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1. ABSTRACT

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; i1) 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/Il 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.



INTRODUCTION






2. INTRODUCTION

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 ['?!. Beside their economical contribution to

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

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
4l 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 -

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

%191 Tyrosol and hydroxytyrosol appear the most relevant

(SEC), and hydroxy-isocromans !
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 [''!?, 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 p-glucosidases yielding SEC aglycons (oleuropein
aglycone and ligstroside aglycone). Additionally, oleacein (OLEA) and oleocanthal (OLC), are

generated through a decarboxylation step 71314,

SEC act as the main natural antioxidants of EVOO, mainly OLEA and oleuropein aglycone,
which show remarkable resistance to oxidation [, 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 1%17],
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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 ¥, The demand for EVOO is

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

1. To meet this demand, several novel and emerging technologies are being under

study to be applied in EVOO production ),

Table 1 Main factors affecting phenolic composition in EVOO

Factors Effect

Agronomic factors

Genotype or Cultivars have a genetic predisposition to provide EVOO with a certain
cultivar phenolic composition.
Chemical reactions and changes occur in the enzymatic activity that
Maturity index induce variations in the chemical structure and concentration of some PCs
of the olive fruit like ligstroside and oleuropein.
An increase in water availability involves a reduction in the total phenolic
o concentration in fresh olive fruit and in the extracted EVOO.
Climatic ) .
. Dry summers and autumns seem to increase the phenolic content.
conditions

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 (B-glycosidases and

oxidoreductases).

Malaxation

Induces the activation of several endogenous fruit enzymes, such as f3-
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

26,27

antioxidant and antimicrobial properties [®?7] anti-inflammatory effects (more potent than

ibuprofen) 281, anticancer properties (melanoma, breast, liver and colon cancer and leukemia) 2

311'and neuro-protective effects 12331,

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

human biomolecules than oleuropein %

. OLEA also has anti-cancer effects, including
antiproliferative and apoptosis-inducing activity in leukemia cells *! and reduction of viability
and migration of non-melanoma skin cancer cells B¢, It offers protection against cardiovascular
diseases, decreasing the risk of atherosclerosis "], ischemic stroke [*°! and hypertension !, An
in vitro study found that OLEA has significant anti-tumor activity by promoting cell cycle arrest
and apoptosis *?. Moreover, OLEA has been associated with healthy aging in both in vitro and

(2] Anti-inflammatory properties give OLEA a protective role against several

in vivo studies
metabolic abnormalities, including dyslipidemia, insulin resistance
B6Bl<gup>[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 ¥ 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 *°!,

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 ), 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

10
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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 6], 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 (3],

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 ). 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 %,

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

system via the small intestine [%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 521,

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 5.

The intestinal epithelial membrane is the main physiological barrier, which must be crossed by
chemicals to enter the bloodstream and be bioavailable [**!. 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

11
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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 4.

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 %, Mucus is an aqueous matrix composed of water (95%), lipids, electrolytes and
glycoproteins, with a thickness and composition that is region-dependent 5!, 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
(50531 * 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.

Small intestine Intestinal epithelial membrane Enterocyte

Villi

“_ Efflux transporter

U<— Metabolic enzymes

Mucosa

() «——— Efflux transporter

Submucosa

Muscularis

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 B!,

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

12
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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.

e Active carrier-mediated transport: is either Na'-or H'-linked with bifunctional carriers.
This process requires metabolic energy and can work against a concentration gradient
of the substrate.

e 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 **). 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]

13
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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 sifu 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

(TPIL) and Loc-1-Gut B8,

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 ¥ 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 57-3%6%1

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

of this technique we find [®!;

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

Intact intestinal morphology.

Presence of blood flow.

Expression of enzymes and transporter.

Presence of neural and hormonal feed-back mechanisms.

A

Possibility to control luminal conditions.

o
-~ ¥ S 77_/.,-7—-/'_:_,} Peristaltic Donor
| - pumnp blood
‘&lcr

Jugular vein

Outlet

Mesenteric vein

}nlet OOO

N Penstaltic Pertusion
T\ pump solution
{h \ Outlet

Outlet

Perfusated
samples

Stability

s f Small intestine ety
samples

Figure 3. Schematic drawing of in situ intestinal perfusion with venous sampling.

14
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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) 1%, In another study, the transepithelial transport hydroxytyrosol, tyrosol and oleuropein
was assessed in an in vitro study ¥, Finally, only in one study IPVS technique has been used to

investigate the intestinal absorption of oleuropein [%4,

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 [%°l. Studies in animal models help to determine the tissue
distribution and accumulation of compounds and their metabolites and to identify potential sites
of action [*®!, 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 [71. 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 [®],

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.

15
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Physiologic factors\

Drug transporters
Characteristics of the
capillary beds
Distribution Tissue hemodynamic
Passive diffusion across
lipid membranes
Protein binding in the
blood and tissues. )

Physicochemical
properties

Molecular weight

Polarity

Degree of ionization
Affinity of the compounds
for transporters

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 ). 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 ®*. Major phase 1 enzymes include oxidases (especially
monooxygenases), reductases, and hydrolases ", More detailed information is presented in

Table 2.

2.2.1.6. Phase Il 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 [*7!]. 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 [*!, 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
Liver,
gastrointestinal
Oxidation Aldehydes — carboxylic acids. CYP430 tract, lung, and
kidney,
ALDH Small intestine
Reduction Aldehydes — primary alcohols. AKR ‘Stomailch, small
Intestine
Hydrolysis of esters, leaving carboxylic
Hydrolysis acids and alcohols as the hydrolysis CE Stomach
products.
Phase II

Transfer of a methyl moiety from the S-

O-methylation adenosyl-L-methionine (SAM) cofacth COMT LiverT kidnéy,
to one of the hydroxyl groups present in intestine, and brain.
xenobiotics.

Transfer of a glucuronyl moiety from the
biquit -substrate UDP-gl i
ubiquitous co-substrate glucuronic Stomach, small

Glucuronidation acid to  hydrophobic  molecules UGTs . . .
. . intestine and liver.
possessing one or more electrophilic

groups.
Transfer of a sulfate moiety
Sulfation from 3’-phosphoadenosine-5’- SULT Small intestine,
phosphosulfate to a hydroxyl group on liver
various substrates.
. Transfer of acetyl fi tyl- . .
Acetylation FAnSIer 0% acely’ Broups oM eyl ACET Small intestine

CoA to hydroxyl group.

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 >3, On the other hand, rats also have been used as model to understand the

biotransformation that suffer the PCs [81-84

1" 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 [,
Regarding to SEC, the microbial metabolism was study by Lopez de las Hazas et al. 8!, 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 Il 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 Il 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.>¥

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

7586891 Respect to faeces, microbial

excretion in human urine after EVOO consumption [
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) . 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 P!, 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 ?1. 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

e Enormous structural variety of PCs (i.e., e Development of sample preparation
phenolic acids, flavan-3-ols, flavanones, methods that allow the detection of PCs and
flavones, flavonoids, lignans, among PCM with differentiated physicochemical
others). properties.

e Lack of commercially available standards. e High analytical power provided by high-

o Structural variability of PCM. resolution mass spectrometry.

e Metabolite degradation due to tedious multi- @ Collection ~ of  specific =~ metabolite
step sample preparation workflows. information, typically through the use of

e Instability of specific compounds. low-resolution mass spectrometry.

e Low analyte concentration.

¢ Frequent sample contamination.

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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Abstract: The distribution of drugs and dietary phenolic compounds in the systemic circulation
de-pends on, among other factors, unspecific/specific reversible binding to plasma proteins such as
human serum albumin (HSA). Phenolic substances, present in plant-derived feeds, foods, beverages,
herbal medicines, and dietary supplements, are of great interest due to their biological activity.
Recently, considerable research has been directed at the formation of phenol-HSA complexes, focusing
above all on structure-affinity relationships. The nucleophilicity and planarity of molecules can be
altered by the number and position of hydroxyl groups on the aromatic ring and by hydrogenation.
Binding affinities towards HSA may also differ between phenolic compounds in their native form
and conjugates derived from phase II reactions. On the other hand, food-drug interactions may
increase the concentration of free drugs in the blood, affecting their transport and/or disposition and
in some cases provoking adverse or toxic effects. This is caused mainly by a decrease in drug binding
affinities for HSA in the presence of flavonoids. Accordingly, to avoid the side effects arising from
changes in plasma protein binding, the intake of flavonoid-rich food and beverages should be taken
into consideration when treating certain pathologies.

Keywords: plasma protein binding; distribution; bioavailability; molecular property; noncovalent
interaction; pharmacokinetics

1. Introduction

The biological activities of dietary phenolic substances, present in plant-derived feeds, foods,
beverages, herbal medicines, and dietary supplements, are of great interest. Polyphenols, which can
be classified as flavonoids and non-flavonoids, contain, in addition to other substituents, at least one
aromatic ring with one or more hydroxyl groups [1,2]. Flavonoids are a group of natural substances

Pharmaceutics 2020, 12, 1123; doi:10.3390/pharmaceutics12111123 www.mdpi.com/journal/pharmaceutics

21



2. INTRODUCTION

Pharmaceutics 2020, 12, 1123 20f 18

with variable phenolic structures as f avonols, f avan-3-ols (monomeric and polymeric structures),
f avones, isof avones, f avanones, and anthocyanidins. On the other hand, stilbenes, hydrolyzable
tannins, lignans, and phenolic acids can be classif ed as non-f avonoids [3].

The absorption, distribution and elimination of dietary phytochemicals depend on their intestinal
permeability and the inf uence of pre-systemic enzymes and/or transporters [4]. As systemic exposure
can ref ect tissue exposure, greater bioavailability should result in higher levels in tissues. Bioavailability
is def ned as the rate and the extent to which the active ingredient/phytochemical or moiety is absorbed
from the ingested matrix and becomes available at the site of action [5]. It is well known that phenolic
compounds have a low oral bioavailability, and undergo an extensive biotransformation mediated by
phase I and phase II reactions in enterocytes and the liver, as well as by gut microbiota [6]. Polyphenol
metabolites are also attracting research interest as their biological ef ects can be similar to or greater
than those of the parent compounds [6,7]. Paradoxically, despite low oral bioavailability, most of the
phenolic compounds have proven to have signif cant biological ef ects [6].

Once a xenobiotic has entered the systemic circulation, its rate of distribution to the various tissues
of the body will be inf uenced by tissue hemodynamics (blood f ow) and the ease with which it can
cross the lipoidal cell membranes, either by passive dif usion or by passive/active facilitated transport
(carrier-mediated) [8]. Nevertheless, the extent of distribution depends on partitioning into fat and
other tissues and on unspecif c¢/specif ¢ reversible binding to plasma proteins [9]. Plasma proteins,
also called serum proteins, constitute important organic components consisting of simple as well as
conjugated proteins [10]. Drugs are transported in the circulation either in a free form, dissolved in
the aqueous phase of plasma, or in complex bonds with plasma proteins [11] in varying degrees [12].
Following the principle of reversible equilibrium and the law of mass action [13], an equilibrium
exists between bound and free (unbound) molecular forms—additionally because binding is generally
reversible [12]. Only the free form is capable of dif using through membranes and from the vascular
space into tissues, being eliminated by metabolism or excretion [14], and therefore pharmacological
activity is exerted by the free drug concentration [15,16]. The fraction of a xenobiotic bound to a
plasma protein depends on protein af nity towards the compound, protein and compound molar
concentration, as well as on the possible competition with other endogenous and exogenous compounds
for binding sites [17]. Generally, acidic compounds tend to bind to albumin, basic compounds to
d;-acid glycoprotein (AAG), neutral compounds can be bound to both human serum albumin (HSA)
and AAG, and neutral lipophilic compounds to lipoproteins. Other proteins, such as a-globulin,
transcortin, f brinogen, sex-hormone-binding globulin, and thyroid-binding globulin, bind specif ¢
compounds [18,19].

The free drug/xenobiotic concentration depends on the unbound drug clearance and dose, and is
not usually changed by plasma protein binding (PPB) [16]. At a steady state, the free drug concentration
remains balanced on both sides of any biomembrane [16]. As drug clearance occurs, a new equilibrium
between bound and unbound forms is reached, which acts to maintain the free drug fraction [14].
Drug—protein complexes in plasma also serve as a drug reservoir, replacing what is removed by various
distribution and elimination processes [8,15,17,20].

The free drug fraction is the ratio between the free drug concentration and total drug plasma
concentration, which has values between zero (totally bound) and one (totally free), and remains
constant in normal physiological conditions and at low molar drug concentrations. Only if the
free fraction remains constant can the total plasma concentration be considered a good measure of
changes in the unbound drug/xenobiotic concentration. This concept is important because the total
plasma concentration is what is usually measured and not the unbound concentration, which is
only occasionally determined. Although at the therapeutic concentration of most drugs, the molar
concentration of unbound drugs is usually low in comparison with the molar concentration of the
protein binding sites [13,21], in some pathophysiological conditions, the free drug fraction can be
reduced/increased with ensuing changes in the distribution process, either by an altered protein—drug
af nity or by a change in plasma protein levels [16].
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Although it is traditionally considered that only the free form is capable of dif using through
membranes, recent studies have hypothesized that HSA facilitates Dp44mT delivery to the lysosomes by
internalization through a carrier mediated transport mechanism enhancing its anti-cancer activity [22].
In addition, an in vitro study has shown for proteins with a net negative charge such as albumin,
and for drugs highly bound to albumin and in the physiological albumin concentration range,
a protein-mediated uptake mechanism [23]. It was observed in hepatocytes and cardiac myocytes.
Certainly, this requires further intense investigation since PPB is an important process that determines
the pharmacological activity and pharmacokinetics of drugs and other xenobiotics [12,24], and the
impact of PPB on the ef cacy and safety of a treatment needs to be better understood [25].

As with other xenobiotics, the distribution of phenolic compounds to the various tissues of the
body is inf uenced by unspecif ¢, reversible binding events to plasma protein [9]. PPB and phenolics
have been the subject of numerous recent studies, which have focused above all on structure-af nity
relationships. The aim of this review is to summarize how structural modif cations af ect the af nity of
the main dietary polyphenols and their metabolites for HSA and to elucidate the main factors involved
in their binding and the binding site. Drug binding properties of HSA and competitive binding with
the most widespread dietary phenolic compounds are also covered.

2. Plasma Proteins

Plasma contains various proteins with dif erent functions including the transport throughout the
circulatory system of endogenous and exogenous molecules. The binding of small molecular weight
drug molecules with plasma proteins is mostly associated with HSA and AAG and, to a lesser extent,
globulins and lipoproteins [26].

HSA is a 66 kDa non-glycosylated monomeric protein of 585 amino acids present in the human
body at a concentration of 0.53-0.75 mM [20,27]. HSA constitutes ~4.5% of the weight of human blood
and helps to maintain osmotic pressure and pH in the blood stream [26,27]. Its principal functions
are to transport fatty acids, hormones, drugs, nutrients and inorganic ions and to buf er pH [28,29].
Due to a large content of ionic residues, HSA is highly soluble in water and its f exibility allows
specif ¢ binding to a wide array of molecules [26]. The polypeptide chain of HSA forms a heart-shaped
conformation with approximate dimensions of 80 X 80 X 30 A, about 67% consisting of a-helices [11,28].
It contains three homologous a-helical domains (I-1II), each further divided into two subdomains
(A and B) [30]. Among them, subdomains ITA and IITA are two important binding sites. They are
delimited by a hydrophobic surface on one side and a positively charged surface on the other side,
displaying well determined cavities to specif cally bind neutral and negatively charged compounds.

