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1. ABSTRACT 

The health promoting attributes associated with following a traditional Mediterranean diet have 

been reviewed extensively. The principal source of dietary fat in the Mediterranean diet is Extra 

virgin olive oil (EVOO) that contribute significantly to the superior health profile observed in 

Mediterranean populations. Between its minors compounds, EVOO contains at least 30 phenolic 

compounds (PCs) and has been classified according to their chemical structure into the following 

main classes: phenolic acids, lignans, flavonoids, phenolic alcohols, secoiridoids (SEC). 

Regarding this last group, these compounds are responsible for the sensory features of EVOO, 

mainly the bitter and pungent mouthfeel. Oleocanthal (OLC) and oleacein (OLEA) appear the 

main compounds responsible for the mouthfeel perceptions, respectively. Moreover, they are the 

most studied and best-known components in terms of health protecting activities. In this sense, 

the potential protective role exerted by SECs from EVOO in cancer, cardiovascular, 

neurodegenerative, aging‐related, and immunoinflammatory diseases has been studied. The data 

obtained so far has clearly shown that SECs has proven biological activity, including antioxidant 

and antimicrobial properties, anti-inflammatory effects, anticancer properties and neuro-

protective effects, among others. 

The phenolic concentration and composition of EVOO together with the degree to which these 

components are absorbed and metabolized are essential in determining the health effects 

associated with such compounds. Several factors have been shown to affect the concentration of 

PCs in EVOO and these include olive fruit cultivar and variety, region of growth, agricultural 

cultivation techniques, maturity at harvest, processing, and storage. In this thesis the study of the 

main factors affecting the PCs concentration is covered. 

Regarding its bioavailability after EVOO dietary intake has been a topic of increasing research in 

recent years. Bioavailability is a complex process involving several different stages that include 

liberation, absorption, distribution, metabolism and elimination phases. For polyphenols, this 

principally involves the following digestive processes: i) release of polyphenols from the food 

matrix; ii) changes in PCs during gastric/small-intestinal digestion; iii) cellular uptake of aglycons 

and some conjugated polyphenols by enterocytes; iv) microbiological fermentation of 

nonabsorbed polyphenols or those re-excreted via bile or the pancreas to yield additional 

metabolites, v) phase I/II enzyme modifications that occur upon uptake in the small intestine 

and/or colon; vi) transport in the bloodstream and subsequent tissue redistribution; and vii) 

excretion via the kidney or re-excretion into the gut via bile and pancreatic juices.  

Since many in vitro, in situ, in vivo and clinical studies, have demonstrated the protective effect 

of SECs, in this thesis we set out to evaluate the intestinal absorption and metabolism of OLC and 

OLEA for a better understanding of the biological effects attributed to these compounds.  
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In addition, a tissue distribution of OLC and OLEA and its metabolites also was study after the 

oral administration of enriched refined olive oil. Target tissues likes as brain, hearth, lungs, among 

other were evaluated to determine the biological concentrations usually achieved when following 

a Mediterranean diet. 
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2. INTRODUCTION 

2.1. Extra virgin olive oil 

Olive oil, a traditional food product with thousands of years of history, is one of the essential 

components of the Mediterranean diet and is highly appreciated and consumed in the world. The 

historical scenario of olive oil begins during the Copper Age (sixth millennium B.C.) when 

humans began to hunt, fish and perform agricultural activities they realized that from a thorny 

bush with small fruits, large grain and a little pulp, a thick-oily-beneficial-tasty liquid could be 

obtained. In the ancient world, olive oil was not only a sacred and precious food, but it was also 

used as medicine and with cosmetic purposes. Hippocrates called it “the great healer” and Homer 

“liquid gold”, Galen praised it for its positive effects on health. The olive tree has long been the 

symbol of peace dating back to 5000 B.C. Olive oil was considered a luxury in ancient Greece ¡. 

Actually, the Mediterranean olive tree (Olea europaea L. subsp. europaea, Oleaceae) is one of 

the earliest fruit trees cultivated in the Mediterranean Basin, to produce both oil and table olives 

and very significant because of its economic value [1,2]. Beside  their economical contribution to 

national economy, it is  an important food in terms of their nutritional value [3]. 

According to International Olive Council (IOC), the virgin olive oils are the oils obtained from 

the fruit of the olive tree (Olea europaea L.) solely by mechanical or other physical means under 

conditions, particularly thermal conditions, that do not lead to alterations in the oil, and which 

have not undergone any treatment other than washing, decantation, centrifugation and filtration 

[4]. In this sense, extra virgin olive oil (EVOO) is defined as virgin olive oil which has a free 

acidity, expressed as oleic acid, of not more than 0.8 grams per 100 grams, and the other 

characteristics of which correspond to those fixed for this category in the IOC standard.  

EVOO is one of the key foods of the Mediterranean diet and is distinguished by its high content 

of nutritional and antioxidant compounds compared to other vegetable oils. Olive oil composition 

is mainly formed by triglycerides and a variety of several compounds in small quantities. Among 

the glyceride fraction, olive oil shows a high content of fatty acids and particularly, an elevated 

proportion of monounsaturated fatty acids (55-83%). In general, the unsaturated acids are up to 

85% of olive oil composition and the saturated fats entail around de 14%. EVOO has a plethora 

of minor components of undeniable significance that remain in the oil due to the lack of chemical 

refining. This minor fraction (2–5%) includes phenolic compounds (PCs), triterpenic compounds, 

tocopherols, sterols, hydrocarbons and pigments (chlorophylls and carotenoids), among others [5–

8]. 
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2.1.1. Phenolic content in olive oil  

2.1.1.1. Chemistry of phenolic compounds 

EVOO contains at least 30 PCs and has been classified according to their chemical structure into 

the following main classes: phenolic acids, lignans, flavonoids, phenolic alcohols, secoiridoids 

(SEC), and hydroxy-isocromans [9,10]. Tyrosol and hydroxytyrosol appear the most relevant 

phenolic alcohols, while that acetoxypinoresinol and pinoresinol are for lignans, and luteolin and 

apigenin for flavonoids. 

The SEC compose the most complex and abundant typical family in the EVOO polar fraction 

reaching more than 70 % of total polyphenols [11,12]. The major SEC in olive drupes are oleuropein 

and ligstroside. These compounds are hydrolyzed through crushing and malaxation process by 

enzymatic reactions catalyzed by endogenous β-glucosidases yielding SEC aglycons (oleuropein 

aglycone and ligstroside aglycone). Additionally, oleacein (OLEA) and oleocanthal (OLC), are 

generated through a decarboxylation step [7,13,14].  

SEC act as the main natural antioxidants of EVOO, mainly OLEA and oleuropein aglycone, 

which show remarkable resistance to oxidation [15]. In addition, this family is the main contributor 

to EVOO’s organoleptic characteristics, particularly OLC and OLEA appear the main compounds 

responsible for the mouthfeel perceptions, bitter and pungent, respectively. Moreover, they are 

the most studied and best-known components in terms of health promoting activities [16,17]. 

 

Figure 1. Molecular structure of secoiridoids, the major constituents of EVOO 

2.1.1.2. Factors affecting phenolic composition in EVOO 

The quality of EVOO is a compromise between multiple factors related to olive cultivar, ripening 

stage and the technological variables used during the oil mill process and storage. The qualitative 

and quantitative composition of polyphenols in EVOO is affected by agronomic and technological 

factors as is showed in the Table 1. During olive ripening, chemical reactions and enzymatic 

activity, such as that of glycosidases, phenol oxidases and phenol polymerases, occur that induce 

variations in the chemical structure and concentration of some PCs [18]. The demand for EVOO is 

increasing due to growing consumer awareness of the health benefits of the Mediterranean diet, 



 2. INTRODUCTION 
 

9 

in which it is the main source of dietary fat. In this sense, consumer preferences point towards 

high quality EVOO with health‐promoting and sensory properties that are associated with a higher 

content of PCs [19]. To meet this demand, several novel and emerging technologies are being under 

study to be applied in EVOO production [19]. 

Table 1 Main factors affecting phenolic composition in EVOO 

Factors Effect  

Agronomic factors  

 
Genotype or 

cultivar 

Cultivars have a genetic predisposition to provide EVOO with a certain 

phenolic composition. 

 Maturity index 

Chemical reactions and changes occur in the enzymatic activity that 

induce variations in the chemical structure and concentration of some PCs 

of the olive fruit like ligstroside and oleuropein. 

 
Climatic 

conditions 

An increase in water availability involves a reduction in the total phenolic 

concentration in fresh olive fruit and in the extracted EVOO. 

Dry summers and autumns seem to increase the phenolic content. 

Olive fruits in shaded areas of the canopy have higher phenolic contents 

than those of fruits in well-illuminated zones. 

Technological factors 

 Crushing 
Release and activation of endogenous enzymes (β-glycosidases and 

oxidoreductases). 

 Malaxation 

Induces the activation of several endogenous fruit enzymes, such as β-

glucosidases and esterases, which hydrolyze precursors of oleuropein and 

ligstroside to produce SEC derivatives 

 Filtration 

The loss of PCs during filtration or natural sedimentation and decantation 

is related to partitioning of phenols between oil and filter aid or sediment 

and can be the cause of olive oil stability reduction.  

 Storage 

An improperly storage of EVOO causes unpleasant odor or taste arising 

due to rancidity process. The SEC derivatives have a more active 

participation in the oxidative processes, due to hydrolytic reactions, the 

simple phenols, such as hydroxytyrosol and tyrosol, usually increase and 

the SEC concentration decreases during storage 

EVOO: extra virgin olive oil; PCs: phenolic compounds; SEC: secoiridoids. References: [20–24] 

2.1.1.3. Health-promoting properties of secoiridoids 

The potential protective role exerted by SEC from EVOO in cancer, cardiovascular, 

neurodegenerative, aging‐related, and immunoinflammatory diseases has been summarized in 

previous works [16,25]. 
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The data obtained so far has clearly shown that OLC has proven biological activity, including 

antioxidant and antimicrobial properties [26,27], anti-inflammatory effects (more potent than 

ibuprofen) [28], anticancer properties (melanoma, breast, liver and colon cancer and leukemia) [29–

31] and neuro-protective effects [32,33]. 

