.1387 -0.431 C16H24O8 5.5 8.42 

175.0245 

(C6H7O6, 3.5) 
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Figure A 31: Biosynthesis of p-cresol. TyrB: tyrosine aminotransferase B, FldH: phenyllactate 

dehydrogenase, FldBC: phenyllactate dehydtatase, AcdA: acyl-CoA dehydrogenase, Hpd: 

hydroxyphenylacetate decarboxylase. 
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Table A 17: Identification parameters of statistical significant blood metabolites. Metabolite code (first column) as well as Δ value in 

ppm, RT and the corresponding MS/MS fragmentation are given. 

 Suggested molecule 
Experimenta

l m/z 

Theoritical 

m/z 
Δ( ppm) 

Elemental 

composition 
RDB RT 

MS/MS (EC, 

RDBeq) 

BL1 Oleic acid 281.2485 281.2475 -0.475 C18H34O2 5.5 10.03 
263.2375 

(C18H31O, 3.5) 

BL2 
1-stearoyl-2-arachidonoyl-

sn-glycero-3-phosphoserine 
810.5277 810.5280 -1.711 C44H78O10NP 7.5 11.74 

419.2561 

(C21H40O6P, 2.5) 

BL3 
hydroxy-16,16-

dimethylprostaglandin E2 
395.2435 395.2428 -1.068 C22H36O6 5.5 5.82 

277.1801 

(C17H25O3, 5.5) 

BL4 

1-oleoyl-2-homo-g-

linolenoyl-sn-glycero-3-

phosphoinositol 

885.5472 885.5488 -3.018 C47H83O13P 7.5 11.34 

419.2558 

(C21H40O6P, 2.5) 

283.2638 

(C18H35O2, 1.5) 

BL5 
1-palmitoyl glycol-2-

phosphocholine 
464.3138 464.3136 -1.740 C23H48O6NP 1.5 9.96 

403.2605 

(C21H40O5P, 2.5) 

BL6 Stearic acid 283.2638 283.2632 -1.566 C18H36O2 1.5 10.40 
265.2533 

(C18H30O, 2.5) 

BL7 

1-linoleoyl-2-

docosadienoyl-sn-glycero-3-

phosphoinositol 

913.5814 913.5801 0.359 C49H87O13P 7.5 10.15 
605.3830 

(C31H58O9P, 3.5) 

BL8 
1-(2-methoxy-octadecanyl)-

sn-glycero-3-phosphoserine 
540.3298 540.3296 -1.577 C25H52O9NP 1.5 8.74 

480.3074 

(C23H47O7NP, 1.5) 

BL9 

1-

Stearoylglycerophosphoseri

ne 

524.2988 524.2983 -1.071 C24H48O9NP 2.5 9.45 
437.2661 

(C21H42O7P, 1.5) 

https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%221-(2-methoxy-octadecanyl)-sn-glycero-3-phosphoserine%22%5bCompleteSynonym%5d%20AND%20137323953%5bStandardizedCID%5d
https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%221-(2-methoxy-octadecanyl)-sn-glycero-3-phosphoserine%22%5bCompleteSynonym%5d%20AND%20137323953%5bStandardizedCID%5d
http://www.hmdb.ca/metabolites/HMDB0061698
http://www.hmdb.ca/metabolites/HMDB0061698
http://www.hmdb.ca/metabolites/HMDB0061698
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BL10 
1-Arachidonyl-sn-glycero-

3-phosphoethanolamine 
500.2785 500.2772 0.475 C25H44O7NP 5.5 7.97 

303.2322 

(C20H31O2, 5.5) 

BL11 Epitestosterone sulfate 367.1586 367.1574 0.333 C19H28O5S 6.5 4.71 
287.1807 

(C19H27O2, 6.5) 

BL12 
1-arachidonoyl-sn-glycero-

3-phosphoserine 
544.2685 544.2670 0.787 C26H44O9NP 6.5 7.63 

457.2351 

(C23H38O7P, 5.5) 

BL13 Palmitic acid 255.2329 255.2319 -0.288 C16H32O2 1.5 10.09 
237.2221 

(C16H29O, 2.5) 