The globulins (a-globulins, B-globulins, and Y-globulin) are a group of globular water-insoluble
proteins [31]. AAG, also known as orosomucoid, is acidic, heavily glycosylated (38 to 48 kDa protein,
concentration ~12-31 UM), and comprises a single amino acid chain of 204 residues. An acute phase
plasma protein, it is the principal extracellular lipocalin present in blood [32]. Multiple drug-binding
sites have been reported for AAG, but one appears to be most important, particularly for basic and
neutral drugs [8,27]. It should also be considered that if a compound is available as a racemic mixture
in blood/plasma, both HSA and AAG are able to bind preferentially to one stereoisomer [25].

To date, two dif erent approaches to assess drug—protein binding can be distinguished. On one
hand, separative methods used to determine directly either the unbound drug or the bound drug
concentration by separation of the free ligand from the bound species can be classif ed as conventional
methods (equilibrium dialysis, ultraf ltration and ultracentrifugation), high-performance af nity
chromatography and capillary electrophoresis—frontal analysis. On the other hand, non-separative
methods have been developed to characterize drug—protein interactions. In this sense, spectroscopic
methods (UV-visible, f uorescence, infrared, nuclear magnetic resonance, optical rotatory dispersion,
and circular dichroism) based on the perturbation of electronic and spectroscopic energy levels of the
ligand or the protein and calorimetric techniques (isothermal titration calorimetry and dif erential
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scanning calorimetry) have been extensively used. In the last year, computational measurements have
also been developed to characterize the polyphenol-protein interactions [1,24].

3. Phenolic Compounds and Plasma Protein Binding

Table 1.
Table 1. Main ef ect of f rst pass metabolism of dietary phenolic compounds in human serum albumin
(HSA) binding.
Class Subclass Reaction Ef ect References
The binding af nity of f avonols for HSA * is
Hydroxylation structure-dependent, increasing with the number of [33-35]
OH groups in the A, B ring.
Flavonols
Glucuronidation Decrease the binding constants. [36,37]
Sulfation Decrease the binding constants. [38]
. The HSA af nity of f avones was inf uenced by the
Hydrocylation location and number of the OH group.
- [33,35,39,40]
Flavones Hydrogenation Hydrogenation of the unsaturated C2=C3 double
yerog bond can reduce binding af nities for CHPP **.
. This reaction enhanced hydrophobicity and
Methoxylation hydrophobic interactions increasing af nity for HSA. [33.35,40]
The hydroxylation at positions 5 and 7 on the A ring
increased HSA binding af nity rates.
Isof avones Hydroxylation A weakening of isof avones binding af nities for [33,35]
CHPP after of hydroxylation in C-5 (A ring) and
Flavonoids €3’ (Bring).
The C2=C3 double bond conjugated with the oxo
Hydrogenation group at C-4 plays an important role in f avanone [40]
af nity for plasma proteins.
Af nity increased by the addition of a hydroxyl
Flavanones Hydroxylation group on the A ring (C-5 and C-7) and the B [35]
ring (C-27).
Methoxylation Slightly increased the protein binding rate. [40]
- Glucuronidation in the B-ring weakly destabilizes
Glucuronidation the f avanone-HSA complex. [41]
The number of hydroxyl groups on the B ring and
Flavan-3-ols Hydroxylation the presence of a galloyl (3,4,5-trihydroxybenzoyl) [42-44]
moiety increase binding af nities for HSA.
Hydroxylation Ihe binding af nities increase with the number of [45-47]
ydroxyl groups on the B ring,.
Anthocyanidins Th hoxvlati d eith h a
. e methoxylation could either strengthen or reduce
Methaxylation the anthocyanin af nity for HSA, [46,47]
In the case of benzoic acid, the introduction of (1) an
Hydroxvlati OH group at C-2 on the benzene ring exerted a
ydroxylation positive ef ect and (2) a hydroxy substituent at C-4
Hydroxybenzoic had a negative inf uence.
acids Both methylation of the hydroxy groups and (48]
Phenolic Acids . substituting the hydroxy groups with methyl groups
Methaxylation at C-3 and C4 on the benzene ring resulted in an
increase of binding af nity.
Hydroxycinnamic Minimal modif cations of the chemical structure led
: i SO [49-52]
acids to signif cant changes in binding.
Hydroxylation The stilbenoid-HSA af nity was increased. [35,53]
Stilbenes Methylation The stilbenoid-HSA af nity was reduced. [54]
Methoxylation [53]
The intensity of the interaction depends not only on
Hydrolysable . the number of OH groups, but also on the bulk,
Tannins Hydroxylation f exibility and hydrophobicity of the chemical 55,561

structure.

* HSA: human serum albumin; ** CHPP: common human plasma protein.
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3.1. Flavonoids

Flavonoids are the major polyphenols in a wide variety of plant sources. Associated with antiaging,
antifungal, anti-inf ammatory, and anticancer activities, they exhibit high reactivity with reactive
oxygen species such as hydroxyl, alkoxyl, or peroxyl radicals and ef ciently inhibit lipid peroxidation
in micelle systems [57]. They have a tricyclic structure in which a phenyl (B ring) is attached at position
two or three of a benzopyrone or benzopyran system (AC rings), [1] as shown in Figure 1. The most
common sub-classes of f avonoids are f avonols, f avones, isof avones, f avanones, f avan-3-ols, and
anthocyanidins, which are dif erentiated by the structural features of the C ring [2]. The interactions
between f avonoids and plasma proteins have been extensively studied. In 2018, it was found that the
position of hydroxyl groups and the presence/absence of an unsaturation between C2-C3 in f avonoids
could inf uence binding with HSA [57].
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Figure 1. Chemical structure of f avonoids.

3.1.1. Flavonols

Flavonols (3-hydroxyf avones) are compounds with medium nucleophilicity and a partial positive
charge at the C-3 position [39]. Given that f avonoids are present in the blood circulation mainly as
conjugates resulting from phase II metabolic reactions, it is important to know the af nity of f avonoid
conjugates for albumin rather than that of their native forms. In this sense, the study of Dufour and
Dangles estimated that the majority of f avonol conjugates (more than 80%) circulate bound to albumin
rather than in their free form [38]. This transport through the blood circulation is essential for its further
delivery at the cell surface, and consequently, membrane uptake to f nally produce its biological ef ect.
In this sense, the binding would facilitate the uptake of circulating f avonol conjugates into tissues.

Structurally, the binding af nity of f avonols for HSA is structure-dependent, increasing with
the number of OH groups: the addition of a hydroxyl group at C-5 (A ring) increased the binding
rate of f setin with common human plasma proteins (CHPP) by 11.48% [33]. The same occurs
for the B ring where the binding constants were in the following order: myricetin > quercetin >
kaempferol [34]. Additionally, hydroxylation at C-4" (B ring) slightly increased the binding af nity of
3,4'-dihydroxyf avone (88.77 £ 0.07%) compared to 3-hydroxyf avone (87.78 £0.03%) [35] and reduced
that of galangin [33].

Quercetin, one of the most abundant f avonoids in our diet, mainly binds to HSA (subdomain ITA),
followed by AAG and with no substantial interaction with very-low-density lipoproteins (99.4 £0.1,
39.2 £0.5 and <0.5%, respectively) [58]. The binding constants determined for the glucuronide form of
quercetin were lower compared to the parent compound, but the stability of quercetin-3-glucuronide
and isorhamnetin-3-glucuronide complexes was still high enough to signif cantly interact with HSA [36].
The main reasons why the glucuronidated form of quercetin had less af nity for HSA are: (1) formation
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of an intermolecular hydrogen bond or an ionic interaction between the hydroxyl group of quercetin
(C-3) and the nitrogen atom of Lys195 [37]; (2) for steric reasons, the presence of the bulky polar
substituent (position three) may reduce the PPB af nity of this metabolite; (3) lower complex stabilities
due to the absence of interaction of the 3-hydroxyl moiety with Lys195 [36]. On the other hand,
the binding experiments reveal that quercetin sulfate lowers its af nity to albumin by one order of
magnitude [38]. However, contradictory results were obtained in the study in which the sulfate form
of quercetin (quercetin-3’-sulfate) bound to HSA slightly more readily than quercetin [36].

3.1.2. Flavones

Flavones are compounds with medium to high nucleophilicity and a medium partial negative
charge at C-3 [39]. Similar to f avonols, these hydrophobic compounds display stronger binding
af nities for HSA (higher binding constants) than the other f avonoids [39,59].

Changes in f avone af nity for HSA and CHPP after oxidation or conjugation reactions have been
studied. The introduction of a hydroxyl group on the A ring enhanced the HSA binding rate [35].
Another study has found that the optimal number of hydroxyl groups on the A ring of f avone
7-hydroxyf avone, 5,7-dihydroxyf avone (chrysin), and baicalein was one, and the af nities for HSA
decreased with the addition of more hydroxyl groups at positions C-5, C-6, and/or C-7 [60]. In 2016,
Rimac and coworkers demonstrated that the HSA af nity of f avones was inf uenced by the location of
the OH group, which had an enhancing ef ect when attached at C-4 on the A ring [39]. Regarding the
B ring, the same authors found that after hydroxylation, apigenin had less af nity than chrysin (1.32 +
0.05 x10% and 1.95 £0.08 x 10° M, respectively) [39]. Hydroxylation at C-3 slightly enhanced f avone
binding af nity for HSA, which was about 1.38-fold higher in luteolin compared to apigenin [40],
a dif erence that increased to 1.74-fold for CHPP [33]. Hydroxylation of the C ring resulted in a 12.5%
higher protein binding rate in 3-hydroxyf avone compared to f avone [35]; hydroxylation at C-3 also
increased the af nity of luteolin for CHPP, but little ef ect was observed in chrysin and apigenin [33].

Hydrogenation of the unsaturated C2=C3 double bond of favone, 6-hydroxyf avone,
and 6-methoxyf avone reduced binding af nities for CHPP by 10.02- to 17.82-fold, but had hardly
af ectin apigenin and 7-hydroxyf avone [33]. This structural modif cation had a similar outcome on the
af nity of f avone, 6-hydroxyf avone and 7-hydroxyf avone for HSA [35]. The explanation is that the
reaction modif ed the f avonoid C ring from a planar to a twisted structure [33], also reducing polarity,
and molecules with a non-planar structure were unable to enter the hydrophobic pockets in HSA [35].
Planarity is therefore an important prerequisite for f avonoid binding in the hydrophobic cavity [39].

Methoxylation increased tangeretin af nity for HSA 100-fold, mainly attributed to enhanced
hydrophobicity and hydrophobic interactions [40]. Compared to favone, the af nity of
6-methoxyf avone was slightly higher, whereas a slightly lower af nity was observed when a hydroxyl
group was substituted by a methoxy group (methylation) (6-methoxyf avone < 6-hydroxyf avone) [33].
The same behavior was observed with 5-methoxyf avore and 6-methoxyf avone, whose af nity was
reduced by 20% and 4%, respectively. The more methoxy groups were added, the more the protein
binding rate decreased (tangeretin > nobiletin) [35].

3.1.3. Isof avones

Soybean and derived food products are the main sources of dietary isof avones [1], above all
genistein, daidzein and glycitein [61]. Isof avones have low nucleophilicity and a low partial negative
charge [39]. Studies on genistein have indicated it binds to HSA via polypeptide polar groups with
overall binding constants of 2.4 +0.40 x 10* M~ [62] and 1.5 £0.2 x 10° M~! [61]. In the same study,
the genistein—-HSA complex was found to preclude the attachment of daidzein due to competitive
binding. The hydroxylation of isof avones at positions f ve and seven on the A ring increased HSA
binding af nity rates [35]. This is in contrast with Xiao and coworkers [33], who reported a weakening
of isof avone binding af nities for CHPP after C-5 hydroxylation of the A ring; similar behavior was
observed for HSA after C-3" hydroxylation of the B ring (formononetin > calycosin) [35].
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3.1.4. Flavanones

Flavanones have very low nucleophilicity and a high partial negative charge at C-3 on the C
ring [39]. In 2011, Cao and coworkers demonstrated that the C2=C3 double bond conjugated with the
oxo group at C-4 played an important role in f avanone af nity for plasma proteins; hence, the af nity of
apigenin for HSA is about 10,000-fold higher than that of naringenin [40]. Moreover, af nity increased
by the addition of a hydroxyl group on the A ring (at C-5 and C-7) and the B ring (at C-2’) [35]. Regarding
methoxylation, the addition of a methyl group at position six on the A ring of f avanone slightly
increased the protein binding rate [35] and increased the af nity of tangeretin for HSA 100-fold [40] by
polarity reduction and capacity improvement to penetrate the tryptophan-rich hydrophobic regions of
HSA [40]. Finally, and considering glucuronidation, it showed weakly destabilized f avanone-HSA
complexes and the ef ect was slightly stronger than if it had occurred in the B ring [41].

3.1.5. Flavan-3-Ols

The subclass of the f avonoid family known as f avan-3-ols includes catechins and plant phenols
widely distributed in various fruits, red wine, juices, and cocoa, with green tea being the richest dietary
source [63]. The number of hydroxyl groups on the B ring and the presence/absence of a galloyl
(3,4,5-trihydroxybenzoyl) moiety are responsible for the functional dif erences in catechins such as
(—)-epigallocatechin, (—)-epicatechin, (—)-epicatechin gallate and (—)-epigallocatechin gallate [42,43].
Thus, those with the galloyl moiety showed enhanced hydrophobic properties and consequently higher
binding af nities for HSA than catechins lacking this substituent [43,44]. Dif erences in protein af nity
have also been found among stereoisomeric f avan-3-ols [64]. The binding constant (Ka) obtained
for (+)-catechin-HSA lies in the intermediate range, not being so low that it leads to an inef cient
distribution or so high that it lowers the plasma concentration [42]. The number of binding sites found
for the catechin—-HSA systems range from 0.87 to 1.10, suggesting that one HSA molecule associates
with one catechin molecule [63].

3.1.6. Anthocyanidins

Anthocyanins are water-soluble pigments found throughout plants but are most obvious in fruits
and f owers, presenting a spectrum range from pink, red and violet to dark blue [45,46]. The basic
chemical structure of anthocyanins is 3,5,7-trihydroxy-2-phenylbenzopyran and they can be classif ed
according to whether they are glycosylated or not, as well as by the number and location of hydroxyl
or methoxyl groups and their substituents on the rings [45]. Thus, under physiological pH conditions,
the number and position of the hydroxyl groups on the B ring af ected anthocyanin af nities for HSA,
which increased with the number of groups [45-47]. This ef ect can be explained considering that at pH
7.4 quinoidal and anionic quinoidal bases are major species, which favor hydrogen bonding and other
types of electrostatic forces [47]. On the other side, the inf uence of methoxylation and glycosylation
could either strengthen or reduce the anthocyanin af nity for HSA [46,47].

3.2. Phenalic Acids

Phenolic acids, including benzoic and cinnamic acids, are the predominant type of polyphenols in
fruits, vegetables, and most plant-derived beverages [49]. Structurally, they derive from benzoic or
cinnamic acid, as shown in Figure 2.
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Figure 2. Chemical structure of representative phenolic acids. General chemical structure of stilbenes
and hydrolysable tannins.

3.2.1. Hydroxybenzoic Acids

Ellagic acid, a pharmacologically benef cial polyphenol found in fruits (grapes, strawberries,
blackcurrants and raspberries) and nuts [65—-67], formed a complex with HSA with a binding af nity
constant of 15.5 x 10* M~ [65]. In 2014, He and coworkers demonstrated that ellagic acid binds to
HSA more strongly than oleuropein [68]. In the case of benzoic acid, the introduction of dif erent
numbers and arrangements of hydroxy groups and other substituents on the aromatic ring altered the
binding af nities as follows: (1) a hydroxy group at C-2 on the benzene ring exerted a positive ef ect;
(2) a hydroxy substituent at C-4 had a negative inf uence; and (3) both methylation of the hydroxy
groups and substitution of the hydroxy groups with methyl groups at C-3 and C-4 on the benzene ring
resulted in an increase [48].