OLEA may offer far more protection against reactive oxygen/nitrogen species-induced injury of 

human biomolecules than oleuropein [34]. OLEA also has anti-cancer effects, including 

antiproliferative and apoptosis-inducing activity in leukemia cells [35] and reduction of viability 

and migration of non‐melanoma skin cancer cells [36]. It offers protection against cardiovascular 

diseases, decreasing the risk of atherosclerosis [37–39], ischemic stroke [40] and hypertension [41]. An 

in vitro study found that OLEA has significant anti-tumor activity by promoting cell cycle arrest 

and apoptosis [42]. Moreover, OLEA has been associated with healthy aging in both in vitro and 

in vivo studies [26]. Anti-inflammatory properties give OLEA a protective role against several 

metabolic abnormalities, including dyslipidemia, insulin resistance 

[36,43]<sup>[36]</sup><sup>[36]</sup><sup>[36]</sup><sup>[36]</sup><sup>[36]</sup>, and 

glucose intolerance. 

2.2. Bioavailability 

In nutrition science, bioavailability is defined as the fraction of an ingested nutrient or compound 

that reaches the systemic circulation and the specific sites where it can exert its biological action. 

Bioavailability depends on proper absorption, release of a dosage form and presystemic 

elimination. The bioavailability of ingested PCs can be influenced by factors such as phenolic 

structure, food processing and matrix, diet, host, genomic profile, enzymatic activity and colonic 

microbiota [44] among others; besides all this factors can interact with each other and influence 

PCs bioavailability, which makes harder to define the exact mechanisms of action of PCs [45]. 

Bioavailability is related to other two concepts bioaccessibility and bioactivity. The assessment 

of bioaccessibility and bioavailability of health associated compounds is important for the 

understanding of the relationship between food and nutrition [46]. Bioavailability is a complex 

process involving several different stages: liberation, absorption, distribution, metabolism and 

elimination phases (LADME).  

2.2.1. Liberation 

Bioaccessibility has been defined as the fraction of a compound which is released from the food 

matrix in the gastrointestinal lumen and thereby made available for intestinal absorption. The 

process begins with mastication in the mouth and then, in the stomach and the rest of the 

gastrointestinal lumen, various digestive fluids containing different enzymes and pH change 

continue to break down the food matrix. The phenolic-matrix interaction determines phenolic 

liberation, however the bioaccessibility is also influenced by the composition of the digested food 
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matrix, the synergisms and antagonisms of the different components and by physicochemical 

properties, such as pH, temperature and texture of the matrix [46]. It is very important to highlight 

that only the compounds that are released from the food matrix or absorbed in the small intestine 

are. potentially bioavailable and bioactive. Nonetheless, it is important to note that the fact that a 

compound is bioaccessible does not always imply it is bioactive [45]. 

In the case of digestion of dietary lipids, the first step in the stomach involves their dispersal into 

finely divided emulsion particles, generating a lipid-water interface [47]. Previous studies have 

demonstrated that PCs are transferred to the aqueous or oily phase, according to their polarity [48]. 

In an in vitro study, it was demonstrated that all the major EVOO PCs (tyrosol, hydroxytyrosol 

and the related secoiridoid structures, OLEA and OLC showed good stability in the gastric 

digestion model. The amphiphilic characteristics of the SEC permit their partition between the 

oily phase and the water phase, and they tended to be more concentrated in the aqueous phase 

because of their polar functional groups [49]. 

2.2.2. Absorption 

Following the ingestion of PCs, some but not all compounds are absorbed into the circulatory 

system via the small intestine [50,51]. Although different factors (physicochemical and 

physiological, and the matrix effect) can affect the rate and extent of absorption, the absorption 

of orally administered chemicals is mainly determined by the permeability of the gastrointestinal 

wall and the solubility/dissolution of the molecule in the gastrointestinal environment [52].  

2.2.1.1. Physiology of the small intestine 

The human gastrointestinal tract is composed of multiple different organs and can be divided into 

the upper and lower gastrointestinal tract. The upper gastrointestinal tract refers to the mouth, 

esophagus, stomach, small intestine, while the colon, rectum, and anus make up the lower 

gastrointestinal tract. The small intestine is a complex tube that can be divided in three different 

parts that are characterized by having different absorption capacities. The first part, the 

duodenum, is 25–30 cm long and the passage of the chemicals through this part is relatively quick, 

resulting in a poor net absorption. The second part is the jejunum and is characterized by a highly 

active peristalsis, favoring absorption. Finally,  the ileum  reveals fewer villi than the jejunum but 

has a similar absorption capability [50].  

The intestinal epithelial membrane is the main physiological barrier, which must be crossed by 

chemicals to enter the bloodstream and be bioavailable [53]. The intestinal epithelium consists of 

multiple cell types that are arranged in a columnar layer. Enterocytes are the absorptive cells that 

facilitate the controlled uptake of a plethora of molecules from the intestinal lumen, including 

water, various ions, nutrients and drugs. Enterocytes constitute the majority of epithelial cells and 

can be easily recognized morphologically by their microvilli that form brush borders on the 
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mucosal side of the enterocyte. PCs move from the intestinal lumen to the cytosol of enterocytes 

through different paths. Inside the enterocyte cytosol, PCs aglycones are either transferred to the 

blood stream via passive diffusion or transformed to conjugated metabolites via phase II 

pathways. Dietary phase II metabolites are either effluxed into the gut lumen or transported to the 

blood stream via apical and basolateral multi-drug/lipid transporters (phase III transporters: 

glycoproteins or multidrug resistance associated proteins) respectively [54].  

The intestinal mucus layer covers the epithelial cell but also acts as a mechanical and physical 

barrier to potential pathogens, drug absorption and performing the role of a niche for the microbial 

cells [50]. Mucus is an aqueous matrix composed of water (95%), lipids, electrolytes and 

glycoproteins, with a thickness and composition that is region-dependent [55]. The human gut 

contains trillions of microbes, predominantly bacteria from hundreds of different species, with 

Bacteroidetes and Firmicutes being the most prevalent phyla, but also archaea, viruses and fungi. 

The microbiome exerts a crucial role in a range of physiological functions (e.g., food digestion, 

synthesis of essential vitamins, contributing to a functioning immune system, regulating intestinal 

functions) and also produces organic compounds which fulfil an important physiological role 

[50,55]. After oral intake, like drugs, PCs can also be modified by intestinal microorganisms in the 

small and large intestine. PCs that are not absorbed in the small intestine reach the colon, so there 

is a substantial structural modification by the colonic microbiota and its microbial metabolites are 

released back into the circulatory system.  

 

Figure 2. Structure of the small intestine 

2.2.1.2. Absorption mechanisms  

The two main mechanisms of drug transport across the gastrointestinal epithelium are 

transcellular (across cells) and paracellular (between cells). The transcellular mechanism is 

further divided into simple passive diffusion, carrier-mediated transport (active transport and 

facilitated diffusion), and endocytosis [51].  

1) Passive Diffusion: is the main route of absorption and is probably most used by low molecular 

weight lipophilic chemicals. This mechanism follows Fick’s law, whereby the absorption rate 

is proportional to the chemical concentration and the surface area. It should be noted that 
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given the different lipid and protein compositions of the apical and basolateral membranes, 

the rate of passage across these two barriers could be different for the same molecule. 

Chemical molecules pass the lipid membrane via passive diffusion from a region of higher 

concentration in the lumen to a region of lower concentration in the blood. The blood flow 

contributes to maintaining the lower concentration. 

2) Carrier-mediated transport: In the case of hydrophilic molecules, numerous specialized 

carrier-mediated transport systems, present especially in the intestine, may be used for their 

absorption. Normally, these carriers are utilized for the absorption of ions and nutrients and 

involves specific interaction between the molecule and the transporter or carrier in a saturable 

mechanism. Two types of transport exist: active and passive carrier-mediated transport. 

• Active carrier-mediated transport: is either Na1-or H1-linked with bifunctional carriers. 

This process requires metabolic energy and can work against a concentration gradient 

of the substrate.  

• Passive carrier-mediated transport: does not require metabolic energy and is driven by 

the concentration gradient of substrate. 

There are two super families of transporters involved in the transport of drugs and xenobiotics 

across the membranes: ATP-binding cassette (ABC) pumps and solute-carrier (SLC) superfamily. 

The first ones use energy released by ATP hydrolysis to move substrates across membranes in or 

out of cells or into cellular vesicles, against their electrochemical gradient [56]). Within this family 

is the so-called p-glycoprotein (or MDR1), which is characterised by its affinity for a large 

number of lipid substrates, prevents the incorporation of substrates into the cell, and is widely 

distributed in different organs and tissues of the organism. The SLC superfamily include passive 

transporters, symporters and antiporters, as well as mitochondrial and vesicular transporters. 

3) Endocytosis. This is a constitutive process observed in most mammalian cells for the uptake 

of macromolecules. It requires metabolic energy, and apart from some specialized cell types 

it is generally a slow uptake mechanism, sometimes resulting in a fusion of endocytocytic 

vesicles with lysosomes containing high levels of enzymatic activity. 

2.2.1.3. Approaches used to study intestinal absorption 

Over the recent years, intestinal absorption has been recognized as a critical factor affecting the 

bioavailability of oral drugs and nutrients. For this reason, many in silico, in vitro, in situ and in 

vivo models are developed and extensively used to investigate the transport mechanisms, to 

determine the intestinal permeability and to predict the plasma pharmacokinetic profile of PCs 

[57]. 
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2.2.1.3.1 In situ methods to study the absorption 

Although that the in vivo models are the most clinically relevant to investigate the transport 

mechanisms, intestinal permeability and plasma pharmacokinetic profile of chemicals  include all 

the physiological factors that can affect absorption and bioavailability, the in situ models also 

have many advantages. In this model, seven different methods can be distinguished: closed-loop 

method, thiryvella fistula, intestinal single-pass perfusion (SPIP), intestinal recirculating 

perfusion, intestinal perfusion with venous sampling (IPVS), vascularly perfused intestine-liver 

(IPIL) and Loc-I-Gut [58]. 