BL14 
1,2-

Dioleoylphosphatidylserine 
786.5282 786.5280 -1.077 C42H78O10NP 5.5 11.95 

699.4952 

(C39H72O8P, 4.5) 

BL15 p-cresol sulfate 187.0072 187.0060 0.520 C7H8O4S 4.5 2.70 

107.0506 (C7H7O, 

4.5) 79.9579 (SO3, 

0) 

BL16 Arachidonic acid 303.2331 303.2319 0.417 C20H32O2 5.5 7.97 
259.2426 (C19H31, 

4.5) 

BL17 Lauryl sulfate 265.1479 265.1468 0.025 C12H26O4S 0.5 6.43 96.9606 (SO3, 0) 

BL18 Palmitoleic acid 269.2482 269.2475 -1.462 C17H34O2 1.5 10.19 
251.2368 

(C17H31O, 2.5) 

BL19 Linoleic acid 279.2332 279.2319 1.062 C18H32O2 3.5 7.99 
261.2220 

(C18H29O, 4.5) 

BL20 
5a-Dihydrotestosterone 

sulfate 
369.1739 369.1730 -0.672 C19H30O5S 5.5 5.07 

289.1611 

(C19H29O2, 5.5) 

BL21 
1-Oleoyl-lysophosphatidic 

acid 
435.2519 435.2506 0.452 C21H41O7P 2.5 8.33 

152.9958 

(C3H6O5P, 1.5) 
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BL22 Unknown 229.0540 229.0529 0.118 C10H14O4S 4.5 4.52 
149.0975 

(C10H13O, 4.5) 

BL23 
Glycochenodeoxycholic 

acid (bile acid) 
448.3067 448.3057 -0.305 C26H42O5N 6.5 6.11 

287.1344 

(C10H23O9, 0.5) 
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General conclusions  

Bioactive compounds from natural sources have an unfailing medicinal use for the 

prevention and treatment of human diseases. Industry exploiting health claims for many natural 

products, release dietary supplements in the market independently of the complete or incomplete 

research behind. OO holds two different health claims from EFSA and is characterized by 

plethora of bioactive ingredients with high pharmacological interest. Lately, several dietary 

supplements based on OO ingredients have been released in the market despite the insufficient 

research and published data for their efficacy and generally the impact on the human organism. 

In the current study a holistic research was conducted for the investigation of quality control of 

OO, the parameters affecting the content of specific bioactive compounds, their isolation for the 

performance of in vitro and in vivo experiments, the investigation of ADMET properties and 

finally a human intervention study. In the center of the research workflow was the development 

and application of mass spectrometry based methods and the use of different mass spectrometry 

platforms and metabolomic approaches for monitoring OO quality and OO based products, the 

exploration of their positive impact to health and elucidation of biophenols.  

Initially, OO composition and the parameters affecting its quality were investigated. For 

this reason, more than 200 OO samples were attentively collected from the main olive oil 

producing areas of Greece, achieving the maximum representation of different factors known for 

their impact to OO chemical composition. Samples were extracted with IOC established 

methodology and analyzed via Folin-Ciocalteu for TPC determination. Average values for TPC 

were estimated according to geographical origin, production procedure and cultivation practice. 

Crete revealed the highest values for geographical origin, two phases decanters for production 

procedure and organic cultivation for cultivation practice. Subsequently samples were quantified 
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via HPLC-DAD for determination of HT, T, OLEA and OLEO content in OO. Crete showed 

high values for OLEA and OLEO and Peloponnese and Ionian islands for HT and T. It is 

interesting that Ithaca samples showed also high concentrations in OLEA and OLEO. 

Subsequently, two different high resolution mass spectrometry platforms (LC-Orbitrap and Flow 

injection MRMS) were developed for the determination of markers compounds affected by the 

parameters of origin, cultivation practice and production procedure. Totally 72 metabolites were 

identified as biomarkers and specific chemical categories were associated with the studied 

quality parameters such as oleic acid, oleuropein aglycon, elenolic acid, hydroxytyrosol etc. It 

should be highlighted, that the ability to isolate compounds from OO which are not 

commercially available strengthen considerably the identification confidence of marker 

compounds which is a critical drawback in NPs metabolic profiling studies. It has to be also 

noted that for the first time a mass spectrometry methodology without any sample preparation 

step, without the LC dimension analyzing together lipophylic and polar components providing a 

holistic quality control workflow for OO was developed.   