3.2.2. Hydroxycinnamic Acids

The most representative hydroxycinnamic acids are caf eic acid, chlorogenic acid, and caf eoyl
quinic acids [1]. The association constants (K) for the HSA—chlorogenic acid interaction at 10, 25
and 40 °C were 6.0 x 10%, 9.0 x 103 and 2 x 10* M, respectively [69], indicating the involvement
of two major forces in the binding process. Similar results were reported by Kang and coworkers
(4.37 x10* M) [50]. The formation of a biomolecular complex between chlorogenic acid and its
derivatives with HSA was also studied by Sinisi and colleagues [70]; the reported dissociation constants
indicated a very high af nity for this family of compounds, and minimal modif cations of the chemical
structure led to signif cant changes in binding. In another study, the binding af nity of chlorogenic
acid and its isomers for HSA ranked in the decreasing order: cryptochlorogenic acid > neochlorogenic
acid > chlorogenic acid; the 4-esteryl structure was associated with a higher binding af nity and larger
conformational changes than the 3- or 5-esteryl structures [51]. The binding constant of HSA complexes
was calculated to be 4.29 x 10* M at 298 K for rosmarinic acid [49] and 2.23 % 10* M for ferulic
acid [50]. Cinnamic acid and its hydroxyl derivatives interacted with HSA in the decreasing order of
caf eic acid > p-coumaric acid > cinnamic acid [52].

3.3. Stilbenes

Stilbenoids are an important group of phenolic compounds with a C6-C2-C6 carbon skeleton
structure [1], as shown in Figure 2. Among them, resveratrol, found largely in the skin of red
grapes and wine, binds to HSA with an association constant of 2.56 x 10° M~ [71]. The ef ect of
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hydroxylation of stilbenes has been studied in the context of the structure-af nity relationship of
stilbenoid—HSA systems. It has been recently demonstrated that the addition of a hydroxyl group to
resveratrol (piceatannol and oxyresveratrol) on the B ring increases the binding rates [35]. In addition,
hydroxylation increased the binding af nities of stilbenoids for HSA (pterostilbene > pinostilbene >
oxyresveratrol > piceatannol > resveratrol > isorhapontigenin > piceid) [53]. The stilbenoid-HSA
af nity was reduced by methylation (resveratrol > pterostilbene) [54] and enhanced by methoxylation
at C-3 or C-5 of resveratrol [53].

3.4. Hydrolysable Tannins

Little is known about the structural and functional relationship between plasma proteins and
tannins. Sekowski and coworkers demonstrated that hydrolysable tannins interact very strongly with
HSA, with an intensity of the interaction that depends not only on the number of hydroxyl groups,
but also on the bulk, f exibility and hydrophobicity of the chemical structure [55,56]. Tannins with
higher molecular weight bind with stronger interaction to proteins, but also tannin f exibility has
to be considered: the more f exible the structure, the more rotational capacity of the molecule and
easier access to protein binding pockets [55]. Thus, larger and more f exible molecules are capable of
changing the secondary structure of albumin through surface interactions, but the presence of valoneoyl
structures limit the capacity of tannins to penetrate the hydrophobic tryptophan pocket [55,56].

4. Interactions between Phenolic Compounds and Plasma Proteins

4.1. Non-Covalent Bonds

Phenolic compounds, under non-oxidative conditions, form reversible complexes with plasma
proteins [72,73] involving hydrogen bonds, electrostatic interactions, hydrophobic ef ects and van der
Waals forces [45,72,73]. The interactions between polyphenols and proteins are determined by the
thermodynamic parameters of enthalpy (AH") and entropy (AS"). Positive values of both parameters
indicate a hydrophobic interaction; negative values point to van der Waals forces and hydrogen
bonding; and AS® >0 and AH" = 0 indicate that an electrostatic force plays a vital role in aqueous
solutions [74].

The attraction between the aromatic ring of the polyphenol and hydrophobic regions of other
compounds (aliphatic and aromatic side chains of amino acids) leads to the formation of hydrophobic
bonds [75]. These bonds arise from changes in entropy rather than enthalpy and are reversible and
independent of pH [75]. Hydrogen bonds involve the sharing of a phenolic proton with numerous
amide carbonyl moieties of HSA and occur only in the presence of phenoxyl hydrogen. On the other
hand, ionic bonds are only generated when polyphenols are ionized to highly reactive phenolate ions.
Electrostatic attraction between the phenolate ion and cationic portions of other compounds leads to
the formation of this bond [75].

The nature of phenol-protein complexes depends heavily on individual phenolic structures,
and the spatial arrangements of substituents seem to be key factors in phenol-HSA af nities [57,72].
In genistein—-HSA complexes, hydrophobic and electrostatic interactions play a central role in the
binding [76], although the involvement of hydrogen bonds and ionic interactions has also been
suggested [61]. The binding between naringin and HSA strongly involves hydrophobic interactions,
according to the positive values of AH" and AS”, but the involvement of electrostatic interactions cannot
be ruled out [77]. The nitrogen atom of Lys195 is suitably positioned to establish an intermolecular
ionic interaction with the hydroxyl at C-3 in quercetin [37].

To date, numerous studies on f avanone-HSA complex formation have suggested the involvement
of: (1) hydrogen bonds between the phenolic hydroxyl groups and the polypeptide chain or polar
amino acid residues; (2) hydrophobic interactions between the aromatic ring and hydrophobic amino
acid residues; (3) electrostatic forces generated after the deprotonation of the acidic phenolic hydroxyl
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group in the A ring (hesperetin) by the basic amino acid residues; (4) perpendicular and parallel n—n
interactions and (5) van der Waals forces [78-81].

There is considerable evidence that catechins bind to HSA via hydrophobic and hydrogen
bonding [63,64,82]. It has been demonstrated that hydrogen bonding and van der Waals forces are
predominant in (+)-catechin—-HSA complexes [42]. However, thermodynamic parameters indicate that
tea catechins bind serum proteins via ionic interactions (+AS" 18 to 9 J mol™ K™! and —AH" —13 to
—8 k] mol™) [82].

As anthocyanins are transported in the circulation system, small molecules bound to plasma
proteins are exchanged with their free form in order to maintain an equilibrium [29]. Various studies
have focused on the structure-molecular af nity relationship of the anthocyanin—-HSA interaction.
The van der Waals forces, hydrogen bonds, hydrophobic ef ect and electrostatic forces are the main
drivers of the anthocyanin—protein complex formation [29,47]. The strength of anthocyanin binding to
HSA is af ected by factors such as pH, temperature, and chemical structure. Thus, the hydrophobic
ef ect plays a major role at pH 4 but is less important at pH 7.4. Moreover, at pH 7.4, the association
constant of HSA with aglycones bearing an increasing number of hydroxyl groups indicates the
importance of attractive electrostatic interactions such as hydrogen bonding between polar groups [47].

Hydrophobic forces and hydrogen bonds are predominant in the HSA binding interactions
with phenolic acids and their methyl esters, respectively [48], as well as with ellagic acid [65,66,68];
the involvement of van der Walls forces has also been proposed [67]. Gallic acid is reported to bind to
HSA mainly by hydrophobic and electrostatic interaction in microemulsions [83].

Little is known about the structural and functional relationships in tannin-HSA and
stilbenoid-HSA complexes. Tannin interaction with plasma proteins was recently described as
complex and opportunistic, occurring without specif ¢ binding sites and determined mainly by
hydrophobic forces and hydrogen bonds [55,56]. On the other hand, the hydrophobic interaction is the
main force binding stilbenoids with HSA [53]. Regarding resveratrol, structural analysis showed that
it binds non-specif cally (H-bonding) via polypeptide polar groups [71].

4.2. Hydrolysable Tannins

Highly reactive with oxygen species, many polyphenols can be oxidized to their corresponding
semiquinones and quinones, which may then undergo covalent reactions with an enormous number of
nucleophiles [73], such as amino acids or thiol groups [72]. In this context, covalent bonds can be formed
between a phenolic or quinone carbon ring and plasma proteins. The irreversible polyphenol-protein
covalent bindings inf uence the chemical properties of both species, are resistant to disruption by
denaturing agents [73,84,85], and can be formed enzymatically and non-enzymatically [75]. Regarding
phenolics, covalent bonds are the result of their electrophilic substitution at the ortho and para
positions. On the other hand, conjugate addition reactions to the unsaturated carbonyl moiety
lead to the formation of covalent bonds with quinones. The dif erences in the location and type
of substituents are a result of dif erences in electron densities and distribution both in phenols and
quinones. The phenolic polymerization through covalent bonds by oxidative processes (generating
phenoxyl radicals), or by condensation reactions between polyfunctional nucleophiles (including the
anions derived from polyphenols) and quinones can also be formed [75]. Covalent reactions can
change the protein structure with a corresponding modif cation of hydrophobic-hydrophilic properties
of the protein derivatives, accompanied by a change in solubility [73].

In 2005, Kaldas and coworkers demonstrated in an in vitro study that quercetin oxidized by
peroxidase/hydrogen peroxide covalently links to proteins, mainly with a high af nity for HSA [84].
However, in 2010, Cahyana and Gordon reported that non-covalent binding occurred between HSA
and anthocyanins with a quite weak negative value of Gibbs free energy (AG", —28.2 to —36.3 k] mol ™),
which is much lower than the value for covalent bond formation (approximately 400 k] mol ™) [47].

30



2. INTRODUCTION

Pharmaceutics 2020, 12, 1123 11 of 18

5. Binding Sites

HSA contains three homologous a-helical domains (I-III), each further divided into two
subdomains (A and B) [30]. Subdomains IIA and IIIA (Sudlow’s sites I and II, respectively) are
primary binding sites at which many drugs can bind, with IIA being the most prominent. In this
sense, bulky heterocyclic anions with the charge located in a central position of the molecules (such as
warfarin) are generally attached at the I site of HSA, while aromatic carboxylic acids with an extended
conformation and the negative charge located at one end of the molecule (such as ibuprofen) bind at
site 11 [11,38,79,85].

The ITA subdomain appears to be spacious and is comprised of several individual binding sites that
can accommodate ligands with a great variety of chemical structures. In contrast, the IIIA site is smaller
and less f exible and can only accept structurally similar ligands [39]. The protein microenvironment
of site I of HSA is rich in polar (basic) amino acid residues, which are able to stabilize the negatively
charged ligand bound in non-planar conformation [37].

In 2005, Dufour and Dangles proposed that the binding of f avonols mainly takes place in
subdomain ITA. Computational mapping of possible binding sites of quercetin revealed binding in
the large hydrophobic cavity of subdomain IIA [37], similar to that reported for kaempferol [86],
hesperetin [79] and apigenin [87].

The higher af nity of f avones for HSA possibly relies on the benzopyrone moiety (AC rings), which
protrudes from the hydrophobic cavity and points towards the entrance of site I, as the hydrophilic
phenolic hydroxyl groups can interact with nearby polar residues [88]. However, methoxylation
decreased f avone polarity and improved the ability to penetrate the tryptophan-rich hydrophobic
regions of proteins, which are often buried in the interior of the folded proteins [40]. To date, it is
known that the HSA conformation is altered by binding to trimethoxy f avone, with a decrease in
a-helix content and an increase in B-sheets and random coils, suggestive of the partial unfolding of the
secondary structure of the protein [89].

The identif cation of a binding pocket in HSA for isof avones suggests daidzein and genistein
are bound to the subdomain IIA [61]. Structural dif erences between curcumin and genistein did
not af ect the hydrophobic binding af nity for HSA and therefore both are mainly bound in the
hydrophobic pockets of Try 214 in site I [62]. Moreover, structural analysis demonstrated that curcumin
and genistein bind to HSA via polypeptide polar residues and that the HSA conformation is altered
by their complexation, with a reduction in a-helix content and an increase in random coil and turn
structures, again indicating a partial protein unfolding [62].

Similar to the other f avonoids, the primary binding site for f avanones is in the subdomain IIA,
but it is located closer to the binding site in ITIA [40,77,78,80,81]. The alteration of the protein secondary
structure has also been studied [77]. When the f avanone concentration was increased, the percentage
of protein a-helix structure gradually decreased [77,79], which implied a rearrangement of the carbonyl
hydrogen bonding network of the main polypeptide chain of the protein [78,79]. The f avanones
entered the hydrophobic binding cavity located in subdomain IIA by hydrophobic interactions, and the
phenolic hydroxyl groups interacted through strong hydrogen bonds with C=0O and N-H of the
main polypeptide chain, resulting in the aforementioned rearrangement of the polypeptide carbonyl
hydrogen bonding network, and a consequent reduction in the protein a-helix structure [79].

A site marker competitive experiment has demonstrated that (+)-catechin is mainly located within
site I of HSA [42] and (&), (+), and (—) forms of catechin bind in the proximity of Trp-214 of HSA [64].
Additionally, studies on conformational changes in plasma protein after binding with f avan-3-ols
have reported that galloylated catechins increased the electrophoretic mobility of HSA, which ref ects
a modif cation of its molecular charge [44,63]. Changes in the a-helicity of the (%), (+), and (-) forms
of catechin were found to be marginal [64].

Protein conformational changes can also be attributed to the presence of anthocyanins. Interaction
of HSA with keracyanin causes changes in the polarity of the hydrophobic microenvironment.
The binding site of keracyanin might be in the hydrophobic cavity, the location of Trp-214 and at the
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center of the three domains of HSA, which induces slight unfolding or adaptive rearrangement of the
polypeptide backbone of the protein [29].

Structural dif erences af ect the binding site of hydroxybenzoic acids. In 2009, a study revealed
that protocatechuic acid and its partially methylated products bind to HSA in sites I and II. In contrast,
the addition of a hydroxyl group from protocatechuic acid, yielding gallic acid, did not result in
competitive binding in sites I or II [90]. An evaluation of the bioactive interaction indicates that the
HSA residues for ellagic acid binding are located in subdomain IIA [66] and that the mode of binding
reaction is spontaneous [67], which would suggest an alteration of the protein secondary structure.
According to circular dichroism spectroscopic data, the fraction of alpha helicity was reduced from 52%
to 40% upon binding to ellagic acid [65]. Both ellagic acid and oleuropein interact with the binding
pocket of HSA in subdomain IIA [68]. In another study, it has also been demonstrated that gallic acid
could bind to the site I of HSA [83].

Dif erences between hydroxycinnamic acid binding sites have also been studied. Binding with
chlorogenic acid induces conformational change in HSA, involving the one tryptophan residue in
the binding region [51,69]. The binding of chlorogenic acid and rosmarinic acid most likely takes
place in site I and ferulic acid in site II [49,50]. Chlorogenic acids and their derivatives, which are
abundant in cof ee, form a bimolecular complex within Sudlow’s site I and interact with Trp-214 [70].
Multispectroscopic and docking studies on the binding of chlorogenic acid isomers with HSA show
that three isomers bound to HSA at Sudlow’s site I, af ecting the protein secondary structure [51].
Chlorogenic acid is thought to bind in subdomain ITA and ferulic acid in IITA [50]. In another study,
it has been demonstrated that after the interaction between HSA with caf eic acid, p-coumaric acid and
cinnamic acid, the a-helix structure was reduced by 9, 5 and 3%, respectively) [52]. Finally, in 2015, Nair
demonstrated through experimental and theoretical studies that both resveratrol and pterostilbene
bind to the hydrophobic cavity at site IA in the subdomain II of HSA [54].