IPVS is commonly used to investigate trans-membrane chemical transport. The methodology 

involved perfusion of an isolated intestinal segment with regional mesenteric venous cannulation 

being used to follow the disappearance kinetics of chemical from the intestinal lumen and its 

concurrent appearance in blood [58] as it is showed in the Figure X. IPVS allows to determine the 

intestinal effective permeability to be determined based on the disappearance of the compound 

from the intestinal segment, or its appearance in plasma after a venous sampling procedure [57,59,60], 

the latter being especially suitable for poorly permeating substances. Among the main advantages 

of this technique we find [61]:  

1. Enables relevant mechanistic investigations of drug absorption and anticipates the effects of 

various physiological processes.  

2. Intact intestinal morphology. 

3. Presence of blood flow. 

4. Expression of enzymes and transporter. 

5. Presence of neural and hormonal feed-back mechanisms. 

6. Possibility to control luminal conditions. 

 

Figure 3. Schematic drawing of in situ intestinal perfusion with venous sampling. 
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2.2.1.4. Absorption of olive oil secoiridoids in the small intestine 

Surprisingly, despite the myriad of potential health benefits attributed to EVOO PCs, specifically 

to SEC, there is currently little information available about its intestinal permeability. In fact, only 

three studies have focused on evaluating intestinal absorption. In one of them, oleuropein 

aglycone and OLEA absorption was assured in two small-intestinal models (Caco-2 cells and 

SPIP) [62]. In another study, the transepithelial transport hydroxytyrosol, tyrosol and oleuropein 

was assessed in an in vitro study [63]. Finally, only in one study IPVS technique has been used to 

investigate the intestinal absorption of oleuropein [64]. 

2.2.3. Distribution 

Once absorbed, PCs are widely distributed throughout the organism. In this sense, the key to the 

positive relationship between the EVOO consumption and its beneficial effect is probably not to 

be found in such widely analyzed biological fluids as plasma and urine, but must be sought in 

those tissues in which both PCs and phenolic compound metabolites (PCM) contribute positively 

to the normal cell metabolic process [65]. Studies in animal models help to determine the tissue 

distribution and accumulation of compounds and their metabolites and to identify potential sites 

of action [66]. In the case of hydroxytyrosol, its ability to reach the brain after crossing the blood-

brain barrier demonstrated in vivo that it fulfills this essential requirement to be used as a 

neuroprotective agent [67]. To date, only one study has evaluated the tissue distribution of EVOO 

PCs, including the SEC family. However, in this study information on delivery to target tissues 

of OLC and OLEA was not given [65]. 

The PCs rate of distribution to the various tissues of the body will be influenced by different 

factors as it is showed in the Figure X. Regarding to the formation of PCs-plasma protein 

complexes, in the Article 1 is summarized how structural modifications affect the affinity of the 

main dietary PCs and their metabolites for human serum albumin. The elucidation of the main 

factors involved in their binding, the binding site and the affinity of drugs towards human serum 

albumin and competitive binding with the most widespread dietary PCs is also discussed. 
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Figure 4. Factors affecting rate of distribution of PCs to target tissues. 

2.2.4. Metabolism 

PCs are categorized into xenobiotic compounds because humans do not produce them. Therefore, 

they undergo through biotransformation reactions forming structures called metabolites. 

Biotransformation is the process of converting lipophilic chemicals into hydrophilic chemicals; 

thus, making the readily absorbed compounds into readily excreted compounds [45]. These 

metabolites might have either higher or lower activity or no activity at all, as compared to the 

parent compound. In exceptional cases, some of the metabolites may produce different 

pharmacological activity than the parent compound and might also exhibit toxicity [68]. 

In the process of crossing enterocytes, EVOO PCs are subjected to an important first pass 

metabolism through a classic phase I/II biotransformation as well as by gut microbiota. 

2.2.1.5. Phase I metabolism  

Phase I metabolism broadly involves enzymatic reactions that alter biologic activity, via the 

addition or transformation of a functional molecular group (hydrolysis, oxidation, and reduction). 

For lipophilic compounds (e.g. 1.15 and 1.53 partition coefficient (logP) for OLC and OLEA, 

respectively), these enzymes usually introduces a polar functional group that forms a substrate 

for subsequent metabolic handling [69]. Major phase I enzymes include oxidases (especially 

monooxygenases), reductases, and hydrolases [70]. More detailed information is presented in 

Table 2. 

2.2.1.6. Phase II metabolism  

Phase II metabolism involves the addition of a cofactor to a compound (glucuronidation, 

methylation, sulfation). This typically results in a molecule that is highly water-soluble and 

amenable to excretion within the urinary or biliary tract [69,71]. The enzymes involved in phase II 

usually require specific functional groups on their substrates for conjugation to occur. In this 

sense, the products of phase I metabolism are often good candidates for subsequent phase II 
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reactions [69]. The main metabolic enzymes responsible for conjugation reactions as well as their 

location are also presented in Table 2. 

Table 2. Metabolic enzymes responsible of first pass metabolism of PCs 

Reactions Tipo Enzymes Location 

Phase I    

Oxidation Aldehydes → carboxylic acids. 
CYP450 

Liver, 

gastrointestinal 

tract, lung, and 

kidney, 

ALDH Small intestine 

Reduction  Aldehydes → primary alcohols. AKR 
Stomach, small 

intestine 

Hydrolysis 

Hydrolysis of esters, leaving carboxylic 

acids and alcohols as the hydrolysis 

products. 

CE Stomach 

Phase II    

O-methylation 

Transfer of a methyl moiety from the S-

adenosyl-L-methionine (SAM) cofactor 

to one of the hydroxyl groups present in 

xenobiotics. 

COMT 
Liver, kidney, 

intestine, and brain. 

Glucuronidation 

Transfer of a glucuronyl moiety from the 

ubiquitous co-substrate UDP-glucuronic 

acid to hydrophobic molecules 

possessing one or more electrophilic 

groups. 

UGTs 
Stomach, small 

intestine and liver. 

Sulfation 

Transfer of a sulfate moiety 

from 3’-phosphoadenosine-5’-

phosphosulfate to a hydroxyl group on 

various substrates. 

SULT 
Small intestine, 

liver 

Acetylation 
Transfer of acetyl groups from acetyl-

CoA to hydroxyl group. 
ACET Small intestine 

CYP450: Cytochrome P450 monooxygenase; ALDH: Aldehyde dehydrogenase; AKR: Aldo‐keto 

reductases; CE: Nonlipolytic carboxylic ester hydrolases; COMT: Catechol-O-methyltransferase; UGTs: 

Glucuronosyltransferases: SULT:  Sulfotransferases; ACET: Acetyltransferase enzymes. References: 
[16,68,72–74]. 

Regarding to metabolism of EVOO PCs, numerous studies have been focused to elucidate the 

effect of first pass metabolism. For this purpose, human plasma and/or urine have been analyzed 

after EVOO intake [75–80]. On the other hand, rats also have been used as model to understand the 

biotransformation that suffer the PCs  [81–84]  Although, there are numerous reports on the fate on 

the major phenolic constituents in EVOO, there are still numerous key issues that need to be 

answered and this will require further research. The metabolism of SEC during its absorption and 

distribution is a topic that needs to be studied in depth to try to understand the beneficial effects 

of regular EVOO consumption. 
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2.2.1.7. Microbial metabolites 

PCs that cannot be absorbed in the small intestine or after being secreted in bile after following 

the enterohepatic cycle can be metabolized by gut microbiota. In the gut, the microbiota can 

hydrolyze the glycosides and transform the aglycones into new molecules. The PCs 

transformation, into simpler components, is mediated by different reactions, such as ring fission, 

hydrolysis, demethylation, reduction, decarboxylation, dehydroxylation and isomerization  [85]. 

Regarding to SEC, the microbial metabolism was study by López de las Hazas et al. [81]. In this 

study, rats were used as model to study differences in the absorption and metabolism of 

hydroxytyrosol either in its free form or through its natural occurring esterified precursors: 

oleuropein and its aglycone forms OLEA. 

2.2.7. Excretion 

PCs and PCM (mainly phase II metabolites) and bacterial derivatives are eliminated from the 

consumer through urine and feces (bile). As discussed above, PCs are extensively transformed to 

more water soluble metabolites by the phase II enzymes and the majority of these metabolites 

undergo the first-pass metabolism and transfer to the lower gut for further bacterial metabolism. 

While the phase II transformations minimize the potential harm that may arise from PCs 

consumption, such transformations give them different biological activities, depending on 

whether they were methylated, sulfated or glycosylated.[54] 

Regarding to the excretion of EVOO PCs, numerous studies have been focused in evaluated its 

excretion in human urine after EVOO consumption [75,86–89]. Respect to faeces, microbial 

metabolites were detected in faeces from rats after the diet supplementation (21 days) with 5 

mg/kg weight rat/day of hydroxytyrosol, SEC and oleuropein [81].  

2.3. Identification and quantification of phenolic compounds in biological samples 

Metabolomics is an important component of post-genomic omics science that deals with the 

comprehensive chemical analysis of the entire metabolites, so-called the metabolome, in a 

particular biological system (tissues, cells, fluids, or organisms) for at a specific developmental 

stage or under an induced circumstance (disease, drug treatment, dietary intervention, or 

environmental modulation) [90]. In fact, the identification of the PC and its PCM in biological 

samples produced after foods rich in PC intake, is a first step to understand the overall effect on 

human health [91]. The usual biofluids analyzed in metabolomics are plasma, urine and fecal 

extracts, however cell cultures also offer the possibility of studying food ingredients or bioactive 

compounds (as well as new drugs or xenobiotics) in human biological materials more 

economically [92]. However, the analysis is affected by several factors as is summarized in the 

Table X.  
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Table 3. Challenges and strategies in the analysis of phenolic compounds metabolites 

Problems Strategies 

• Enormous structural variety of PCs (i.e., 

phenolic acids, flavan-3-ols, flavanones, 

flavones, flavonoids, lignans, among 

others). 

• Lack of commercially available standards. 

• Structural variability of PCM. 

• Metabolite degradation due to tedious multi-

step sample preparation workflows. 