Based on quantification results, an OO rich in OLEO and OLEA as well as in other 

biophenols was forwarded for biophenols isolations. Totally 8 biophenols were isolated from OO 

and tested with typical in vitro assays for cytotoxicity evaluation. Secoiridoids and specifically 

ligstroside aglycon were found more active in comparison to iridoids (elenolic acid and elenolic 

acid ethyl ester) and highly cytotoxic in doses over 1 μΜ. Interestingly, the 8S isomer of 

ligstroside aglycon was found as more potent compared to 8R. OLEO and OLEA as well as three 

TPFs (low, intermediate and high levels in OLEA and OLEO) were tested in vitro to human 

fibroblast cells and revealed their protective effect to oxidation stress. TPFs were also evaluated 

as dietary supplements to a Drosophilla model. Results indicated the long-term protective effect 



General conclusions 

310 

 

in the fly model of aberrant activation of the insulin receptor adding thus further mechanistic 

knowledge on the reported healthy aging-promoting properties of EVOOs and the tested 

biophenols. Consequently, a PK experiment was designed and OLEO was administered to 

standard doses in a mouse model while plasma samples were collected in 10 time points. Due to 

the highly reactive and unstable nature of OLEA, it wasn’t possible to be detected in plasma. 

However, degradation and/or biotransformation products were identified in different time points. 

Therefore, specific time points (relative Tmax) and concentration levels (relative Cmax) for 

OLEO phase I & II metabolites (oleocanthalic acid, tyrosol sulfate etc) were monitored and 

determined for the first time. Additionally, possible biotransformation reactions were described 

for the first time.  

After EFSA health claim publication numerous HT products were released in the market. 

The lack of the appropriate investigation concerning the quality control of the realized products 

and the impact of HT to human metabolic system lead us to the design of a human intervention 

study, aiming the development of a holistic workflow for evaluation of an HT capsule anti-

obesity effect and impact to human metabolome. Initially, HT capsules was analyzed for the 

determination its total ingredients and subsequently the exact quantitation of HT in capsule. The 

design of the study was based on EFSA suggested HT daily supplementation and the total 

absorption of phenols in human system. HT was administered in two different doses (5 and 

15mg/day) to 30 overweigh/ obese women divided in three groups (high, low and placebo). HT 

supplementation showed a positive correlation with total weight and fat loss and participants lost 

from 2-11 Kg according to the received HT amount. It is important to note that the group 

receiving the high HT dose showed a significant weight loss (7-11 kg) as well as fat loss (7-9 

Kg.) after six months of supplementation. Urine and blood samples were collected during 
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intervention (three time points, 1, 3 and 6 months) and HT was quantified in urine samples of 

volunteers using a triple quadrupole mass spectrometer. Additionally, untargeted metabolomic 

approach using high resolution mass spectrometry (Orbitrap analyser) was developed for 

discovery of marker metabolites in each group as well as exploration of HT metabolites and 

pathways analysis. Taking the advantage of the high resolving power of orbitrap analyzer the 

identification of compounds in different time points revealed HT metabolization products in 

blood and urine. Moreover, certain metabolites were identified to be altered in urine and blood 

samples indicating specific pathways activation in the three different groups. In the placebo 

group metabolites indicative of the classical dopamine pathway were identified. In contrast, in 

HT supplementation groups (both high and low dose) it seems that other branches are activated 

leading to the high production of hippuric acid, p-cresol and phenylacetylglutamine accompanied 

by the corresponding conjugated compounds produced through phase I and II metabolism. 

Moreover, a saturation effect was observed between the two HT doses offering useful 

information in respect to proper dose and time of the supplementation scheme.  

Concluding OO one of the most important components of Mediterannean diet is a valuable 

source of active molecules. More research is needed to elucidate its composition and evaluation 

of biological propertied of its constituents in favor of human health 
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