6. Phenolic Compounds—Drug Interaction

Data on food—drug interactions are generally scarce, despite some well documented exceptions
(e.g., grapefruit juice and statins), as food consumption and herbal teas/beverages are not usually
monitored in patients. Interactions occur after the concomitant intake of food and drugs, with impacts
on the absorption and/or metabolism of the active substance. In some cases, the ef ects of the interactions
may benef t the patients, but they frequently undermine the ef cacy of the drug or induce adverse
reactions [91].

In the case of PPB, a hormone, drug or even a toxin can be displaced by competing
phenolic compounds and then circulates in the blood in a free form. The pharmacodynamics
and pharmacokinetics of a drug may subsequently be modif ed, potentially leading to stronger
pharmacological activity, adverse ef ects and faster elimination [39]. It should be noted that such
ef ects are rarely caused by the formation of phenol-HSA complexes, as the low phenol and high HSA
concentration in plasma renders saturation at the binding site unlikely. Moreover, phenolic compounds
are often subject to high f rst-pass metabolism, and thus it is the conjugated-HSA complex that should
be taken into account in a potential food—-drug interaction. Nevertheless, such an outcome should be
kept in mind for drugs with high PPB, a low extraction ratio and narrow therapeutic index, and for
other plasma proteins more specif c than HSA.

To date, most of the research on food—-drug interactions has been focused on f avonoids and HSA.
Rutin and baicalin have been extensively used to determine the ef ect of f avonoids on the binding
properties of cleviprex, theophylline, nifedipine, promethazine and ticagrelor [91-95]. The results show
that (1) both hydrogen bonds and hydrophobic interactions play a central role in the binding process,
which is spontaneous; (2) f avonoids can reduce the association constant and increase the distance of
drugs binding to HSA due to competitive binding at site I; (3) the synergistic ef ect of drugs with rutin
and baicalin can further change the HSA conformation, and (4) reduced af nities of drugs binding to
HSA in the presence of f avonoids may lead to an increase in free drugs in the blood, which would
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af ect their transportation and/or disposition and may provoke adverse or toxic ef ects, as shown in
Figure 3.
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Figure 3. Dietary f avonoid—drug interaction mechanism.

Quercetin had the same ef ect as rutin and baicalin on ticagrelor and propranolol binding to
HSA [95,96]. In 2012, Maciazek-Jurczyk and collaborators reported that competition from curcumin
for the binding site of tamoxifen in HSA reduced the binding af nity of this chemopreventive agent,
which increased its unbound fraction in the blood with potentially toxic ef ects [97]. In 2017, Rimac and
colleagues showed that warfarin—f avonoid interactions should be regarded as negligible, as they do
not share the same binding region in HSA [98]. Conversely, in the same year, it was demonstrated that
quercetin metabolites strongly displace warfarin when binding to HSA, suggesting that high quercetin
levels can negatively interfere with warfarin therapy [36].

Consequently, the intake of f avonoid-rich foods and beverages should be reduced during
treatment with the aforementioned drugs to avoid food—-drug interactions and the incidence of toxic
symptoms. Alternatively, drugs that do not share the same binding region as f avonoids can be used.

7. Conclusions

PPB is a key process that determines the pharmacokinetics (distribution, metabolism,
and elimination) and ef ects of many drugs and dietary phenolics in the body. This review has
gathered valuable information concerning the binding of dietary polyphenols to HSA, highlighting
how the properties of these compounds can be substantially modif ed after the formation of a protein
complex. The structural dif erences among f avonoids, phenolic acids, stilbenes, and hydrolysable
tannins strongly af ect the binding process with plasma proteins. Thus, the formation of a phenolic-HSA
complex is af ected by phase I reactions. The number and position of substituted hydroxyls on the
aromatic ring of the compounds and hydrogenation can alter the nucleophilicity and planarity of
molecules. The binding af nities of phenolic compounds towards HSA are also af ected by phase 11
reactions (glucuronidation, methylation, methoxylation and sulfation). Accordingly, in order to avoid
potential therapeutic failures caused by food—drug interactions, the intake of f avonoid-rich food and
beverages should be monitored when treating certain pathologies.
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Abstract: In the search for natural products with properties that may protect against or slow down
chronic and degenerative diseases (e.g., cancer, and cardiovascular and neurodegenerative condi-
tions), phenolic compounds (PC) with benefits for human health have been identified. The biological
effects of PC in vivo depend on their bioavailability, intestinal absorption, metabolism, and interac-
tion with target tissues. The identification of phenolic compounds metabolites (PCM), in biological
samples, after food ingestion rich in PC is a first step to understand the overall effect on human health.
However, their wide range of physicochemical properties, levels of abundance, and lack of reference
standards, renders its identification and quantification a challenging task for existing analytical
platforms. The most frequent approaches to metabolomics analysis combine mass spectrometry and
NMR, parallel technologies that provide an overview of the metabolome and high-power compound
elucidation. In this scenario, the aim of this review is to summarize the pre-analytical separation
processes for plasma and urine samples and the technologies applied in quantitative and qualitative
analysis of PCM. Additionally, a comparison of targeted and non-targeted approaches is presented,
not available in previous reviews, which may be useful for future metabolomics studies of PCM.

Keywords: phenolic compounds; metabolites; sample treatment; NMR; LC/MS; urine; plasma

1. Introduction

For several years, the benefits of phenolic compound (PC) intake have been described,
especially as a protection from cardiovascular diseases [1,2]. The biological effects of PC
in vivo depend on their bioavailability, intestinal absorption, metabolism, and interaction
with target tissues [3]. It is well-known that PC have a low oral bioavailability, and undergo
an extensive biotransformation mediated by phase I reactions (e.g., oxidation, reduction, or
hydrolysis), phase II reactions (e.g., glucuronidation, methylation, sulfation), as well as by
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gut microbiota (e.g., ring f ssion, hydrolysis, demethylation, reduction, decarboxylation,
dihydroxylation, and isomerization) [4,5]. In fact, the identif cation, in biological samples,
of the phenolic compounds’ metabolites (PCM) produced after foods rich in PC intake,
is a f rst step to understand the overall effect on human health [6]. Unfortunately, the
(i) enormous structural variety of PC (i.e., phenolic acids, f avan-3-ols, f avanones, f avones,
f avonoids, lignans, among others), (ii) the lack of commercially available standards, (iii) the
structural variability of PCM, (iv) metabolite degradation due to tedious multi-step sample
preparation workf ows, (v) instability of specif c compounds, (vi) low analyte concentration,
and (vii) frequent sample contamination [7-10], render their identif cation a complex task.
In the last decades, pre-analytical separation processes and more powerful separation
systems for their analysis have been applied.

Accurate identif cation and quantif cation of analytes greatly depends on the extrac-
tion step [7-11]. Sample preparation, also known as sample pretreatment or clean-up, is a
mandatory step to ensure adequate sensitivity, selectivity, and reproducibility of the analyti-
cal process in metabolomics analyses. The objectives of the pre-analytical separation process
include: (i) minimization or elimination of interferences or undesired endogenous com-
pounds in the extracted samples, (ii) enhanced selectivity for targeted analytes, (iii) sample
preconcentration to improve assay sensitivity, and (iv) sample stabilization by reconstitut-
ing the mixture in an inert solvent. The development of analytical methods for biological
samples has become increasingly challenging due to growing demands for method reliabil-
ity and sensitivity, and speed of analysis and sample throughput. However, the extraction
approach used is often dictated by the characteristics of the target analyte (hydrophilicity,
lipophilicity, and protolytic properties) and the matrix. In liquid chromatography-mass
spectrometry (LC-MS)-based metabolite analyses, sample preparation depends on whether
a targeted or non-targeted strategy is employed [11]. In non-targeted analysis, the main
methods of sample clean-up are the “dilute and shoot” approach, protein precipitation (PP),
and ultraf ltration [11]. In targeted analysis, liquid-liquid extraction (LLE), solid-phase
extraction (SPE), solid-phase microextraction (USPE), solid-liquid extraction (SLE), and PP
are the most commonly used [11].

In the SPE technique, analytes from the sample solution or extract are concentrated
and purif ed by sorption on a solid sorbent [12]. SPE eff ciency depends on the nature of
the stationary phase, solvent and volume sample, solvent pH, and modif er content [13].
An alternative to conventional SPE, USPE allows analyte extraction from a small amount
of sample using a low elution volume. Its advantage is that sample extraction and pre-
concentration can be performed in one step, avoiding evaporation and reconstitution,
and therefore reducing the time of analysis [14]. LLE is a technique used to isolate target
compounds that consists of adding an immiscible organic solvent, commonly ethyl acetate,
to the biological sample, which is subjected to vortex-mixing and centrifugation to achieve
the transfer of the analytes to the organic phase [7]. This technique stands out for being
simple to assemble and providing pure extracts, resulting in improved sensitivity in the
chromatographic column [15]. However, if the number of samples is large, LLE is a slow
procedure and requires a high consumption of solvents [16]. Finally, PP involves treating
the samples with a protein precipitant (e.g., water-miscible organic solvents such as ace-
tonitrile (ACN), acetone, ethanol, and methanol), its eff ciency depending on the volume of
organic solvent added and the presence of acid [7].

The analytical techniques commonly used for compound identif cation can measure a
wide range of molecule classes, but each has its limitations regarding detection, sensitivity,
dynamic range, and quantif cation. In metabolomics, the analytical tools of choice for
small-molecule analysis are mass spectrometry (MS) and nuclear magnetic resonance
(NMR) [17]. Chromatographic techniques for the separation of target compounds, typically
coupled with MS, are liquid chromatography (LC), gas chromatography (GC), or capillary
electrophoresis (CE) [7,17,18].

MS is a highly sensitive method that can detect, quantitate, and structurally eluci-
date several hundred metabolites in a single measurement [17,18]. The sensitivity and
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accuracy of detection by MS depend on the experimental conditions and instrumental
settings, especially the methods of metabolite extraction, separation, and ionization (and
possibly ion suppression) [17]. The most commonly applied ionization techniques, which
are key for compound detection and quantif cation [17], are electrospray ionization (ESI),
atmospheric pressure chemical ionization (APCI), and matrix-assisted laser desorption
ionization (MALDI) [11,18,19]. The ionization charges neutral molecules so they can be ma-
nipulated by electrical and/ or magnetic and/ or radio frequency energies according to their
m/ z ratio [19]. The most conventional method of ion-fragmentation is collision-induced
dissociation (CID), although surface-induced dissociation (SID) and infrared multiphoton
dissociation (IRMPD) have also been employed [18]. Target compound detection with a
high degree of resolution and sensitivity generally cannot be achieved using a single MS
detection mode, as higher sensitivity leads to lower resolution, and vice versa [17]. Single-
conf guration mass analyzers include quadrupole (Q), linear ion trap (LIT), quadrupole ion
trap (QIT), time of f ight (TOF), Fourier transform ion cyclotron resonance (FTICR), and Or-
bitrap. Hybrid conf guration can further aid metabolite identif cation by providing highly
resolved and accurate MS/ MS spectra [20]. Tandem (MS/ MS) mass analyzers for quanti-
tative and qualitative metabolomics studies include triple-quadrupole ion trap (QTrap),
triple quadrupole (QqQ), quadrupole-time-of-f ight (Q-TOF), and linear-quadrupole ion
trap-Orbitrap (LTQ-Orbitrap) [17,18,20].

The aim of this review is to highlight recent advances in PCM identification and quantifi-
cation in plasma and urine from humans and animals after the consumption of dietary PC.
Sample preparation methods that enhance analytical sensitivity, identification, confidence, or
the range of PCM that can be identified in these biological samples are described. Finally, the
limitations and advantages of analytical methods in metabolomics studies are outlined.

2. Biological Sample Preparation Methods

There has been considerable progress in the development of sample preparation
methods that allow the detection of PC and PCM with differentiated physicochemical
properties. In LC-MS-based metabolite analyses, the main sample preparation methods
used in non-targeted strategies are “dilute and shoot”, PP, and ultraf ltration, whereas LLE,
SPE, USPE, SLE, and PP are the most common techniques in targeted analysis [11]. Table 1,
drawing on work of the last two decades, includes the dietary source of each analyzed PC,
the precursor compounds, the PCM type, and the biological sample analyzed. Additionally,
detailed information about PCM of secoiridoids, phenolic alcohols, f avonoids, phenolic
acids, enterolignans, stilbenes, ellagitannins, and others is presented in the Supporting
Information (Supporting Information (Tables S1-56, respectively). Figure 1 shows the
general clean-up steps for human or animal plasma and urine.

Table 1. Food source of phenolic compounds and the predominant phenolic compound metabolites identif ed in plasma

and urine samples.

Food or Supplement Compounds Metabolites Sample Ref
Phenolic acids and tyrosols PI Plasma [21]
Oleuropein [22]

Hydroxytyrosol Urine [23,24]
T 1 25
: y}*oso s PII [25]
VOO, EVOO Phenolic acids and tyrosols Plasma [14]
Hydroxytyrosol [26]
Fl1 li 1 27
avones, lignans, and tyrosols Urine [27]
Tyrosols PI/ PII [28]
Secoiridoids [29]

Plasma/ urine _
Hydroxytyrosol and derivatives PII/ MM [30,31]
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Food or Supplement Compounds Metabolites Sample Ref
Chlorogenic acids [32,33]
PII/ MM .
Plasma/ urine [34]
Coffee PI 35
Phenolic acids 3]
PII [36]
Plasma
MM [37]
PIL [38]
Green tea Flavan-3-ols . _—
Urine [39]
Hydroxybenzoic acids 40
Black tea Y Y PII/ MM [40]
Flavonoids and phenolic acids i [41]
Plasma/ urine
Yerba mate Flavonols and phenolic acids [42]
Flavonoids and phenolic acids oI Plasma/ urine [43]
Flavanones and f avonols [44]
Orange juice Flavanoids Urine [45]
PII/ MM [46]
Flavanones
Plasma/ urine [47]
Flavonoids, phenolic acids, lignans, (48]
stilbenes Urine
Red wi
e wme Stilbenes Filf MM [49]
Proanthocyanidin Plasma/ urine [50]
Bilberry Anthocyanins P Plasma/ urine [51]
Black raspberry Anthocyanins PII Urine [52]
Red raspberry Flavan-3-ols and phenolic acids PII/ MM Plasma/ urine [53]
Chokeberry extract Anthocyanins PI/ PII Urine [54]
Anth i PII 55
Strawberry drink nthoeyanins Plasma (591
Anthocyanins and phenolic acids PII/ MM [56]
Flavonols, f avan-3-ols, and phenolic acids 57
Cranberry juice P PI/ MM Plasma/ urine [57]
Flavan-3-ols [58]
Cranberry extract Procyanidins PII/ MM Plasma [59]
Cranberry-syrup Flavonoids and phenolic acids PI/ Pl Urine [60]
Grape pomace drink Flavan-3-ols and phenolic acids PII/ MM Plasma/ urine [61]
. Flavonoids and hydroxycinnamic acids PII Plasma/ urine [62]
Concord grape juice
Phenolic acids MM Urine [63]
Grape extract Flavonoids, phenolic acids, and stilbenes PII/ MM Urine [64]
PRID Flavonoids and phenolic acids PII) MM Plasma/ urine [65]
PRBF Flavonoids and phenolic acids Pl Urine [66]
Flavonoids and phenolic acids Plasma [67]
Apple PI/ MM
Flavan-3-ol Urine [68]
AAPO Quercetin PII Plasma [69]
Flavan-3-ols and phenolic acids MM Urine [70]
Cocoa Flavonoids and procyanidin [71]
PII/ MM Plasma/ urine
Flavan-3-ols [72]
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Food or Supplement Compounds Metabolites Sample Ref
Cocoa cream [73]
Plasma -
Flavan-3-ols PII [74]
Cocoa drink Plasma/ urine [75]
(-)-Epicatechin Urine [76]
Flavan-3-ols Plasma/ urine [77]
Dark chocolate/ PII
Isof avones [78]
chocolate Urine e R
Flavan-3-ols PII/ MM [79]
Tomato sauce Flavonoids and phenolic acids - [80]
Tomato sauce with oil Flavanones and hydroxycinnamic acids Plasma/ urine [3]
Tomato/ tomato sauce Flavonoids and phenolic acids PII/ MM [81]
Almonds Flavonoids PII/ MM Plasma/ urine [82]
Beans Flavonoids and phenolic acids PII/ MM Plasma/ urine [83]
Black soybean extract Isof avones PIL Plasma/ urine [84]
Catechin Urine [85]
PII/ MM
Quercetin [86]
(-)-Epicatechin PI/ PII/ MM Plasma/ urine 7[87]
Daidzein [88]
Standard solutions Gallic acid I [89]
Trans-resveratrol Urine [90]
Caffeic, ferulic, and isoferulic acid i [91]
Plasma/ urine
Hesperetin and hesperidin [92]
Ol hal Fuel 93,94
t .
cocantha Plasma 7[ !
Oleacein [95]
(-)-Epicatechin and procyanidins PIIf MM Plasma/ urine [96]
Capsule
Luteolin PII Plasma [97]
Pill Trans-resveratrol PII/ MM Plasma [98]

PI: Phase I metabolites; PII: Phase II metabolites; MM: microbial metabolites; VOO: Virgin olive oil; EVOO: Extra virgin olive oil. PR]D:
Polyphenol-rich juice drink, PRBF: Puree of (poly)phenol-rich berry fruits; AAPO: Applesauce with apple peel and onion.