• Instability of specific compounds. 

• Low analyte concentration. 

• Frequent sample contamination. 

• Development of sample preparation 

methods that allow the detection of PCs and 

PCM with differentiated physicochemical 

properties. 

• High analytical power provided by high-

resolution mass spectrometry. 

• Collection of specific metabolite 

information, typically through the use of 

low-resolution mass spectrometry. 

PCs: phenolic compounds; PCM: phenolic compound metabolites 

Given the above, the Article 2. aims to provide an overview of the state-of-the-art in the analysis 

of PCM with a special emphasis on preanalytical separation of plasma and urine samples and the 

technologies applied in the quantitative and qualitative analysis of PCM. 
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3. HYPOTHESIS AND OBJECTIVES 

3.1. Hypothesis 

The content of PCs in EVOO is affected by the unique characteristics of the olive fruits, by 

agronomic and processing factors. 

Evidence on the health-promoting properties of SEC could suggest that OLC and OLE have high 

bioavailability. 

3.2. Objectives 

To evaluate how the unique conditions of the olive fruits as well as the agronomic and processing 

factors affect the phenolic composition of the EVOO. 

1. To study the natural habitat and unique characteristics of olive fruits and its phenolic 

composition to contribute to maintain the biodiversity of olive oil in the 

Mediterranean basin. 

2. To evaluate the effect of organic and conventional production systems, under the 

same environmental, on the content of PCs in Hojiblanca EVOO. 

3. To optimize the agronomic (ripening stage) and technological variables (crushing 

temperature and size and malaxation temperature and time) to obtain an EVOO with 

a high content of PCs.  

To study the intestinal absorption and metabolism of OLC and OLEA using an IPVS technique 

in rats involving simultaneous sampling from the luminal perfusate and mesenteric blood. 

1. To evaluate the stability of OLC and OLEA in the perfusion solution, at 37°C, during 

IPVS experiment. 

2. To determine the intestinal permeability considering the disappearance of the test 

product in the lumen (Peff) and appearance in the mesenteric circulation (Papp), 

3. To compare the intestinal permeability of OLC and OLEA with the highly permeable 

drugs levofloxacin and naproxen, respectively. 

4. To evaluate the intestinal metabolic profile of OLC and OLEA monitored in the 

intestinal lumen and mesenteric blood plasma. 

To evaluate the distribution of OLC and OLEA and its metabolites in multiple tissues and at 

different times post-administration. 

1. To determine the qualitative and quantitative distribution of OLC or OLEA in rat 

tissues after the administration of refined olive oil containing the compounds. 
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2. To study the OLC and OLEA metabolism and its metabolites distribution in organs 

of the digestive system (stomach, small intestine, and liver), excretory tissue 

(kidney), and several target tissues (brain, lungs, heart, spleen, thyroids, and skin). 

 



 

 

 

RESULTS 

  



 

 

 



4. RESULTS 
 

70 

4. RESULTS 

This section presents the results obtained during the doctoral thesis. These results have been 

classified into three sections as it is showed:  

1. Phenolic compounds: towards obtaining an olive oil with higher nutritional value. 

2. Absorption and metabolism of phenolic compounds assessed by intestinal perfusion method. 

3. Evidence of tissue distribution of olive oil phenols in rats.  

All results are explained in seven articles. Five of the manuscripts have been published in indexed 

scientific journals of the first-quartile, one in the second-quartile and the last one is under review 

in a first-quartile journal. 
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4.1. Phenolic compounds: towards obtaining an olive oil with higher nutritional value  

4.1.1. Article 3: Conservation of native wild ivory-white olives from the Medes islands 

natural reserve to maintain virgin olive oil diversity 

Anallely López-Yerena, Antònia Ninot, Julián Lozano-Castellón, Elvira Escribano-Ferrer, 

Agustí J. Romero-Aroca, Angjelina Belaj, Anna Vallverdú-Queralt and Rosa M. Lamuela-

Raventós  

Antioxidants, 9(10), 1009, 2020 

Abstract  

Background: Food diversity, and in particular genetic diversity, is being lost at an alarming rate 

and the protection of natural areas is crucial to safeguard the world’s threatened species. The 

Medes Islands (MI), located in the northwest Mediterranean Sea, are a protected natural reserve. 

Wild olive trees also known as oleasters make up part of the vegetation of the Meda Gran island. 

Among them, in 2012, a wild albino ivory-white olive tree with fruit was identified. 

Scope: Our objective was to explore the natural habitat of the MI for the development of native 

oleaster olive fruit as a resource to maintain olive oil biodiversity in the Mediterranean Basin. The 

quality of this oil was extensively analyzed using sensory, physicochemical, and stability 

parameters. 

Methods and results: Fruits were collected from this tree and their seeds were first sown in a 

greenhouse and then planted in an orchard in order to preserve the natural habitat. Seven out of 

the 78 seedling trees obtained (12%) produced ivory-white fruits. In autumn 2018, fruits from 

these trees were sampled. Although the fruits had low oil content, virgin olive oil with unique 

sensory, physicochemical, and stability characteristics was produced. Respect to the polyphenols 

content, OLEA was the main compound identified (373.29 ± 72.02 mg/kg) and the OLC was the 

second most abundant PC (204.84 ± 52.58 mg/kg). Such very high contents of these compounds, 

responsible for the bitter and pungent EVOO test, are really interesting from the health point of 

view, due to its anti-inflammatory activity that can be relevant in many pathologies Regarding 

pigments, samples were characterized by an intense yellow color, with 12.5 ± 4.6 mg/kg of 

chlorophyll and 9.2 ± 3.3 mg/kg of carotenoids. 

Conclusions: This study explored the resources of the natural habitat of the MI as a means of 

enrichment of EVOO diversity and authenticity of this traditional Mediterranean food. 

Physicochemical characterization of these fruits and olive oil revealed unique sensory 

physicochemical and stability characteristics, highlighting the need to maintain the biodiversity 

of olive oil and food authenticity of this traditional Mediterranean food. 
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4.1.2. Article 4: Effects of organic and conventional growing systems on the phenolic 

profile of extra-virgin olive oil 

Anallely López-Yerena, Julián Lozano-Castellón, Alexandra Olmo-Cunillera, Anna Tresserra-

Rimbau, Paola Quifer-Rada, Brígida Jiménez, Maria Pérez and Anna Vallverdú-Queralt 

Molecules, 24(10), 1986, 2019 

Abstract 

Background: EVOO is largely appreciated for its proven nutritional properties. The qualitative 

and quantitative composition of PCs in EVOO is affected by many variables, such as the degree 

of olive ripeness, the technological production process and storage conditions. Previous studies 

demonstrate that the organic fruits have higher phenolic content than conventional ones and that 

the organic foods are perceived as healthier by consumers.  

Scope: The objective of our study was to compare the content of PCs (secoiridoids, flavones, 

phenolic alcohols, phenolic acids and lignans) in 'Hojiblanca' EVOO produced by organic and 

conventional production systems under the same environmental conditions. Moreover, we applied 

a quantitative 1H nuclear magnetic resonance (qNMR) method to corroborate the concentration 

of OLC in our EVOOs obtained by LC-MS. 

Methods and results: The quantification and identification of individual PCs was carried out by 

liquid chromatography coupled to mass spectrometry in tandem mode (LC-MS/MS). 

Significantly higher levels (p < 0.05) of PCs were found in organic EVOOs. The major PCs in 

EVOO were SEC, whereas lignans, phenolic acids and flavones were present in low 

concentrations. The SEC represented 91–92% of the PCs, with higher levels in the organic than 

conventional EVOO (420.72 ± 59.42 and 306.48 ± 48.09 mg/kg, respectively). The methodology 

used was able to detect previously unreported differences in bioactive components between 

organic and conventional EVOOs. 

Conclusion: The total polyphenols in EVOO made from 'Hojiblanca' olives were analyzed, 

comparing organic and conventional growing systems under the same environmental conditions, 

and levels were significantly higher in organic samples (p < 0.05). The concentration of SEC, 

which are synthesized through the secologanin pathway without the need for nitrogen or 

phosphorus, was higher in oils from olives cultivated under organic conditions. Among them, 

OLC- the less studied compound to date- was satisfactorily analyzed by LC-MS/MS, as 

demonstrated by results obtained by qNMR. 
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4.1.3. Article 5: Influence of the ripening stage and extraction conditions on the phenolic 

fingerprint of 'Corbella' extra-virgin olive oil  

Anallely López-Yerena, Antonia Ninot, Núria Jiménez-Ruiz, Julián Lozano-

Castellón, Maria Pérez, Elvira Escribano-Ferrer, Agustí Romero-Aroca, Rosa M. Lamuela-

Raventós, Anna Vallverdú-Queralt  

Antioxidants, 10(6), 877, 2021 

Abstract  

Background: The ancient 'Corbella' olive variety, native to Bages in the center-north of Catalonia, 

is being recovered to obtain quality EVOO with unique organoleptic properties. EVOO produced 

exclusively with ‘Corbella’ olives has a powerful, fruity, and balanced taste. In recent years, 

centenary ‘Corbella’ olive trees have been recovered to promote the cultivation of this 

autochthonous variety and offer the market ecological products with added value. 

Scope: The aim of this work was to determine the effect of agronomic and technical factors on 

the phenolic fingerprint of EVOO and to establish the optimum harvesting time and crushing and 

malaxation conditions for 'Corbella' olives.   

Methods and results: Three different ripening indices (0.3, 1.2, and 3.2) and three crushing 

temperatures (10, 18, and 25 °C) were studied. Additionally, a factorial design to optimize the 

phenolic concentration of the EVOO was developed, applying a range of sieve diameters (4 and 

6 mm), and malaxation time (30 and 60 min) and temperature (27, 32, and 37 °C). The phenolic 

profile was analyzed by ultra-high performance liquid chromatography coupled to mass 

spectrometry in a tandem detector (LC-MS/MS). The level of secoiridoids, the major PCs in the 

oil, was higher when using olives harvested earlier. Oleuropein aglycone and ligstroside aglycone 

were degraded during crushing at high temperatures, resulting in the formation of OLEA and 

OLC. The best processing conditions in terms of total phenolic content were found to be 30 min 

of malaxation at 37 °C, the crushing size not having any affect.  

Conclusions: A negative correlation was found between the total phenols and higher crushing 

temperatures, although individual PCs such as OLC and OLEA increased. In summary, to obtain 

a ‘Corbella’ EVOO rich in PCs, an early harvest and low crushing temperature should be 

employed. On the contrary, if a higher concentration of specific phenols such as OLC or OLEA is 

desired a moderate crushing temperature should be used. Regarding malaxation conditions, the 

results suggest that a higher temperature (37 °C) increased the total phenol content and the 

concentration of the most relevant phenols. A short malaxation time (30 min) enhanced the total 

phenols and oleuropein and ligstroside aglycone, whereas a longer process (60 min) increased 

OLC concentration. Finally, a clear trend was not observed with respect to crushing size.  
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4.2. Absorption and metabolism of phenolic compounds assessed by intestinal 

perfusion method  

4.2.1. Article 6: Absorption and intestinal metabolic profile of oleocanthal in rats  

Anallely López-Yerena, Anna Vallverdú-Queralt, Raf Mols, Patrick Augustijns, Rosa M. 

Lamuela-Raventós and Elvira Escribano-Ferrer  

Pharmaceutics, 12(2), 134, 2020 

Abstract  

Background: OLC has emerged as a potential therapeutic agent against a variety of diseases due 

to its anti-inflammatory activity. However, most research has been focused on its health 

properties and the agronomic and processing factors that promote its presence in EVOO. 

However, its bioavailability information would help determine the mechanisms behind its 

biological activities; however, none has been reported to date. 

Scope: The objectives of the present work are to study the intestinal absorption and metabolism 

of OLC using an in situ perfusion technique in rats involving simultaneous sampling from the 

luminal perfusate and mesenteric blood. As a reference, the highly permeable drug levofloxacin 

was included in the study. In addition, an intestinal metabolic profile of OLC was determined.  

Methods and results: To identify the OLC metabolites in plasma and perfusion samples, we 

initially used LC–ESI–LTQ-Orbitrap-MS in FTMS mode, followed by a data dependent scan. 

The quantification of OLC and its metabolites was performed by ultra-high-performance liquid 

chromatography/electrospray ionization tandem mass spectrometry (UHPLC–ESI– MS/MS). 

OLC was mostly metabolized by phase I metabolism, undergoing hydration, hydrogenation and 

hydroxylation. Phase II reactions (glucuronidation of hydrogenated OLC and hydrated 

metabolites) were observed in plasma samples. OLC was poorly absorbed in the intestine, as 

indicated by the low effective permeability coefficient (2.23 ± 3.16 × 10−5 cm/s) and apparent 

permeability coefficient (4.12 ± 2.33 × 10−6 cm/s) obtained relative to the values of the highly 

permeable reference compound levofloxacin. The extent of OLC absorption reflected by the area 

under the mesenteric blood-time curve normalized by the inlet concentration was also lower than 

that of levofloxacin (AUC 0.25 ± 0.04 vs. 0.64 ± 0.03, respectively).     

Conclusions: OLC is a PC with an incomplete oral bioavailability due to its relatively low 

absorption (16%) and high intestinal metabolism. Its poor absorption was indicated by a low 

effective permeability coefficient, apparent permeability coefficient and area under 

the mesenteric blood–time curve normalized by the inlet concentration in comparison with the 

reference standard compound levofloxacin.  
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4.2.2. Article 7: Oleacein intestinal permeation and metabolism in rats using an in-situ 

perfusion technique   

Anallely López-Yerena, Maria Pérez, Anna Vallverdú-Queralt, Eleftherios Miliarakis, Rosa M. 

Lamuela-Raventós and Elvira Escribano-Ferrer  

Pharmaceutics, 13(5), 719, 2021 

Abstract  

Background:  OLEA is one of the most important EVOO PCs in terms of concentration and 

health-promoting properties, yet there are insufficient data on its absorption and metabolism. 

Several non-human models have been developed to assess the intestinal permeability of drugs, 

among them, SPIP, which is commonly used to investigate the trans-membrane transport of 

drugs in situ.   

Scope: In this study, the SPIP model was used to monitor the intestinal permeability and 

metabolism of OLEA. For this purpose, the intestinal lumen and mesenteric blood plasma were 

used.  

Methods and results: Samples of intestinal fluid and mesenteric blood were taken at different 

times and the ileum segment was excised at the end of the experiment for analysis by LC-ESI-

LTQ-Orbitrap-MS. OLEA was mostly metabolized by phase I reactions, undergoing hydrolysis 

and oxidation, and metabolite levels were much higher in the plasma than in the lumen. The large 

number of metabolites identified, and their relatively high abundance indicates an important 

intestinal first-pass effect during absorption. According to the results, OLEA is well absorbed in 

the intestine, with an intestinal permeability similar to that of the highly permeable model 

compound naproxen. No significant differences were found in the percentage of absorbed OLEA 

and naproxen (48.98 ± 12.27% and 43.96 ± 7.58%, respectively).  

Conclusions: This is the first in situ study to simultaneously assess the absorption and intestinal 

metabolism of OLEA in rats. The range and abundance of metabolites found in the perfusate and 

plasma suggest that the oral bioavailability of OLEA in rats is incomplete. The results indicate 

that the small intestine plays an important role in the bioavailability of OLEA, considering its 

high intestinal permeability and the metabolic reactions that contribute to its elimination. The 

metabolites arising from hydrolysis and hydroxylation were the main circulating metabolites of 

OLEA detected in plasma and the lumen. The higher metabolite levels in plasma suggests that the 

intestinal metabolism of OLEA occurs mainly during the transport of the compound across the 

intestinal membrane.  
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4.3.1. Article 8: Tissue distribution of oleocanthal and its metabolites after oral ingestion 

in rats  

Anallely López-Yerena, Anna Vallverdú-Queralt, Olga Jáuregui, Xavier Garcia-Sala, Rosa 

M. Lamuela-Raventós, Elvira Escribano-Ferrer  

Antioxidants, 10(5), 688, 2021 

Abstract  

Background: Claims for the potential health benefits of OLC, are based mainly on in vitro studies. 

It is important to mention that most of these studies do not take into account the matrix, the 

biological concentrations usually achieved when following a Mediterranean diet, metabolic 

transformations or the contemporary presence of more than one metabolite. In addition, little is 

known about the tissue availability of OLC, which is rapidly metabolized after ingestion.   

Scope: The current work is therefore an attempt to improve our understanding of the health effects 

of OLC through a tissue distribution of OLC and its metabolites study in rats after the oral 

administration of OLC-enriched refined olive oil (ROO).  

Methods and results: In this study, the distribution of OLC and its metabolites in rat plasma and 

tissues (stomach, intestine, liver, kidney, spleen, lungs, heart, brain, thyroid and skin) at 1, 2 and 

4.5 h after the acute intake of a refined olive oil containing 0.3 mg/mL of OLC was examined by 

LC-ESI-LTQ-Orbitrap-MS. OLC was only detected in the stomach and intestine samples. 

Moreover, at 2 and 4.5 h, the concentration in the stomach decreased by 36% and 74%, 

respectively, and in the intestine by 16% and 33%, respectively. Ten OLC metabolites arising 

from phase I and phase II reactions were identified. The metabolites were widely distributed in 

rat tissues, and the most important metabolizing organs were the small intestine and liver.   

Conclusions: The results demonstrate that under gastric conditions, OLC was hydrolyzed 

to tyrosol, whereas the non-hydrolyzed OLC underwent different phase I biotransformations in 

the stomach and small intestine. Once absorbed, the phase I metabolites were widely distributed 

throughout the organism or underwent further metabolic reactions. Although OLC was not 

detected in the tissues, its metabolites were found in the lungs, heart, brain, thyroids, spleen and 

skin in significant concentrations to potentially exert beneficial effects. The main circulating 

metabolites arising from phase II reactions were OLC + OH + CH3 and OLC + H2O + 

glucuronidation, suggesting that these metabolites are likely to significantly contribute to the 

beneficial health effects associated with the regular consumption of olive products. However, 

more studies are necessary to determine the concentrations and composition of OLC metabolites 

in human plasma and tissues, as well as pharmacodynamic studies that relate 

concentrations vs. effects.  
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4.3.1. Article 9: LC-ESI-LTQ-Orbitrap-MS for profiling the distribution of oleacein and 

its metabolites in rat tissues 

Anallely López-Yerena, Anna Vallverdú-Queralt, Rosa M. Lamuela-Raventós, Elvira 

Escribano-Ferrer  

Send to Antioxidants journal  

Background: OLEA, also termed 3,4-DHPEA-EDA, plays a significant role in the organoleptic 

qualities of EVOO, and its antioxidant properties improve the oil shelf life. In addition, OLEA is 

also reported to have biological and pharmacological activities with wide-ranging health benefits. 

Scope: The purpose of this work was to study the distribution of OLEA and its metabolites in rat 

plasma and different tissues, namely brain, heart, kidney, liver, lung, small intestine, spleen, 

stomach, skin, and thyroid, after the acute intake of a refined olive oil containing 0.3 mg/mL of 

OLEA. For this purpose, a distribution kinetics study was carried out. The plasma and tissues 

were collected at 1, 2 and 4.5 h after the intervention, and analyzed by LC-ESI-LTQ-Orbitrap-

MS. 

Methods and results: Unmetabolized OLEA was detected in the stomach, small intestine, liver, 

plasma and, most notably, the heart. This finding may be useful for the development of new 

applications of OLEA for cardiovascular disease prevention. Also noteworthy are the high levels 

of hydroxytyrosol (OH-TY) and OLEA + CH3 found in the small intestine, liver, and plasma, and 

the detection of nine OLEA metabolites, five of them arising from conjugation reactions. Liver, 

heart, spleen, and lungs were the target tissues where the metabolites were most distributed. 

However, important to note that OH-TY was not able to reach any target tissue.  