2.1. Plasma

Plasma is an aqueous solution that contains a great variety of substances, including
proteins, glucose, mineral ions, hormones, carbon dioxide, and blood cells [8], some of
which may interfere with detection of the target analyte. As PCM may have a higher
binding aff nity to plasma proteins than the parent compounds [99], proteins and other
cellular components such as phospholipids need to be removed prior to analysis to reduce
potential matrix effects and ion suppression phenomena [100]. An appropriate sample
treatment is therefore a crucial step that inf uences the reliability and accuracy of the
analysis [16].

2.1.1. Solid-Phase Extraction

PC and PCM extraction from plasma samples is typically performed by C18-bonded
SPE, as it produces results with greater repeatability than techniques such as PP [101].
Other advantages over methods such as LLE include higher recoveries, shorter analysis
time, and lower solvent requirements [12].

43



Antioxidants 2021, 10, 846

2. INTRODUCTION

60f 25

Biological sample Sample treatment Bioanalysis
NN HRMS
™ ™ b= *  Acetonitrile
PP | - Acetone
/ \ \e/ *  Methanol
Plasma Organic solvent =~ ° Ethanol
*  Urine/plasma

volume

*  Clean-up and
elution solvent
nature and volume

SPE[uSPE

LF)
+ Ethyl acetate
' —

LLE { | «  Acetonitrile f \

LRMS

.

Dichloromethane

by Sample Organic solvent |
I\
o - Without acid
Dilution *+ Hydrochloric acid
+ Fommnic acid NMR

U Urine Water

=
Unprocessed
samples w

Urine Centrifugation

Figure 1. Graphical representation of plasma and urine clean-up and the bioanalysis for the identif -
cation and quantif cation of phenolic metabolites.

A range of solvents have been used to extract anthocyanins and their metabolites from
plasma by SPE. PCM elution is frequently carried out with methanol, which eff ciently
precipitates proteins and deactivates enzymes, and can be combined with water to improve
the extraction of polar phenolic acids. Some studies have used methanol acidif ed with
different percentages of formic acid to elute anthocyanins and their metabolites in C18
cartridges [55]. The isolation of anthocyanins and their glucuronide metabolites was also
achieved using hydrophilic-lipophilic-balance (HLB) cartridges and eluting the analytes
with acetone/ formic acid (9:1), obtaining a recovery rate of 71% for cyanidine-3-glucose [51].
Anthocyanin and phenolic acid metabolites were also eluted with acetone/ formic acid
(9:1) [56]. Acetone has an advantage over methanol in that its lower boiling point allows a
faster evaporation.

The extraction of different classes of f avonoids and their metabolites was performed
using methanol as the elution solvent in mixed-mode cation-exchange (MCX) plates [82].
The samples were previously hydrolyzed or nonhydrolyzed to analyze the metabolites
in both their free and conjugated forms. With this procedure, phase-II metabolites of
f avonoids and their microbial derivatives were identif ed and quantif ed, with recovery
values ranging from 87% to 109%. Epicatechin and its metabolites were extracted with dif-
ferent solvents using Strata X cartridges. Actis-Goretta et al., employed methanol/ pyridine
(1:1 v/v) to elute the metabolites, mainly glucuronides, sulfates, and O-methyl sulfates,
achieving recoveries from 96% to 104% [77]. These results constitute an improvement on
previous studies that used HLB cartridges with methanol containing formic acid (0.1%) [76]
or N,N-dimethyl formamide/ methanol (7:3).

The first validated methodology for the quantification of oleuropein and its metabolites
in plasma was based on sample pretreatment with SPE, using HLB cartridges and acetone as
the eluent. This approach allowed the simultaneous determination of metabolites previously
undetected by other techniques such as LLE, namely 2-(3,4-dihydroxyphenyl)acetic acid,
homovanillyl alcohol, homovanillic acid, and elenolic acid [21].

In a study on procyanidin metabolites, rat plasma samples after ingestion of procyanidin-
enriched cocoa cream were pretreated in off ine SPE HLB cartridges. The retained com-
pounds were eluted with acetone/ water/ acetic acid (70:29.5:0.5, v/v/v), which produced
better results than methanol/ acetone, with the recoveries being over 84%. The iso-
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lated procyanidin metabolites were mainly phase-II-conjugated catechin-glucuronide and
epicatechin-glucuronide [73].

A method based on high-throughput USPE using HLB pElution plates was developed
by Feliciano et al. for the identif cation and quantif cation of different classes of PCM,
including f avonols, benzoic acids, catechols, and cinnamic acids. Recovery rates of 89%
were obtained when the p-elution was performed with methanol followed by 70% aqueous
acidif ed acetone [57].

Sudrez et al. obtained the highest recovery of hydroxytyrosol using 50% aqueous
ACN, although this method was less eff cient for other PCM, whose recoveries were better
with methanol [14]. The pSPE method has been used for the analysis of hydroxytyrosol
and derivatives in plasma samples [26,31]. In another study evaluating methanol as the
elution solvent, recoveries of over 75% were achieved for all the studied PCM, including
catechol sulfate and valerolactone glucuronide [67].

2.1.2. Liquid-Liquid Extraction

In a study on the pharmacokinetic processes of f avan-3-ols [96], LLE was carried out
to extract phase-II-conjugated compounds and gut microbiota metabolites. The spiked
samples, previously acidif ed with formic acid, were extracted 3 times with ethyl acetate,
yielding recoveries of 70-100%. However, the values for cinnamic acids varied considerably,
suggesting that the solvent was not suitable for its extraction. Ethyl acetate was also
employed in an LLE of gallic acid metabolites in human plasma, with the recoveries
ranging from 67% to 96% [89], and in the clean-up of rat plasma containing caffeic, ferulic,
and isoferulic acid metabolites [91].

2.1.3. Protein Precipitation

Plasma contains a large amount of proteins that should be removed to avoid inter-
ference in the f nal analysis [99]. Samples are treated with a protein precipitant, com-
monly water-miscible organic solvents such as ACN, acetone, perchloric acid, ethanol,
and methanol. Both composition and volume of the organic precipitant can affect PP
eff ciency, which may be improved by adding an acid (e.g., formic, acetic, trichloroacetic,
and phosphoric) to the sample or PP solution to alter the pH of the sample matrix [7].
Although PP is a simple and fast method, it does not provide a completely clean extract.
Protein removal can also be achieved by the addition of acids such as trichloroacetic or
perchloric acids, which have a denaturation and aggregation effect.

Other components of plasma samples that could interfere with the analysis are phos-
pholipid species, which may impair both the ionization process and chromatographic
separation, thereby reducing extraction eff ciency, recovery, and reproducibility, and in-
creasing inter-sample variability. The removal of phospholipids (highly ionic) has been
successfully accomplished with recently developed commercial plates [102].

ACN and formic acid (2%) were used to extract red raspberry anthocyanins and
ellagitannins and their phase-II metabolites from human plasma [53]. The same solvents
were employed in an analysis of phase-II metabolites of f avonoids and phenolic acids
and phase-II and microbial metabolites of f avanone in plasma after the consumption of
orange juice.

Ethanol has been utilized in different studies as a protein precipitant, including in an
evaluation of chlorogenic and phenolic acids and their metabolites in human plasma after
coffee consumption, and the recoveries ranged from 98.1% to 108.6% for all the glucuronide,
sulfate, and lactone metabolites of the studied phenolic acids [36]. A similar procedure was
performed to isolate chlorogenic acids and their metabolites, although the plasma samples
were resuspended in sodium acetate buffer and acidif ed with hydrochloric acid in aqueous
methanol (40%, v/v), achieving an 88% recovery of chlorogenic acid [35]. In another study,
coffee phenolic metabolites thought to be formed by the gut microbiota were identif ed
after ethanol-induced PP and sample acidif cation with perchloric acid [37].
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2.2. Urine

Urine contains high concentrations of urea, inorganic salts (chloride, sodium, and
potassium), creatinine, ammonia, organic acids, various water-soluble toxins, and pig-
mented products of hemoglobin breakdown [103]. Although urine is one of the easiest
biological f uids to collect, its high salt concentration can easily interfere with ESI. Thus,
the electrolytes need to be removed prior to the analysis [27], which is usually partially
achieved by SPE, LLE, and sample dilution. Nevertheless, direct analysis of urine (unpro-
cessed urine) has also been carried out.

2.2.1. Solid-Phase Extraction

One of the most widely used techniques for the preconcentration and clean-up of
urine samples is SPE, in which the nature and volume of the elution solvent are important
factors [73]. This technique has been used for metabolite extraction of PC from the main
dietary sources such as tomato [3], tomato sauce [80], extra virgin olive oil [22,25,30], red
wine [49,104], black raspberry [52], chokeberry [54], cocoa [70,71,79], chocolate [77], and
anthocyanins [105]. An SPE method for the quantif cation of 350 dietary markers, including
(poly)phenolic aglycones, phase-II metabolites, microbial-transformed compounds, and
other dietary components, was also developed [106].

Methanol and water are by far the most extensively used solvents for PCM extrac-
tion [3,22,25,30,52,54,70,71,77,79,80,105]. Methanol and ethyl acetate have also been used
to isolate PCM, specif city, and resveratrol metabolites [49,104]. On the other hand, the
methanol and ammonium formate have been less used [106].

Another strategy to optimize the PCM extractions is the use of different additives
during its washing and elution. In this sense, formic acid [3,30,52,70,71,77,80,105,106],
acetic acid [22,49,104], and trif uoroacetic acid [54] are the most common additives used.
In other studies, both the methanol and water were employed without the addition of any
additive [25,79].

In some cases, urine dilution, before SPE extraction, may be necessary to reduce the
ionic strength prior to ion-exchange SPE due to a high concentration of salts [7]. Water [3],
water with trif uoroacetic acid [22,54], water with phosphoric acid [25,49,104], water with
formic acid [106], and methanol [30] have been extensively used prior to SPE extraction. In
other studies, the urine dilution was not employed [52,70,71,79]. Finally, in another study,
it was demonstrated that a complete evaporation of the eluent (to dryness) signif cantly
reduced the recovery of certain compounds [105].

MSPE constitutes an excellent option for PCM analysis as it requires small sam-
ple volumes. Feliciano and coworkers developed a rapid and high-throughput HSPE
method for the analysis of the most representative polyphenol classes (f avan-3-ols, ben-
zoic acids, phenylacetic acids, propionic acids), achieving recoveries of up to 88% when
using methanol followed by 70% aqueous-acidif ed acetone as the elution solvent [57]. In
2013, Serra demonstrated that a clean-up step was not necessary in the JSPE method for
hydroxytyrosol metabolites, which was attributed to their polarity. Thus, these compounds
were eluted with water without affecting the matrix effect (lower than 18%) [24]. MSPE was
used with the aim to detect phenol metabolites in urine samples to identify the most appro-
priate compliance olive oil markers and eventually relate them to the expected biological
effects [31].

2.2.2. Liquid-Liquid Extraction

This technique has been used for the extraction of PCM from the main dietary sources,
such as extra virgin olive oil [27,107], orange juice [44], tea [38], yerba mate [42], puree of
f ve (poly)phenol-rich berry fruits [66], cocoa products [72], and specif c compounds, such
as resveratrol [90] and daidzein and genistein [78].

ACN has been extensively employed for LLE of PCM [44,46,48,66]. In other studies,
ethyl acetate [27,107] and dichloromethane have also been employed for the extraction
of PCM [38]. Although LLE can be carried out with a single solvent, the use of solvent

46



Antioxidants 2021, 10, 846

2. INTRODUCTION

90f25

mixtures can improve extraction [7]. An ACN/ methanol mixture (8:2, v/v) was used to
extract major phase-II metabolites of resveratrol [90], adding an acetate buffer to increase
the density of the aqueous layer.

LLE constitutes an excellent option for PCM analysis as it requires small urine volumes
(<500 WL). Another advantage of LLE is that sample extraction can be performed in one
step, avoiding evaporation and reconstitution, and therefore reducing the time of analysis.
In this sense, after centrifugation (and/ or f ltration), the samples can be directly injected
in MS.

2.2.3. Urine Dilution

The preparation of samples using the “dilute and shoot” approach reduces the time
required to obtain results [11]. Different volumes of water (1:1, 1:3, 1:4, 1:5, or 1:10 v/v,
urine:water), with or without formic acid (0.1%) or acetic acid [23], have been used to
analyze a wide variety of PCM. After dilution, the samples are usually mixed, centrifuged,
and f ltered prior to the bioanalysis. In 2019, Gonzalez-Dom inguez and colleagues demon-
strated that a 10-fold dilution factor was optimum for a minimal matrix effect provoked by
the high salt content of urine [106]. The same authors found that this strategy yielded LOQs
above 10 Ug L1 for almost all compounds monitored, which can hinder the detection
of food-derived metabolites in real urine samples. Hydrochloric acid (0.1 M) has been
employed in urine treatment for the analysis of microbial metabolites, glucuronides, and
sulfate derivatives [64]. The same acid was used to retard bacterial growth and ensure
metabolite stability in human urine after the consumption of black tea [64].

2.2.4. Unprocessed Urine

The direct injection of urine samples is known to be diff cult due to problems such
as column clogging and MS signal alterations caused by endogenous compounds. Nev-
ertheless, unprocessed urine samples have been analyzed, in nontargeted approaches,
to determine the prof le of excretable PC. Unprocessed urine containing metabolites of
f avonoids and hydroxycinnamic acids after the acute consumption of grape juice [62],
hydroxycinnamate derivatives after the acute consumption of coffee [34], and PCM after
polyphenol-rich juice drink [65] and moderate wine [48] consumption have been analyzed.
The urine samples were centrifuged, to eliminate cells and noncellular suspended particles,
before being directly analyzed by UHPLC—TOF-MS [48] or HPLC-PDA-LIT [34,62,65].