Conclusions: OLEA was found in the small intestine, liver, plasma, and most interestingly, the 

heart. This finding may be useful for the development of new applications of OLEA to prevent 

cardiovascular diseases. The results may also shed light on why OLEA is active in vivo, even if 

its blood concentration is low. Also noteworthy are the high levels of OH-TY and OLEA + CH3 

found in the small intestine, liver, and plasma, and the detection of nine OLEA metabolites, five 

of them arising from conjugation reactions. The liver, heart, spleen, and lungs were the target 

tissues where the metabolites were most detected. These results give a new perspective on the 

metabolism and tissue distribution of OLEA and contribute to understanding the mechanisms 

underlying its effect in human health. In summary, after the oral administration of OLEA, its 

metabolites were more widely distributed in tissues and plasma than the parent compound. 
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5. GLOBAL DISCUSSION 

The beneficial effects of a Mediterranean diet on human health in reducing the risk of 

cardiovascular disease have been attributed mainly to its high content in EVOO. Although oleic 

acid is considered important for these effects, other biological properties depend on or are 

enhanced by other minor components [8] such as PCs. 

Between PCs presents in EVOO, the SECs are a family that have caught the attention of the 

scientific community for their protective role in diseases with an important pathogenic 

contribution of oxidative and peroxidative damage [17,44]. In this group, OLC and OLEA are by 

far the most studied compounds focusing on their plausible mechanisms of the action involved. 

The concentration of PCs in EVOO is affected by a very complex multivariate interaction between 

agronomic, biochemical, and technological factors. With respect to the first factor, the genetic 

origin of the fruits, the geographical area of cultivation, the climate, and agronomic practices are 

determining factors in the composition of the olive fruit [93,94]. Regarding to technological factors, 

the regulation of the main variables (temperature, oxygen, enzymatic activities and the disruption 

level of olive cell tissues), during the mechanical extraction of EVOO, has a impact on parameters 

associated with quality [95,96]. The crushing is a determinant factor in the release and activation of 

endogenous enzymes (β-glycosidases and oxidoreductases) and the malaxation in the modulation 

of the enzymatic activity [20,96–98]. Given the health-promoting properties both OLC and OLEA, 

the scientific community and olive oil industry have focused their efforts in optimizing EVOO 

extraction maintaining the balance between oil yield and oil quality. 

The biological activities of SECs not only depend on the initial concentration of these compounds 

in the oil, but the health benefits of ingesting SEC are greatly dependent on their bioaccessibility 

and bioavailability in the digestive tract and circulatory system. The bioavailability is a 

multifactorial consequence that includes gastrointestinal digestion, absorption, tissue distribution 

and elimination, either by metabolism and/or by excretion. The absorption, distribution and 

elimination of dietary phytochemicals depend on their intestinal permeability and the influence 

of pre-systemic enzymes and/or transporters [99]. 

5.1. Phenolic compounds: towards obtaining olive oil with higher nutritional value 

To date, several studies have shown that the phenolic composition of EVOO depends on a very 

complex multivariate interaction between agronomic, biochemical, and technological factors [93]. 

The Article 3 (Antioxidants, 9 (10), 1009, 2020), summarizes the work carried out, in which one 

of the objectives was the characterization of the phenolic profile in the fruits with unique 

characteristics obtained from ivory-white wild olive trees of MI. The exploration of the natural 

habitat of the MI was to evaluate the native oleaster olive fruit as a resource to maintain olive oil 



    

 

biodiversity in the Mediterranean basin. The mentioned study is part of an ongoing project related 

with the valorization of local cultivated and wild olive genetic resources in Catalonia (norh-

eastern Spain). It is important to note that, like other commercial varieties, SECs were the main 

PCs family detected in the EVOO of this cultivar. The OLEA and OLC concentration represented 

the 56 al 31% of total polyphenols, respectively. High concentration of these compounds was 

expected since they are responsible for the bitter and pungent test. In addition, very high SECs 

contents are interesting from the health point of view, due to its anti-inflammatory activity that 

can be relevant in many pathologies. Physicochemical characterization of these fruits and olive 

oil revealed unique sensory physicochemical and stability characteristics, highlighting the need 

to maintain the biodiversity of olive oil and food authenticity of this traditional Mediterranean 

food. 

The growing system appears another very interesting agronomical factor that affects the PCs. 

Organic agriculture is associated with a natural increase in the amount of defense substances, as 

the plant is exposed to greater stress in the absence of synthetic pesticides. In this sense, the aim 

of the Article 4 (Molecules, 24 (10), 1986, 2019) was to compare the content of PCs in 

'Hojiblanca' EVOO produced by organic and conventional production systems under the same 

environmental conditions. The results demonstrated that total polyphenols content was 

significantly higher in oil obtained from organic agriculture (p < 0.05). The SECs, synthesized 

through the secologanin pathway without the need for nitrogen or phosphorus, represented 91–

92% of the PCs and were higher in oils from olives cultivated under organic conditions. In this 

group, OLC is included, which was satisfactorily analyzed by LC-MS/MS, as demonstrated by 

results obtained by qNMR. In contrast, the concentrations of lignans and phenolic acids were 

higher under the conventional system, as their synthesis is through the phenylpropanoid pathway 

via shikimic acid, which requires nitrogen and phosphorus. The cultivation method appears to 

have no effect on the concentration of the case of phenolic alcohols and flavones. When the effect 

of the ripening stage of the olive fruit was assessed, both the total polyphenols and SECs 

concentrations were found to decrease with maturation in both production systems, whereas the 

flavone content increased. Olive maturation was also associated with a decline in certain 

compounds: lignans in organic EVOO and phenolic acids and phenolic alcohols in conventional 

samples. Additional information taking in account the effect of seasonality is required. It is also 

necessary to corroborate the potentially greater beneficial effects of organic food on human health 

compared to those produced conventionally through randomized, controlled dietary intervention 

trials. However, organic food may be recommended, not only for its health benefits, but also 

because its production has less of an environmental impact. 

As mentioned above, the technological factors also affect the phenolic composition in EVOO. In 

the Article 5 (Antioxidants, 10 (6), 877, 2021), it was evaluated the effect of ripening indices and 



    

 

crushing temperatures on phenolic profile. Malaxation parameters (time and temperature) and 

crushing size content was also evaluated with the aim of obtaining an EVOO with higher PCs 

content. The study was carried out with olives from the ‘Corbella’ cultivar, native to Bages in the 

center-north of Catalonia, an ancient variety that was abandoned and at risk of extinction. The 

total phenol content in the EVOO decreased with fruit maturity. These results are in line with 

those obtained in the previous publication.  

The concentration of some compounds (flavones, hydroxyoleuropein aglycone, hydroxytyrosol 

acetate, and lignans) was favoured by increasing the fruit maturity. A negative correlation was 

found between the total phenols and higher crushing temperatures, although individual PCs such 

as OLC and OLEA increased. In summary, to obtain a ‘Corbella’ EVOO rich in PCs, an early 

harvest and low crushing temperature should be employed and to obtain higher concentration of 

OLC and OLEA a moderate crushing temperature should be used. Regarding malaxation 

conditions, the results suggest that a higher temperature (37 °C) increased the total phenol content 

and the concentration of the most relevant phenols. A short malaxation time (30 min) enhanced 

the total phenols and oleuropein and ligstroside aglycone, whereas a longer process (60 min) 

increased OLC concentration. Finally, a clear trend was not observed with respect to crushing 

size. Based on these results, future research could be focused on studying the correlation between 

the enzymatic activity and ripening index or how the malaxation temperature affects olives 

collected at different times. 

5.2. Absorption and metabolism of phenolic compounds assessed by intestinal perfusion 

method 

EVOO is an interesting source of bioactive compounds that might contribute synergistically or 

complementarily to the health benefits associated to its consumption. Despite the importance of 

understanding the bioavailability of PCs in relation to the concentration and chemical structure of 

circulating bioactive metabolites and their contribution to the health effects of EVOO 

consumption, there is very little information on their absorption and metabolism, aspects that 

condition the bioavailability. For this reason, one of our objectives was to study the intestinal 

absorption and metabolism of OLC (Article 6, Pharmaceutics, 12 (2), 134, 2020) and OLEA 

(Article 7, Pharmaceutics, 13(5), 719, 2021) using an IPVS in rats. As a reference, the highly 

permeable drug levofloxacin (for OLC) and naproxen (for OLEA) was included in the study. In 

addition, an intestinal metabolic profile of SECs was also determined. 

Regarding to OLC, this is the first in vivo study in rats to simultaneously assess its absorption and 

intestinal metabolism, and the results demonstrated that OLC has an incomplete oral 

bioavailability due to its relatively low absorption (16%) and high intestinal metabolism. OLC 

poor absorption was indicated by the low effective permeability coefficient, apparent permeability 



    

 

coefficient and area under the mesenteric blood–time curve normalized by the inlet concentration 

in comparison with the reference standard compound (levofloxacin). OLC was mostly 

metabolized by phase I metabolism, undergoing hydration, hydrogenation and hydroxylation. 

Phase II reactions (glucuronidation of hydrogenated OLC and hydrated metabolites) were 

observed in plasma samples. Given the biological relevance of OLC on human health and its 

demonstrated moderated ability to be transported through the intestinal membrane, the 

development of dietary supplements containing OLC and excipients that favour their immediate 

release and absorption in the gastrointestinal tract should be considered, especially for populations 

with low intake of EVOO.  

Respect to OLEA, the range and abundance of metabolites found in the perfusate and plasma 

suggest that its oral bioavailability is incomplete. The results indicate that the small intestine plays 

an important role in the bioavailability of OLEA, considering its high intestinal permeability 

(48.98 ± 12.27%) and the metabolic reactions that contribute to its elimination. The metabolites 

arising from hydrolysis (hydroxytyrosol) and hydroxylation were the main circulating metabolites 

of OLEA detected in plasma and the lumen. The higher metabolite levels in plasma suggests that 

the intestinal metabolism of OLEA occurs mainly during the transport of the compound across 

the intestinal membrane. 

5.3. Evidence of tissue distribution of olive oil phenols in rats 

The distribution and accumulation of PCs of olive oil are still not well understood. However, the 

relationship between the ingestion of EVOO and its beneficial effect could be explained in how 

the parent compounds and its metabolites are distributed in target tissues, beyond just evaluating 

plasma and urine [65,100]. To provide a new perspective for understanding the mechanism through 

EVOO PCs acts in the body, the present work aims to study the distribution of OLC (Article 8, 

Antioxidants, 10(5), 688, 2021) and OLEA (Article 9, Antioxidants under review) and its derived 

metabolites in rat plasma and organs/tissues. The distribution was investigated with LC-ESI-

LTQ-Orbitrap-MS system after the oral administration of OLC or OLEA-enriched refined olive 

oil.  

In the case of OLC, our results demonstrated that under gastric conditions, it was hydrolyzed to 

tyrosol, whereas the non-hydrolyzed OLC underwent different phase I biotransformations in the 

stomach and small intestine. It is important to note that the OLC was not able to reach the systemic 

circulation or target tissues where it could exert a protective effect. This result is consistent with 

the previous absorption study, which showed low intestinal absorption and high pre-systemic 

metabolism. Add to this the passage of OLC through the aggressive stomach pH conditions 

associated with oral administration, it is consistent with OLC not reaching the systemic circulation 

in an unchanged form. However, its metabolites were found in the lungs, heart, brain, thyroids, 



    

 

spleen and skin in significant concentrations to potentially exert beneficial effects. The main 

circulating metabolites arising from phase II reactions were OLC + OH + CH3 and OLC + H2O + 

glucu, suggesting that these metabolites are likely to significantly contribute to the beneficial 

health effects associated with the regular consumption of olive products.  

The information obtained for OLEA demonstrated that at gastric level, this SEC was hydrolyzed 

in stomach, obtaining hydroxytyrosol. Unlike OLC unmetabolized OLEA was detected in 

stomach, small intestine, liver, plasma and heart, and is consistent with the observed higher 

intestinal absorption. The identification of unmetabolized OLEA in heart was noteworthy. To 

date, this form appears to be the only biologically active form, and thus, it provides relevant 

information for optimizing the potential applications of OLEA to prevent certain cardiovascular 

diseases. These results could help us to understand why OLEA is active in vivo, even if its blood 

concentration is low. Also noteworthy are the elevated levels of OH-TY and OLEA + CH3 found 

in the small intestine, liver and plasma. Furthermore, from the nine metabolites detected, five of 

them were due to conjugation reactions. Liver, heart, spleen and lungs were the target tissues 

where the metabolites were more distributed. In summary, the OLEA derived metabolites were 

more widely distributed in tissues and plasma after oral administration those OLEA. 

The results obtained contribute to understand the health effects of OLC and OLEA in the organism  

through its wide distribution to organs and tissues, either of the metabolites (in the case of OLC), 

or of the parent compound and metabolites (in the case of OLEA). However, more studies are 

necessary to determine the concentrations and composition of OLC or OLEA metabolites in 

human plasma and tissues, as well as pharmacodynamic studies that relate concentrations vs. 

effects. 
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6. CONCLUSIONS 

The main conclusions drawn from the stated objectives and the results obtained in the different 

studies that make up this doctoral thesis are set out below. 

6.1. Phenolic compounds: towards obtaining olive oil with higher nutritional value  

1. Physicochemical characterization of ivory-white olive fruits and olive oil revealed unique 

sensory physicochemical and stability characteristics, highlighting the need to maintain 

the biodiversity of olive oil and food authenticity of this traditional Mediterranean food. 

2. The phenolic concentration and specially the content of SECs in EVOO from 'Hojiblanca' 

cultivar is favoured when the fruits are grown in organic systems vs. conventional 

production systems. 

3. Regardless of cultivation system, the concentration of total PCs and SECs were found to 

decrease with maturation in EVOO from 'Hojiblanca' cultivar. 

4. The total phenol content and SECs in the EVOO extracted from ‘Corbella’ olives 

decreased with fruit maturity. 

5. In general, a negative correlation was found between the total phenols content and higher 

crushing temperatures. However, some PCs, in particular OLC and OLEA, increased. In 

summary, to obtain a ‘Corbella’ EVOO rich in PCs, low crushing temperature should be 

employed. On the contrary, if a higher concentration of specific phenols such as OLC or 

OLEA is desired, due to their health properties, a moderate crushing temperature should 

be used. 

6. Higher malaxation temperature (37°C) increased the total phenol content and the 

concentration of the most relevant phenols. A short malaxation time (30 min) enhanced 

the total phenols and oleuropein and ligstroside aglycone, whereas a longer process (60 

min) increased OLC concentration. On the other hand, no clear trend was observed with 

regard to crushing size. 

6.2. Absorption and metabolism of phenolic compounds assessed by intestinal perfusion 

method  

1. A moderate-to-low oral absorption of OLC was observed due to a low effective 

permeability coefficient (Peff), low apparent permeability coefficient (Papp) and low area 

under the mesenteric blood-time curve (AUC) normalized by the inlet concentration in 

comparison with the reference standard compound highly permeable levofloxacin. As 

OLC show favourable physicochemical properties for absorption through the intestinal 

membrane, it is suggested OLC as a substrate of an efflux transporter. More studies are 

needed to confirm this hypothesis. 
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2. A high number of OLC-derived metabolites were detected and quantified in plasma and 

in the intestinal lumen, indicating a high intestinal first-pass effect. Both low permeability 

and high pre-systemic metabolism contribute to its incomplete bioavailability. 

3. OLEA showed high intestinal permeability, as its intestinal permeability coefficient 

(Peff) and apparent permeability coefficient (Papp) were not statistically different from 

the standard compound, naproxen.  

4. Despite its high intestinal permeability, OLEA show incomplete oral bioavailability in 

rats due to the range and abundance of metabolites found in the perfusate and plasma 

samples. 

5. OLC was mostly metabolized by phase I hydration reactions and in the case of OLEA, 

metabolites arising from hydrolysis (tyrosol) and hydroxylation (OLC + OH) were the 

main circulating metabolites detected in plasma and the lumen.  

6.3. Evidence of tissue distribution of olive oil phenols in rats   

1. Under gastric conditions, OLC was hydrolyzed to tyrosol and OLEA to hydroxytyrosol.  

2. OLC did not reach the systemic circulation and was only detected in stomach and small 

intestine. This information confirms its moderate-to-low bioavailability attributed to its 

low absorption and high metabolism.  

3. Although OLC was not detected in the tissues, its metabolites were found in the lungs, 

heart, brain, thyroids, spleen and skin in significant concentrations to potentially exert 

beneficial effects. The main circulating metabolites arising from phase II reactions were 

OLC + OH + CH3 and OLC + H2O + glucu, suggesting that these metabolites are likely 

to significantly contribute to the beneficial health effects associated with the regular 

consumption of olive products. 

4. OLEA was detected in the small intestine, liver, plasma, and most interestingly, the heart. 

This finding may be useful for the development of new applications of OLEA to prevent 

cardiovascular diseases. The results may also shed light on why OLEA is active in vivo, 

even if its blood concentration is low. 

5. The liver, heart, spleen, and lungs were the target tissues for OLEA metabolites because 

were the organs with the highest levels. 

6. Despite OLEA was detected in different organs after the oral administration, its 

metabolites were more widely distributed in tissues and plasma than the parent 

compound. 



 

 
 
 

REFERENCES 

  



 

 
 
 

 



7. REFERENCES 
  

188 

7. REFERENCES 

[1] I. Julca, M. Marcet-Houben, F. Cruz, J. Gómez-Garrido, B. S. Gaut, C. M. Díez, I. G. 

Gut, T. S. Alioto, P. Vargas, T. Gabaldón, BioRxiv. 2020, DOI 10.1007/s40278-013-

5396-4. 

[2] P. S. Green, KEW Bulletin 2002, 57, 91–140. 

[3] V. Uylaşer, G. Yildiz, 2014, 8398, DOI 10.1080/10408398.2011.626874. 

[4] International Olive Council, “Designations and definitions of olive oils,” available at 

https://www.internationaloliveoil.org/olive-world/olive-oil/, n.d. 

[5] R. Estruch, E. Ros, J. S. Salvadó, M. Covas, D. Corella, F. Arós, E. G. Gracia, V. R. 

Gutiérrez, M. Fiol, J. Lapetra, R. M. L. Raventos, L. S. Majem, X. Pintó, J. Basora, M. 

A. Muñoz, J. V Sorlí, J. A. Martínez, M. Fitó, New England Journal of Medicine 2018, 

34, 1–14. 

[6] J. F. García-Gavilán, M. Bulló, S. Canudas, M. A. Martínez-González, R. Estruch, S. 

Giardina, M. Fitó, D. Corella, E. Ros, J. Salas-Salvadó, Clinical Nutrition 2018, 37, 

329.335. 

[7] C. Jimenez-Lopez, M. Carpena, C. Lourenço-Lopes, M. Gallardo-Gomez, J. M. Lorenzo, 

F. J. Barba, M. A. Prieto, J. Simal-Gandara, Foods 2020, 9, 1014. 

[8] E. M. Yubero-Serrano, J. Lopez-Moreno, F. Gomez-Delgado, J. Lopez-Miranda, 

European Journal of Clinical Nutrition 2019, 8–17. 

[9] M. Servili, B. Sordini, S. Esposto, S. Urbani, G. Veneziani, I. Di Maio, R. Selvaggini, A. 

Taticchi, Antioxidants 2013, 3, 1–23. 

[10] A. García, E. Rodríguez-Juan, G. Rodríguez-Gutiérrez, J. J. Rios, J. Fernández-Bolaños, 

Food Chemistry 2016, 197, 554–561. 

[11] A. López-Yerena, J. Lozano-Castellón, A. Olmo-Cunillera, A. Tresserra-Rimbau, P. 

Quifer-Rada, B. Jiménez, M. Pérez, A. Vallverdú-Queralt, Molecules 2019, 24, DOI 

10.3390/molecules24101986_rfseq1. 

[12] A. López-Yerena, A. Ninot, J. Lozano-Castellón, E. Escribano-Ferrer, A. J. Romero-

Aroca, A. Belaj, A. Vallverdú-Queralt, R. M. Lamuela-Raventós, Antioxidants 2020, 9, 

1–13. 