3. Identif cation and Quantitation of Metabolites
3.1. Nontargeted Approaches

Nontargeted approaches to PC and PCM characterization are becoming more feasible
with the high analytical power provided by high-resolution mass spectrometry (HRMS)
instruments (MS and MS/ MS mode) [108,109]. In Table 2, the main chromatographic and
MS conditions employed in nontargeted studies of PCM in urine and plasma samples
are summarized.

Q-TOF-MS is a hybrid analytical technique widely used in metabolomics. This com-
bination of analyzers takes advantage of the higher MS/ MS eff ciency demonstrated by
QqQ instruments and the speed and sensitivity of a TOF analyzer [69,110,111]. A Q-TOF-
based metabolomics approach is a suitable strategy to understand the effect of nutritional
interventions, reveal metabolomic changes, and obtain data on bioaccessibility and bioavail-
ability [111]. A comprehensive list of the main conditions used to analyze dietary PCM in
urine and plasma is provided in Table 2.
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Table 2. Methods for untargeted analysis of PCM in urine and plasma samples.

Phenolic Compounds

Sample; Sample Clean-Up;

Internal Standard

Chromatographic Conditions

MS Conditions

Phase-1 and Phase-I1 Metabolites

Quercetin [86]

Urine and plasma; PP

Acquity BEH Cyg (2.1 X 50 mm, 1.7 pm);
A: Water (0.1% FA). B: ACN.

QTOF; ESI-[M—H]™

Urine and plasma; UU and

Hypersil gold Cyg (2.1 X 100 mm,

Q-Exactive;

Secoiridoids [29] PP 1.9 pm); A: Water (0.01% AA), B: ACN. ESI-[M—H]~
Acquity BEH Cjg (2.1 X 100 mm, 1.7 gm); g . .
Epicatechin [87] A: Water (0.1% FA), A: ACN:MeOH LETS%[%E“};]*‘E'
Urine and plasma; SPE (3:1 v/v).
Daidzein [88], hesperetin, Acquity BEH Cjg (2.1 X 100 mm, 1.7 Jm); LTQ-Orbitrap;
and hesperidin [92] A: Water (0.1% FA). B: ACN. ESI{M—H]~/ [M+H]"
. Acquity BEH Cyg (2.1 X 50 mm, 1.7 pm); LTQ-Orbitrap;
Oleocanthal [93] Plasma; SPE A: Water, B: MeOH, both with 0.1% FA. ESI-[M—H]~
Zorbax Eclipse Cyg (4.6 X 150 mm,
1.8 pym); QTOF;
Phenolic acids and Urine: SPE A: 1% FA in water/ ACN (90:10, v/v), ESI-[M—H]™
f avonoids [60] Tine; B: ACN
Zorbax Eclipse Cyg (4.6 X 150 mm, QTOF;
1.8 pm); A: Water (10% FA), B: ACN. ESI[M+H]*

Phase-1T Metabolites

Procyanidins [59]

Plasma; PP; mixture
solution **

ACE Excel 2 Cyg-PFP (2.1 X 100 mm,
2 pm); A: Water (0.1% FA). B: ACN.

Resveratrol [98]

Plasma; PP; mixture
solution *

Nucleodur Cyg Isis (2 X 150 mm,1.8 pm);
A: Water, B: MeOH, both with 0.1% FA.

Q-Exactive;
HESI-(M—H]~

Quercetin [69]

Plasma; PP; Quercetin
40-O-glucoside

Poroshell Cyg (2.1 X 100 mm, 2.7 mm); A:
Water, B: ACN, both with 0.1% FA.

QTOF,
ESI-[M—H]~/ [M+H]"

Flavonoids [44]

Urine; UD; Naringin-d4

Kinetex Cyg (3.0 X 150 mm, 2.6 pm); A:
Water, B: MeOH, both with 0.1% FA.

QTOF;
ESI-[M—H]™

Phenolic acids
and f avonoids [66]

Urine; LLE; Rutin and
taxifolin

Synergi Hydro RP18 Cqg (2 X 150 mm,
4 ym); A: Water, B: ACN (0.1% FA).

Isof avones [84]

Urine and plasma; SPE

Kinetex Cyg (2.1 X 100 mm, 1.7 pm); A:
Buffer (0.1% FA). B: ACN.

LTQ-Orbitrap;
ESI-[M—H]~

Phase-1I and Microbial Metabolites

Quercetin [86]

Urine and plasma; PP

Acquity BEH Cyg (2.1 X 50 mm, 1.7 pm);
A: Water (0.1% FA). B: ACN,

Phenolic acids
and f avonoids [57,83]

Urine and plasma; PUSPE;

Taxifolin

Zorbax Eclipse Plus RRHD (2.1 X 50 mm,
1.8 pum);
A: Water, B: ACN, both with 0.1% FA.

Phenolic acids
and f avonols [42,72]

Phenolic acids [32]

Urine and plasma; LLE, PP

and UD

Ascentis Express Cyg (3 X 150 mm,
2.7 ym);
A: Water, B: ACN, both with 0.1% FA.

QTOF;
ESI-{(M—H]~

Flavan-3-ol [50]

Urine and plasma; PP

Kinetex Phenyl-Hexyl (4.6 X 150 mm,
2.6 um); 0.1% FA methanol in 0.1%
aqueous FA

Q-Exactive;
HESI-[M—H]~

Phenolic acids
and f avonoids [41]

Plasma; PP; Baicalin and

genistein
7-B-D-O-glucuronide

Acquity BEH Cqg (2.1 X 150 mm, 1.7 gm);
ACN (0.1% FA).

LTQ-Orbitrap;
ESI-[M—H]~
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Table 2. Cont.
Phenolic Compounds Sample; Sample Clean-Up; Chromatographic Conditions MS Conditions
Internal Standard
. Kinetex Cyg (4.6 X 150 mm, 5 Jm); Q-Exactive;
Flavanone [47] Plasma; PP 0.1% FA methanol in 0.1% aqueous FA HESI-[M—H]~
Phenolic acids and . Zorbax Eclipse Plus Cg (2:1 mm X QTOF;
f avonoids [48] Urine; UU 100 mm, 1.8 m); ESI-[M—H]~
A: Water, B: ACN, both with 0.01% FA.
Procyanidins, phenolic Urine: UD Luna Cyg (2.0 X 50 mm, 5 pm); LTQ-Orbitrap;
acids, and f avonols : Water, B: , both with 0.1% -IM—H]™
id d f Is [64] ’ A: W B: ACN, both with 0.1% FA ESI-[M—H]
Poroshell Cyg (0.5 X 250 mm, 2.7 pm); QTOF;

Flavan-3-ol [79]

Urine; SPE: Hesperetin A: Water, B: ACN, both with 0.1% FA  ESI-[M—H]~/ [M+H]"

AA: acetic acid; ACN: acetonitrile; FA: formic acid; UD: urine dilution; UU: unprocessed urine; SPE: solid-phase extraction; PP: protein pre-
cipitation; SPE: micro-elution solid-phase extraction; * L-tryptophan-D3, L-leucine-D10, creatine-D3, and caffeine-D3; ** trans-resvératrol-
13C6, trans-resveratrol-3-O-sulfate-D4, trans-resveratrol-3-O-B-D-glucuronide-D4, and trans-resveratrol—40-0-B-D-glucuronide-DAL

Although Q-TOF-MS has been applied to detect phase-I metabolites in vivo [60,86],
conjugated metabolites have received more attention. Thus, glucuronide and sulfate forms
of quercetin were the main metabolites identif ed in human plasma post-consumption of
applesauce enriched with apple peel and onion [69]. In another study, phase-II metabolites
were identif ed in rat plasma and urine after a single oral administration of quercetin [86].
Human urinary metabolites, mainly sulfated forms of caffeic and ferulic/ isoferulic acids,
were detected after consumption of yerba mate [42]. Other studies have focused on the
identif cation of PCM after ingestion of cranberry syrup [60], cranberry juice [57], orange
juice [44], and chocolate [79].

The key role played by phenolic microbial metabolites in the health effects of dietary
PC has prompted experiments on Q-TOF-based metabolomic f ngerprints in biological
f uids. Gut microbial metabolites were analyzed in plasma and urine samples following
the consumption of cranberry juice [57], cocoa products [72], beans [83], and tomato
products [81]. Hydroxycinnamate metabolites derived from microbiota were detected
in both plasma and urine after coffee intake [32], and microbial metabolites in urine
were found to be strongly affected by moderate red wine consumption [48]. In summary,
negative ESI (Table 2) is the most frequently used mode in analysis of PCM, regardless of
whether they are phase I, phase II, or microbial metabolites. Regarding chromatographic
separation, the most employed mobile phases are water and ACN with formic acid (0.1%
or 0.01%).

The prediction, screening, and identif cation of PCM in foods is rarely straightforward.
The Orbitrap mass analyzer, the f rst high-performance mass analyzer able to trap ions in
electrostatic f elds, provides the high-resolution, mass accuracy, and sensitivity required for
metabolomic analyses [112,113]. Two major families of instruments are used to study PCM:
the hybrid linear ion-trap Orbitrap MS (LTQ-Orbitrap) and Q Exactive. Table 2 summarizes
the chromatographic and MS conditions used in the analysis of PCM.

In the most frequently employed operation mode, the Orbitrap mass analyzer acquires
FTMS data and the LTQ provides data-dependent MS/ MS scans after trapping. The
advantages are the high trapping capacity and MS" scanning function of the LTQ along
with accurate mass measurements, resulting in greater throughput and identif cation of
major or trace metabolites. To date, the LTQ-Orbitrap mass analyzer is the most popular
platform used in dietary PC metabolomics research, applied to study the metabolism of
compounds such as (-)-epicatechin [87], oleocanthal [93,94], oleacein [95], daidzein [88],
hesperetin, and hesperidin [92], and to identify PCM in biological samples after the intake
of foods or beverages [41,64,66,81,84]. As can be seen in Table 2, negative ESI is the most
routinely used mode in PCM analysis. Although high mass resolution is necessary to
separate or resolve two peaks with a small mass difference, in most of the studies, the
resolution was set at 30,000 in FTMS mode. A resolution of 60,000 was used in only
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one study and 70,000 in another. Regarding the chromatographic conditions, the most
employed mobile phases are water and ACN or methanol with formic acid (0.1% or 0.01%).

Another newly developed method is Q Exactive hybrid quadrupole-orbitrap mass
spectrometry (Q Exactive MS), which combines high-performance quadrupole precursor
selection with high-resolution and accurate-mass orbitrap detection. In the f eld of PC
analysis, from 2015 until the present, this hybrid technology has been used in only a few
studies, to identify proanthocyanidin [50], procyanidins [59], resveratrol [106], f avanone,
and secoiridoids [29]. Most (80%) of these studies used heated electrospray ionization
(HESI), which generally gives improved signals compared to the more traditional unheated
ESI (Table 2). Chromatographic separation was carried out as in the LTQ-Orbitrap system,
using water and ACN or methanol with formic acid (0.1% or 0.01%).

3.2. Targeted Approaches

Targeted analyses require the collection of specif ¢ metabolite information, typically
through the use of low-resolution mass spectrometry (LRMS) instrumentation. There
are several types of mass analyzers that can generate mass measurements, but the most
frequently used are QqQ or QTrap [114]. Table 3 summarizes the main chromatographic
and MS conditions employed in targeted studies of PCM in urine and plasma samples.
It is well-known that due to the lack of bioanalytical standards for some PCM, various
strategies have been used trying to solve this problem: (i) quantif cation of PCM using
the calibration curves corresponding to their phenolic precursors or with the most struc-
turally similar compound [42,43], (ii) expressing the concentration as equivalents of parent
compounds [71,94], (iii) expressing the concentration as ratios [29,93,95,115], and (iv) the
synthesis of the target metabolites [39]. In the case of the expression of the concentration as
ratios, the peak abundance ratio (analyte/ internal standard) and the concentration ratio
(analyte/ internal standard) are used [115]. In other cases, the peak area ratios of each
analyte vs. that of the internal standard (analyte/ internal standard) are employed [21,63].

3.2.1. Quadrupole Ion Trap (QIT)

QIT, despite being one of the f rst technologies employed to analyze dietary PC, has
been applied in only a few studies to date. Its principal limitation is a relatively low limiting
value of the mass/ charge ratio. As can be seen in Table 3, the quantif cation of PCM with
this technology has focused on f avonoids [38,62,65,116] and phenolic acids [62], both in
plasma and urine samples, using ESI and fragmentation by CID. A single mobile phase
was employed in two studies [62,65], whereas others used a combination of two [116] or
three [38]. In all cases, formic or acetic acids (0.05%, 0.1%, or 0.5%) were the major additives
used to improve compound ionization.

3.2.2. Triple Quadrupole (QqQ)

Due to its high sensitivity and selectivity, QqQ mass spectrometry has been primarily
applied in targeted analysis of dietary PCM. Table 3 summarizes the chromatographic and
MS conditions routinely used in the study of PCM.

Phase-I metabolites of oleuropein in plasma samples were analyzed with QqQ tech-
nology, employing a C8 column with water (pH 5, adjusted with acetic acid) and ACN for
chromatographic separation [21]. To quantify phase-I and phase-II metabolites of oleocan-
thal, a C18 column and water:MeOH, both with 0.1% formic acid, was used [93]. In addition,
phase-II metabolites of phenolic acids [14,36], phenolic alcohols [14,25], f avonoids [14,77],
phenyl-y-valerolactones [39], procyanidins [117], and resveratrol [90] were studied, em-
ploying a C18 column and water:ACN for plasma samples and ammonium acetate:ACN
for urine.

Water and ACN containing formic acid (0.1%, 0.2%, and 0.5%) in combination with C18
columns have been extensively used in the analysis of phase-II metabolites and microbial
metabolites of f avonoids [56,61,66,68,71,80] and phenolic acids [61,66,80] in plasma or
urine samples. The same mobile phases have been used in the analysis of epicatechin and
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procyanidin microbial metabolites [70] in urine samples. In another study, a PFP column
was used to separate polar compounds, including phenolic acid metabolites [53].

3.2.3. Triple-Quadrupole lon Trap (QTrap)

QTrap is the one of the most widely used instruments for analyzing specif ¢ metabo-
lites of interest [108]. Recently, targeted metabolomic prof ling of the urinary [106] and
plasma [118] food metabolome has resulted in the simultaneous quantitation of PCM,
including (poly)phenolic aglycones, conjugated metabolites, and colonic microbial metabo-
lites. QTrap technology has been extensively utilized to develop a targeted metabolomic
approach for specif ¢ PC groups, being applied to plasma and human urine containing phe-
nolic acid metabolites [119] or specif c compounds such as chlorogenic acid [33]. Regarding
f avonoids, phase-I, phase-II, or microbial metabolites were detected in plasma [97] and
urine [46,78,105]. As shown in Table 3, acetic and formic acids are the major additives used
to improve compound ionization. The most common mobile phases for urine are both
ammonium acetate and water (with acid), together with ACN/ methanol, and for plasma,
water, and ACN.

Table 3. Chromatographic and MS conditions for the quantif cation of PCM in plasma and urine samples.

Sample; Sample

Phenolic Clean-Up; Chromatographic Conditions MS Conditions LOQ
Compounds
Internal Standard
Phase I Metabolites
e RP-C8 (150 X 2.1 mm, 3.5 pm); A ]
Oleuropein [21] 2-hy dgj;;‘?é:;gthanol A: Water pH 5, adjusted with E%(Il_([gl\’/ll\flf_ll\]d_’ 5-50ng L™!
AA.B: ACN
Phase-II Metabolites
Flavonoids and Plasma and urine; PP Syzerf;)l-{;’d-i\ég 51(1)65’07 ijf g;m, QIT; FS, CRM, and SIM;
phenolic acids [65] and UU; Ethyl gallate Hm); 19 FA)' ° ESI- [M—H]~/ [M+H]*
Symmetry C18 (2.1 X 50 mm,
. Plasma and urine; 3.5 pm); QIT; FS; ESI- [M—H]~/
Flavonoids [116] LLE, SPE, and PP A: Water, B: ACN, both with [M+H]*
0.05% FA.
Supelcosil LC18 (3.0 X 100 mm,
5 ym);
Catechins [38] Urine; LLE A: MeOH-water-AA (1:98:1), B: QIT; FS; ESI- [M—H]™
MeOH- water-AA (50:49:1), C:
MeOH-water (4:1).
Acquity BEH C18 (2.1 % 150 mm,
. . Plasma; PP; mixture 1.7 ym); QqQ; MRM; ESI-
Phenolic acids [36] solution * A: Water, B: ACN, both with 1% [M-H]~ 5nM
AA.
Acquity HSS T3 (2.1 X 100 mm, . el
Procyanidins [117]  Plasma; SPE; Catechol 1.8 pm); QqQMS_R}“I’[:ESI 0.01-0.98 UM
A: Water (0.2% AA), B: ACN. [ ]
Phenolic acids and Plasma; USPE; Acquity BEH C18 (2.1 X 100 mm, QqQ; SRM; ESI-
alechols and Catechol and caffeic acid 1.7 pm); [M—=H]™ 0.02-82 uM
f avonoids [14] A: Water (0.2% AA), B: ACN.
Urine; SPE; 4-O-hydroxy ~ Acquity BEH C18 (2.1 X 100 mm,
Phenolic alcohols  phenylpropanol and 3-(4- 1.7 ym); QqQ; MRM; ESI- 1.87-20 ng L1
[25] hydroxyphenyl) A: 1 mM ammonium acetate [M—H]™ : ne
propanol (pH 5), B: ACN
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. Sample; Sample
Cl’henohc Clean-Up; Chromatographic Conditions MS Conditions LOQ
ompounds
Internal Standard
ODS-3 (5 X 150 mm, 2.1 ym); P
Resveratrol [90] Urine; UD; Wogonin A: 5 mM ammonium acetate, Qqu\’deg LESI_ 4-20ng Lt
B: ACN (M—H]
Plasma and urine; SPE; HSS C18 (1.8 X 100 mm, 2.1 pm); . .
(-)-Epicatechin [77] Umbelliferone sulfate A: Water, B: ACN, both with QqQ[MNEI;II\]dL ESI- 12-30 nM;
and glucuronide 0.1% AA.
Phenyl-y-
valerolactone . Kinetex EVO C18 (2.1 % 100 mm, 0.6-2.2 nM
139] Plasma and urine; PP 2.6 pum); QqQ; MRM; HESI-
N and UD A: Water, B: ACN, both with [M-H]~
Flavonoids and 0.2% FA
phenolic acids [43] e
Phenomenex C18 (3 X 150 mm,
S 3 Jm); ) .
Dau_jzte}n a;gd Urine; LLE; Taxifolin A: ammonium acetate (13 mM, QTRA;:[’}AHR{J’ ESI- 3ng mL~1!
genistein [78] pH 4 with 0.1% AA), B: MeOH (M=H]
(0.1% AA).
Capcell pak C18 MGII . .
Luteolin [97] Plasma; PP (4.6 X 150 mm, 3 ym); A: water QTRA}I;’I_?:E]:A’ ESI-
(0.1% TFA), B: ACN.
Phase I and IT Metabolites
. . bD. Synergi Polar RP C18 . .
Cl;'c‘;;oéz‘;lc Ur}ﬁ;ig“r: gfj:; PP (4.6 % 250 mm, 4 pm); A: Water, QTR’?&_MIEE’L ESI- 5nM
B: ACN, both with 0.1% AA.
. Plasma and urine; SPE Synergi Polar RP C18 QIT; FS, SRM, SIM, and
Flavonoids and and UU; Cyanidin-3-O- _
henoli ids [62] bubioside-5-0- (4.6 X 250 mm, 4 um); MeOH CRM; ESI-[IM—H]~/
phenolic acids sambubioside (0.5% AA or 1% FA). [M+HJ"
glucoside
AcQuity BEH C18 (2.1 X 50 mm,
. 1.7 pm); QqQ; MRM; ESI-
Oleocanthal [93] Plasma; SPE A: Water, B: MeOH, both with [M—H]~
0.1% FA.
Kinetex PFP (4.6 X 100 mm,
. Plasma and urine; SPE; 2.6 pm); QTRAP; MRM; ESI-
Anthocyanins [120] Scopoletin A: Water, B: ACN, both with [M+H]*
0.1% FA.
Microbial Metabolites
. . Luna C18 (2.0 X 50 mm, 5 ym);
rf"ﬁ;gf:;';'m] Urine; SPE; Ethyl gallate  A: Water/ ACN (94.9:5, v/v), B 0'0314554 Hg
proey (ACN), both with 0.1% FA.
QqQ; MRM; ESI-
ACE 3 C18-AR (4.6 X 75 mm, [M—H]~
. 3 Mm);
Flavanones [46] Urine; LLE A: Water, B: ACN, both with
0.1% FA.
Phase-11 and Microbial Metabolites
Atlantis T3 (2.1 X 100 mm,
i ) . 3 Hm);
Flavonoids and Urine; LLE; Rutin and . . . QqQ; MRM; ESI-
phenolic acids [66] taxifolin A: Water/ ACN (955, v/v), B: [M—H]~

ACN/ water (95:5, v/v), both
with 0.5% FA.
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Table 3. Cont.
Phenolic Sample; Sample
Clean-Up; Chromatographic Conditions MS Conditions LOQ
Compounds
Internal Standard
catech QqQ; MRM; TIS-
(-)-Epicatechin [71] . z
P Plasma and urine; Lzl'q?fvctw (QBOAESI\(I] ?T}; 5 “trl:)l [M—H]
Flavonoids and SPE; Ethyl gallate : Water, 01% EA oth wi QqQ; MRM; ESI- 28.4-758 ng
phenolic acids [80] e [M—H]~ L1
Flavonoids and Plasma and urine; SPE Kinetex EVO C18 (2.1 X 100 mm QqQ; SRM; HESI-
phenolic acids [61] and UD 26 um)" i [M—H]—
Flavan-3-ols [68] Urine; UD A: Water, ]3: ;/:iftl& both with Qqu\;/[ hfih]@ ESI-
. P Pursuit 3 PFP (150 X 2.0 mm);
Phenolic acids [56] L 25 ‘C;I:Ej Syringic A: Water, B: ACN, both with
0.1% FA. QqQ; MRM;
. —_ +
Plasma: SPE. Poroshell 120 C18 ESI-[M—H]~/ M+H]
Anthocyanins [56] asma; othy (2.1 mm X 150 mm, 2.7 pm); A:
Malvidin-3-O-glucoside Water (1% FA), B: ACN
- . Luna Omega Polar C18
avonoids, . o (100 X 2.1 mm, 1.6 im); A: QTRAP; MRM; ESI- _
phenolic Urine; SPE; Taxifolin 10 mM ammonium forr)nate [M—H]™ 10pgL '
acids, stilbenes, (0.1% FA), B: ACN.
lignans,
andgtymml Plasma; PP and SPE; 1]616m S im - I;Oelar ClSA TRAP; MRM
derivatives Ferulic acid-1,2,3-13C3, (w . i 5 :‘Cr;] . t‘;::{‘gi . QESI»[M+ HF 0.5-5 pmol L1
[106,118] L-phenylalanine-15N e '05‘7 FIA 0
Urine; SPE; Phloridzin, Kinetex PFZI;(46 >.< 100 mm, QTRAP MRM:
Anthocyanins [105]  scopoletin, taxifolin, and A: Water B'. A%Ilg)’both with ESI-[MI—H]7 !
7,8-dihydroxycourmarin : ! 0'10/ E A

AA: acetic acid; FA: formic acid; TFA: trif uoroacetic acid; SRM: selective reaction monitoring; SIM: selected ion monitoring, CRM:
consecutive reaction monitoring; TIS: turbo ion spray; UD: urine dilution; UU: unprocessed urine; HESI: heated-electrospray ionization
source. * d13C,-caffeic acid, d3-dihydroisoferulic acid, and d3-dihydroisoferulic-320-glucuronide.

3.3. GC-MS

GC is generally recognized to be more reproducible, cheaper, and producing higher
resolution than LC [112,121]. However, in PC analysis, its limitations have tipped the
scales in favor of LC. Since the development of LC, there has been little evolution in GC
methodologies, which in recent publications are clearly surpassed by LC [121]. The main
disadvantage of GC is that the analytes need to be volatile (or transformed into volatile
or semi-volatile compounds) and thermally stable, so their boiling temperature should
be lower than 350-400 °C [122]. Secondly, it is necessary to add a derivatization step
prior to the injection to generate phenolic derivatives that can be analyzed by GC. This
procedure is performed with methylating or silylating reagents, most commonly N,O-
bis(trimethylsilyl)trif uoroacetamide (BSTFA), trimethylchlorosilane (TMCS), N-methyl-
N-(trimethylsilyl) (MSTFA), 1,1,1,3,3,3-hexamethyldisilazane (HMDS), N-methyl-N-(tert-
butyldimethylsilyl)trif uoroacetamide (MTBSTFA), and tetramethylammonium hydroxide
(TMAH) [112].

The combination of GC with MS provides a sensitive technique for the identif cation
and quantif cation of PCM [121]. Flavonoids possess physicochemical properties that make
them especially suitable for GC-MS analysis [123]. Isof avones and f avonoids and their
metabolites were studied in urine samples previously derivatized with MSTFA [124]. An-
other study identif ed phase I metabolites of isof avones after performing the derivatization
with pyridine/ HMDS/ TMCS, 9:3:1 [125].
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In 2018, Ord6riez et al. compared the use of GC-MS and HPLC-MS for the analysis
of microbial-derived phenolic acids in urine. Interestingly, they observed that GC-MS is
not suitable for the analysis of phase-II glucuronide and sulfate metabolites, which are
insuff ciently volatile. However, other microbial urinary phenolic metabolites, such as
caffeic acid, ferulic acid, or isoferulic acid, were detected after using MSTFA as a deriva-
tization agent [126]. Most studies employing GC-MS to analyze PCM have focused on
colonic metabolites after the consumption of polyphenol-rich foods. It was used by Draijer
et al. to obtain a f ngerprint of phenolic acids in urine, employing BSTFA with 10% TMCS
to derivatize the metabolites [127]. Other studies used pyridine and MSTFA (1:4, v/v) or
BSTFA/ TMCS (90:10 v/v) to achieve the separation and identif cation of phenolic acids and
aromatic acids produced by the gut microbiota [45,63]. The main metabolites of chlorogenic
acid, caffeic, and ferulic acid were analyzed in plasma samples after coffee intake. The
derivatization of the analytes was carried out with MTBSTF and 1% tert-butyldimethylsilyl
chloride, and the products were redissolved in hexane prior to injection [110].

GC-MS/ MS was used to characterize the urinary metabolites of olive oil PC in sam-
ples derivatized with MSTFA/ 1-(trimethylsilyl)imidazole (TMSI) 1000/ 2 (v/v), resulting
in the identif cation and quantif cation of free and conjugated forms of hydroxytyrosol,
tyrosol, and elenolic acid [22]. In another study on olive oil, metabolites of hydroxytyrosol,
homovanillic alcohol, and homovanillic acid were identif ed and quantif ed after their
transformation into trymethylsilyl ether derivates [28].

The application of GC to determine PCM is not limited to its coupling with MS.
GC-QqQ/ MS was applied by Carry et al. to analyze microbial phenolic acid metabolites
of grape epicatechin and catechin [128]. Furthermore, Kay et al., employed GC with a
f ame ionization detector to identify the glycosylating structures of cyanidin, and the
derivatization of sugars was performed with TMSI + pyridine [54].

3.4. NMR

NMR spectroscopy is a potent tool for the qualitative and quantitative analysis of
complex mixtures of small molecules and has been used to analyze PC in food [129-131].
NMR-based metabolomics offers a powerful approach to metabolite f ngerprinting and
prof ling [132]. As well as being non-destructive, quantitative, and highly reproducible,
this technique requires minimal sample preparation, allows the identif cation of new
compounds, and is information-rich for the characterization of molecular structures, partic-
ularly in complex mixture analyses [133]. However, a limiting factor is the complexity of
interpreting the NMR spectra of biclogical samples, due to signal overlap and crowding,
so multivariate statistical analysis is essential [129,130,134]. A study in 2005 prof led the
f avonol metabolites of black tea in urine samples using !H NMR spectroscopy followed by
pattern recognition techniques, which converted the NMR spectra into a set of spectroscopic
integrals used as descriptors for principal component analysis [40].

An 'H NMR metabolomic approach was also used to prof le the metabolomic changes
in plasma arising from the consumption of cranberry procyanidins [59]. Similarly, urinary
metabolome changes in female Sprague-Dawley rats were examined after the administra-
tion of partially purif ed cranberry or apple procyanidins [135], and recently, an in-depth
analysis of the effects of resveratrol on the urinary and fecal metabolome of female Wis-
tar rats [136] was performed. 2D NMR spectra (heteronuclear single-quantum correlation
(HSQC) or heteronuclear multiple-quantum correlation (HMQC) spectroscopy) were used in
some examples to assist the metabolite identification and confirm the metabolite assignments.

The complexity of the urine matrix, together with the low concentration of the con-
jugates, which have many possible isomeric forms, requires the occasional use of an
SPE sample preparation procedure to both purify and concentrate the PC metabolites
before NMR analysis. In this context, Jacobs et al. developed a method in which three
complementary metabolite sub-prof les were generated with different compound classes
by SPE fractionation [137]. Separation of phenolic from polar metabolites improved the
identif cation by reducing signal overlap in the 'H NMR spectra and increasing phenolic
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concentrations. This SPE-NMR sub-prof ling method was tested on urine samples col-
lected from a crossover human nutritional intervention trial in which healthy volunteers
consumed a mixture of wine and grape polyphenol extracts or a placebo.

In another study, van der Hooft reported a procedure for the identif cation and
quantif cation of PC metabolites in urine after intake of tea using a methodology in which
MS-based SPE trapping was coupled to 'H NMR spectroscopy [138]. A urine clean-up
and preconcentration by means of SPE has also been recently employed by de Roo for the
spectral assignment of conjugated valerolactone metabolites of catechin-based polyphenols
isolated from the urine of black tea consumers [139]. In this study, an SPE-preparative
liquid chromatography (prepL.C)-MS-LC-MS-NMR workf ow allowed the full spectral 'H
and 13C NMR assignments of f ve conjugated valerolactones, applying 1D and 2D homo-
and hetero-nuclear NMR experiments.

Moazzami et al. developed a quantitative NMR analysis to ascertain the pattern of
sesamin urinary metabolites in humans. In this study, after collection by HPLC, the major
catechol metabolites were characterized by 'H-NMR, homonuclear correlation spectroscopy
(COSY), total correlation spectroscopy (TOCSY), heteronuclear multiple-bond correlation
(HMBC), HSQC, and two-dimensional nuclear Overhauser effect (NOESY) experiments,
and the excretion post-consumption of a specif ¢ dose of sesame oil was quantif ed from
urine extracts by TH-NMR spectra [140].