[13] R. Celano, A. L. Piccinelli, A. Pugliese, S. Carabetta, R. Di Sanzo, L. Rastrelli, M. 

Russo, Journal of Agricultural and Food Chemistry 2018, 66, 6053–6063. 

[14] J. Lozano-Castellón, A. López-Yerena, A. Olmo-Cunillera, O. Jáuregui, M. Pérez, R. M. 

Lamuela-Raventós, A. Vallverdú-Queralt, Antioxidants 2021, 10, 1–13. 

[15] M. Baldioli, M. Servili, G. Perretti, G. F. Montedoro, Journal of the American Oil 

Chemists’ Society 1996, 73, 1589–1593. 

[16] J. Lozano-Castellón, A. López-Yerena, J. F. Rinaldi de Alvarenga, J. Romero del 

Castillo-Alba, A. Vallverdú-Queralt, E. Escribano-Ferrer, R. M. Lamuela-Raventós, 

Critical Reviews in Food Science and Nutrition 2019, 60, 2532–2548. 

[17] M. L. Castejón, T. Montoya, C. Alarcón-de-la-lastra, M. Sánchez-hidalgo, Antioxidants 

2020, 9, DOI 10.3390/antiox9020149. 

[18] B. Jiménez, A. Sánchez-Ortiz, A. Rivas, International Journal of Food Science and 

Technology 2014, 49, 2521–2527. 



7. REFERENCES 
  

189 

[19] M. Pérez, A. López‐yerena, J. Lozano‐castellón, A. Olmo‐cunillera, R. M. Lamuela‐

raventós, O. Martin‐belloso, A. Vallverdú‐queralt, Antioxidants 2021, 10, 1–19. 

[20] M. L. Clodoveo, Trends in Food Science and Technology 2012, 25, 13–23. 

[21] P. Diamantakos, T. Giannara, M. Skarkou, E. Melliou, P. Magiatis, Molecules 2020, 25, 

DOI 10.3390/MOLECULES25102449. 

[22] H. Miho, J. Moral, D. Barranco, C. A. Ledesma-Escobar, F. Priego-Capote, C. M. Díez, 

Food Chemistry 2021, 342, 128357. 

[23] H. Miho, C. M. Díez, A. Mena-Bravo, V. Sánchez de Medina, J. Moral, E. Melliou, P. 

Magiatis, L. Rallo, D. Barranco, F. Priego-Capote, Food Chemistry 2018, 266, 192–199. 

[24] K. B. Bubola, M. Lukić, I. Mofardin, A. Butumović, O. Koprivnjak, LWT 2017, 84, 

370–377. 

[25] M. L. Castejón, T. Montoya, C. Alarcón, D. Lastra, 2020, DOI 10.3390/antiox9020149. 

[26] T. Nikou, V. Liaki, P. Stathopoulos, A. D. Sklirou, E. N. Tsakiri, T. Jakschitz, G. Bonn, 

I. P. Trougakos, M. Halabalaki, L. A. Skaltsounis, Food and Chemical Toxicology 2019, 

125, 403–412. 

[27] S. Cicerale, L. Lucas, R. Keast, Current Opinion in Biotechnology 2012, 23, 129–135. 

[28] G. K. Beauchamp, R. S. J. Keast, D. Morel, J. Lin, J. Pika, Q. Han, C.-H. Lee, A. B. 

Smith, P. A. S. Breslin, Nature 2005, 437, 45–46. 

[29] O. LeGendre, P. A. Breslin, D. A. Foster, Molecular & Cellular Oncology 2015, 2, 

e1006077. 

[30] M. A. Khanfar, S. K. Bardaweel, M. R. Akl, K. A. El Sayed, Phytotherapy Research 

2015, 29, 1776–1782. 

[31] A. B. Siddique, H. Y. Ebrahim, M. R. Akl, N. M. Ayoub, A. A. Goda, M. M. 

Mohyeldin, S. K. Nagumalli, W. M. Hananeh, Y.-Y. Liu, S. A. Meyer, Nutrients 2019, 

11, 412. 

[32] H. Qosa, Y. S. Batarseh, M. M. Mohyeldin, K. A. El Sayed, J. N. Keller, A. Kaddoumi, 

ACS Chemical Neuroscience 2015, 6, 1849–1859. 

[33] M. C. Monti, L. Margarucci, R. Riccio, A. Casapullo, Journal of Natural Products 2012, 

75, 1584–1588. 

[34] M. Czerwińska, A. K. Kiss, M. Naruszewicz, Food Chemistry 2012, 131, 940–947. 

[35] M. Servili, S. Esposto, R. Fabiani, S. Urbani, A. Taticchi, F. Mariucci, R. Selvaggini, G. 

F. Montedoro, Inflammopharmacology 2009, 17, 76–84. 

[36] S. Carpi, E. Scoditti, M. Massaro, B. Polini, C. Manera, M. Digiacomo, J. E. Salsano, G. 

Poli, T. Tuccinardi, S. Doccini, F. M. Santorelli, M. A. Carluccio, M. Macchia, M. 

Wabitsch, R. De Caterina, P. Nieri, Nutrients 2019, 11, DOI 10.3390/nu11122855. 

[37] M. Naruszewicz, M. Czerwinska, A. Kiss, Current Pharmaceutical Design 2014, 21, 

1205–1212. 

[38] A. Filipek, M. E. Czerwińska, A. K. Kiss, M. Wrzosek, M. Naruszewicz, Phytomedicine 

2015, 22, 1255–1261. 

[39] M. Naruszewicz, M. E. Czerwiska, A. K. Kiss, Current Pharmaceutical Design 2015, 

21, 1–8. 

[40] A. Filipek, M. E. Czerwińska, A. K. Kiss, J. A. Polański, M. Naruszewicz, 



7. REFERENCES 
  

190 

Phytomedicine 2017, 32, 68–73. 

[41] K. Hansen, A. Adsersen, S. B. Christensen, S. R. Jensen, U. Nyman, U. W. Smitt, 

Phytomedicine 1996, 2, 319–325. 

[42] L. Marconato, A. Facchinetti, C. Zanardello, E. Rossi, R. Vidotto, K. Capello, E. 

Melchiotti, P. Laganga, R. Zamarchi, M. Vascellari, Cancers 2019, 11, 163. 

[43] S. M. Lepore, V. Maggisano, S. Bulotta, C. Mignogna, B. Arcidiacono, A. Procopio, A. 

Brunetti, D. Russo, M. Celano, Nutrients 2019, 11, 8–10. 

[44] J. Lozano-Castellón, A. López-Yerena, J. F. Rinaldi de Alvarenga, J. R. Castillo-Alba, 

A. Vallverdú-Queralt, E. Escribano-Ferrer, R. M. Lamuela-Raventós, Critical Reviews in 

Food Science and Nutrition 2019, 0, 1–17. 

[45] E. P. Gutiérrez-Grijalva, D. L. Ambriz-Pérez, N. Leyva-López, R. I. Castillo-López, J. 

B. Heredia, Revista Espanola de Nutricion Humana y Dietetica 2016, 20, 140–147. 

[46] M. J. Rein, M. Renouf, C. Cruz-hernandez, L. Actis-goretta, S. K. Thakkar, S. Pinto, 

British Journal of Clinical Pharmacology 2012, 75, 588–602. 

[47] H. Singh, A. Ye, D. Horne, Progress in Lipid Research 2009, 48, 92–100. 

[48] A. Quintero-Flórez, G. Pereira-Caro, C. Sánchez-Quezada, J. M. Moreno-Rojas, J. J. 

Gaforio, A. Jimenez, G. Beltrán, European Journal of Nutrition 2017, 1475, 1–22. 

[49] A. Soler, M. P. Romero, A. Macià, S. Saha, C. S. M. Furniss, P. A. Kroon, M. J. 

Motilva, Food Chemistry 2010, 119, 703–714. 

[50] P. A. Billat, E. Roger, S. Faure, F. Lagarce, Drug Discovery Today 2017, 22, 761–775. 

[51] L. Zhu, L. Lu, S. Wang, J. Wu, J. Shi, T. Yan, C. Xie, Q. Li, M. Hu, Z. Liu, Oral 

Absorption Basics: Pathways and Physicochemical and Biological Factors Affecting 

Absorption, 2017. 

[52] E. Escribano, X. García, J. Salamanca, C. Roig, J. Queralt, International Journal of 

Pharmaceutics 2012, 436, 472–477. 

[53] T. Chmiel, A. Mieszkowska, D. Kempińska-Kupczyk, A. Kot-Wasik, J. Namieśnik, Z. 

Mazerska, Microchemical Journal 2019, 146, 393–406. 

[54] G. R. Velderrain-Rodríguez, H. Palafox-Carlos, A. Wall-Medrano, J. F. Ayala-Zavala, 

C. Y. O. Chen, M. Robles-Sánchez, H. Astiazaran-García, E. Alvarez-Parrilla, G. A. 

González-Aguilar, Food & function 2014, 5, 189–197. 

[55] G. Lemmens, A. Van Camp, S. Kourula, T. Vanuytsel, P. Augustijns, Pharmaceutics 

2021, 13, 161. 

[56] V. Vasiliou, K. Vasiliou, D. W. Nebert, Human genomics 2009, 3, 1–10. 

[57] D. Dahlgren, H. Lennernäs, Pharmaceutics 2019, 11, DOI 

10.3390/pharmaceutics11080411. 

[58] Z. Luo, Y. Liu, B. Zhao, M. Tang, H. Dong, L. Zhang, B. Lv, L. Wei, Journal of 

pharmacological and toxicological methods 2013, 68, 208–216. 

[59] B. Griffin, C. O. Driscoll, 2007, 34–76. 

[60] D. Dahlgren, C. Roos, K. Peters, A. Lundqvist, C. Tannergren, E. Sjögren, M. Sjöblom, 

H. Lennernäs, European Journal of Pharmaceutics and Biopharmaceutics 2019, 142, 

31–37. 

[61] D. Dahlgren, C. Roos, A. Lundqvist, C. Tannergren, P. Langguth, M. Sjöblom, E. 
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