While MS/ MS and MS" fragmentation can be very helpful in metabolite characteri-
zation and identif cation [133], it is not useful to establish a substitution position, unless
the reference of the compounds are available [18]. Therefore, to elucidate their complete
structure, additional information from NMR spectra is required. A noteworthy application
was reported by Natsume in 2003 [141], where the elucidation of the chemical structure
of several (-)-epicatechin metabolites (methylated and glucuronidated forms) in human
and rat urine was performed by 'H NMR, 13C NMR, and HMBC (and LC-MS) analyses.
In another study, Miksits et al. located the sulfate at position 3 and identif ed the full
structure of the main resveratrol monosulfated metabolite by NMR experiments (1D 'H,
2D double-quantum f Itered-COSY, HSQC, and HMBC) [142]. The elucidation of the truly
active structures of (+)-catechin and (-)-epicatechin in biological rat f uids was established
as (+)-catechin 5-O-B-glucuronide and (-)-epicatechin 5-O-B-glucuronide by both MS anal-
ysis and the full assignment of 'H and 1*C NMR, which was achieved by 2D experiments
(COSY, HSQC, and HMBC). In this study, the conjugation position of the glucuronide was
established by HMBC spectra and was additionally corroborated by NOESY analysis [143].

4. Conclusions

The characterization of PCM in plasma and urine is a strategy to understand the
biological effects of PC present in plant-derived feeds, foods, beverages, herbal medicines,
and dietary supplements. Due to their benef cial impacts on health, considerable research
has been focused on the identif cation and quantif cation of PCM in plasma and urine
of human and rats after the consumption of dietary PC. During the last two decades,
considerable progress has been achieved in sample preparation methods (PCM extraction,
cleaning/ purif cation, preconcentration, and derivation), allowing the analysis of PC and
PCM with differentiated physicochemical properties. However, problematic issues in
sample clean-up include a lack of commercial standards for PCM and internal standards,
metabolite degradation due to tedious multi-step sample preparation workf ows, instability
of specif ¢ compounds, and low analyte concentration.

PCM analysis has benef ted from recent advances in high-throughput identif cation
by hyphenated chromatographic techniques. The presence of PCM with highly variable
physicochemical traits (hydrophilicity, lipophilicity, and protolytic properties), their small
structural differences, and low levels of abundance remain a challenge for their identif -
cation and quantitation by existing analytical platforms. Currently, there is lack of clear
guidelines or strategies for the identif cation and mainly for the targeted quantif cation of
PCM without standards. Reversed-phase LC is actually the best approach, but the column
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specif city (particle size or the use of core shell particles), the mobile phase, and additives
included in the mobile phases, and the performance of interface with detection systems,
especially with the MS, are all important to ensure and sustain data quality, mainly for
isomeric or isobaric compounds that are challenging and require both chromatographic
separation and mass spectrometry detection.

Supplementary Materials: The following are available online at https:/ / www.mdpi.com/ article/
10.3390/ antiox10060846/ s1, Table S1. Secoiridoids metabolites detected in plasma and/ or urine
from humans and rats; Table 52. Phenolic alcohol metabolites detected in plasma and/ or urine from
humans and rats; Table S3. Flavonoids metabolites detected in plasma and/ or urine from humans
and rats; Table S4. Metabolites of phenolic acids detected in plasma and/ or urine from humans and
rats; Table S5. Metabolites of enterolignans, stilbenes, and ellagitannins detected in plasma and/ or
urine from humans and rats; Table S6. Metabolites of other phenolic compounds detected in plasma
and/ or urine from humans and rats.

Author Contributions: All authors have given approval to the f nal version of the manuscript.

Funding: This research was funded by CICYT (AGL2016-75329-R), CIBEROBN from the Instituto de
Salud Carlos III, ISCIII from the Ministerio de Ciencia, Innovacion y Universidades (AEI/ FEDER,
UE) and Generalitat de Catalunya (GC) (2017SGR 196). A.L.-Y. wishes to thank the Consejo Nacional
de Ciencia y Tecnologia (CONACYT) of Mexico for the doctoral scholarship. 1.D.-L. thanks the
FI-AGAUR Research Fellowship Program for the FI contract (FI_B 00256). A.V.-Q. thanks the Ministry
of Science Innovation and Universities for the Ramon y Cajal contract (RYC-2016-19355). M.-P. thanks
to Ministry of Science Innovation (MICIU/ FEDER) for the project (RTI2018-093974-B-100).

Conf icts of Interest: The authors declare no conf ict of interest.

Abbreviations

Atmospheric Pressure Chemical Ionization (APCI); Capillary Electrophoresis (CE); Collision-Induced
Dissociation (CID); Electrospray lonization (ESI); Gas Chromatography (GC); Gas Chromatography-Mass
Spectrometry (GC-MS); Heteronuclear Single-Quantum Correlation Spectroscopy (HSQC); Het-
eronuclear Multiple-Bond Correlation Spectroscopy (HMBC); Heteronuclear Multiple-Quantum
Correlation Spectroscopy (HMQC); Homonuclear Correlation Spectroscopy (COSY); Liquid Chro-
matography (LC); Liquid Chromatography-Electrospray Ionization-Mass Spectrometry (LC-ESI-MS);
Liquid-liquid Extraction (LLE); Mass Spectrometry (MS); Matrix-Assisted Laser Desorption Ioniza-
tion (MALDI); Micro-elution Solid-Phase Extraction (USPE); Nuclear Magnetic Resonance (NMR);
N, O-bis(trimethylsilyl)trif uoroacetamide (BSTFA); N-trimethylsilyl-N-methyl trif uoroacetamide
(MSTFA); N-methyl-N-(tert-butyldimethylsilyl) trif uoroacetamide and tetramethylammonium hy-
droxide (TMAH): Phenolic Compounds (PC); Phenolic Compounds Metabolites (PCM); Protein
Precipitation (PP); Solid-Phase Extraction (SPE); Solid-Liquid Extraction (SLE); Surface-Induced
Dissociation (SID); Total Correlation Spectroscopy (TOCSY); Trimethylchlorosilane (TMCS); Two-
dimensional Nuclear Overhauser Effect (NOESY); Ultra-High-Performance Liquid Chromatography-
Mass Spectrometry (UHPLC-MS).

1.  Tresserra-Rimbau, A.; Rimm, E.B.; Medina-Remon, A.; Martinez-Gonzalez, M.A.; De la Torre, R.; Corella, D.; Salas-Salvad®d, J.;
Gomez-Gracia, E.; Lapetra, J.; Aros, F. Inverse Association between Habitual Polyphenol Intake and Incidence of Cardiovascular
Events in the PREDIMED Study. Nutr. Metab. Cardiovasc. Dis. 2014, 24, 639-647. [CrossRef] [PubMed]

2. Tresserra-Rimbau, A.; Rimm, E.B.; Medina-Remon, A.; Martinez-Gonzdlez, M.A.; LOpez-Sabater, M.C.; Covas, M.L; Corella, D.;
Salas-Salvadd, J.; Gomez-Gracia, E.; Lapetra, J. Polyphenol Intake and Mortality Risk: A Re-Analysis of the PREDIMED Trial.
BMC Med. 2014, 12, 1-11. [CrossRef] [PubMed]

3. Tulipani, S; Martinez Huelamo, M.; Rotches Ribalta, M.; Estruch, R.; Ferrer, E.E.; Andres-Lacueva, C.; Illan, M.; Lamuela-Ravent0s,
R.M. Oil Matrix Effects on Plasma Exposure and Urinary Excretion of Phenolic Compounds from Tomato Sauces: Evidence from
a Human Pilot Study. Food Chem. 2012, 130, 581-590. [CrossRef]

4. Luca, S.V,; Macovei, L; Bujor, A.; Miron, A.; Skalicka-Wozniak, K.; Aprotosoaie, A.C.; Trifan, A. Bioactivity of Dietary Polyphenols:
The Role of Metabolites. Crit. Rev. Food Sci. Nutr. 2020, 60, 626-659. [CrossRef]

56



2. INTRODUCTION

Antioxidants 2021, 10, 846 19 of 25

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

Marhuenda-Mufioz, M.; Laveriano-Santos, E.P;; Tresserra-Rimbau, A.; Lamuela-Raventds, R.M.; Martinez-Huélamo, M,;
VallverdU-Queralt, A. Microbial Phenolic Metabolites: Which Molecules Actually Have an Effect on Human Health? Nutrients
2019, 11, 2725. [CrossRef]

Mayorga-Gross, A L.; Esquivel, P. Impact of Cocoa Products Intake on Plasma and Urine Metabolites: A Review of Targeted and
Non-Targeted Studies in Humans. Nutrients 2019, 11, 1163. [CrossRef]

Li, W.; Jian, W.; Fu, Y. Basic Sample Preparation Techniques in LC-MS Bioanalysis: Protein Precipitation, Liquid-Liquid Extraction,
and Solid-Phase Extraction. Sample Prep. LC-MS Bioanal. 2019, 1-30. [CrossRef]

Niu, Z.; Zhang, W.; Yu, C.; Zhang, ].; Wen, Y. Recent Advances in Biological Sample Preparation Methods Coupled with
Chromatography, Spectrometry and Electrochemistry Analysis Techniques. TrAC Trends Anal. Chem. 2018, 102, 123-146.
[CrossRef]

Reyes-Garcés, N.; Gionfriddo, E. Recent Developments and Applications of Solid Phase Microextraction as a Sample Preparation
Approach for Mass-Spectrometry-Based Metabolomics and Lipidomics. TrAC Trends Anal. Chem. 2019, 113, 172-181. [CrossRef]
Maciel, E.V.S.; de Toffoli, A.L.; Neto, E.S.; Nazario, C.E.D.; Langas, EM. New Materials in Sample Preparation: Recent Advances
and Future Trends. TrAC Trends Anal. Chem. 2019, 119, 115633. [CrossRef]

Aszyk, ].; Bylinski, H.; Namiesnik, J.; Kot-Wasik, A. Main Strategies, Analytical Trends and Challenges in LC-MS and Ambient
Mass Spectrometry-Based Metabolomics. TrAC Trends Anal. Chem. 2018, 108, 278-295. [CrossRef]

Otles, S.; Kartal, C. Solid-Phase Extraction (SPE): Principles and Applications in Food Samples. Acta Sci. Pol. Technol. Aliment.
2016, 15, 5-15. [CrossRef]

Quirantes-Pine, R.; Verardo, V.; Arraez-Roman, D,; Fernandez-Arroyo, S.; Micol, V.; Caboni, M.; Segura-Carretero, A.; Fernandez-
Gutierrez, A. Evaluation of Different Extraction Approaches for the Determination of Phenolic Compounds and Their Metabolites
in Plasma by NanoLC-ESI-TOF-MS. Anal. Bicanal. Chem. 2012, 404, 3081-3090. [CrossRef]

Sudrez, M.; Romero, M.-P.; Macia, A.; Valls, R.M.; Fernandez, S.; Solg, R.; Motilva, M.-]. Improved Method for Identifying and
Quantifying Olive Qil Phenolic Compounds and Their Metabolites in Human Plasma by Microelution Solid-Phase Extraction
Plate and Liquid Chromatography-Tandem Mass Spectrometry. ]. Chromatogr. B 2009, 877, 4097-4106. [CrossRef]

Alexovi¢, M.; Dotsikas, Y.; Bober, P.; Sabo, J. Achievements in Robotic Automation of Solvent Extraction and Related Approaches
for Bioanalysis of Pharmaceuticals. ]. Chromatogr. B 2018, 1092, 402—421. [CrossRef]

Hyétylainen, T. Critical Evaluation of Sample Pretreatment Techniques. Anal. Bioanal. Chem. 2009, 394, 743-758. [CrossRef]
Gowda, G.N.; Djukovic, D. Overview of Mass Spectrometry-Based Metabolomics: Opportunities and Challenges. In Mass
Spectrometry in Metabolomics; Human Press: New York, NY, USA; Springer: New York, NY, USA, 2014; Volume 1198, pp. 3-12,
ISBN 978-1-4939-1257-5.

Moco, S.; Vervoort, J.; Moco, 5.; Bino, R.].; De Vos, R.C.H.; Bino, R. Metabolomics Technologies and Metabolite Identif cation.
TrAC Trends Anal. Chem. 2007, 26, 855-866. [CrossRef]

Nash, W.J.; Dunn, W.B. From Mass to Metabolite in Human Untargeted Metabolomics: Recent Advances in Annotation of
Metabolites Applying Liquid Chromatography-Mass Spectrometry Data. TrAC Trends Anal. Chem. 2019, 120, 115324. [CrossRef]
Xiao, J.F.; Zhou, B.; Ressom, H.W. Metabolite Identif cation and Quantitation in LC-MS/ MS-Based Metabolomics. TrAC Trends
Anal. Chem. 2012, 32, 1-14. [CrossRef]

Bazoti, F.N.; Gikas, E.; Tsarbopoulos, A. Simultaneous Quantif cation of Oleuropein and Its Metabolites in Rat Plasma by Liquid
Chromatography Electrospray lonization Tandem Mass Spectrometry. Biomed. Chromatogr. 2010, 24, 506-515. [CrossRef]

Bazoti, EN.; Gikas, E.; Puel, C.; Coxam, V.; Tsarbopoulos, A. Development of a Sensitive and Specif ¢ Solid Phase Extraction—Gas
Chromatography —Tandem Mass Spectrometry Method for the Determination of Elenolic Acid, Hydroxytyrosol, and Tyrosol in
Rat Urine. J. Agric. Food Chem. 2005, 53, 6213-6221. [CrossRef]

Khymenets, O.; Crespo, M.C.; Dangles, O.; Rakotomanomana, N.; Andres-Lacueva, C.; Visioli, E. Human Hydroxytyrosol's
Absorption and Excretion from a Nutraceutical. . Funct. Foods 2016, 23, 278-282. [CrossRef]

Serra, A.; Rubid, L.; Macia, A_; Valls, R-M.; Catalan, U.; de la Torre, R.; Motilva, M.-]. Application of Dried Spot Cards as a
Rapid Sample Treatment Method for Determining Hydroxytyrosol Metabolites in Human Urine Samples. Comparison with
Microelution Solid-Phase Extraction. Anal. Bicanal. Chem. 2013, 405, 9179-9192. [CrossRef]

Khymenets, O.; Farré M.; Pujadas, M.; Ortiz, E.; Joglar, J.; Covas, M.L; de la Torre, R. Direct Analysis of Glucuronidated
Metabolites of Main Olive Oil Phenols in Human Urine after Dietary Consumption of Virgin Olive Oil. Food Chem. 2011, 126,
306-314. [CrossRef]

Lopez de las Hazas, M.-C.; Rubi6, L.; Kotronoulas, A.; de la Torre, R.; Solg, R.; Motilva, M.-J. Dose Effect on the Uptake and
Accumulation of Hydroxytyrosol and Its Metabolites in Target Tissues in Rats. Mol. Nutr. Food Res. 2015, 59, 1395-1399. [CrossRef]
Garcla-Villalba, R.; Carrasco-Pancorbo, A.; Nevedomskaya, E.; Mayboroda, O.A.; Deelder, A.M.; Segura-Carretero, A.; Fernandez-
Gutiérrez, A. Exploratory Analysis of Human Urine by LC-ESI-TOF MS after High Intake of Olive Oil: Understanding the
Metabolism of Polyphenols. Anal. Bicanal. Chem. 2010, 398, 463—475. [CrossRef]

Caruso, D.; Visioli, F.; Patelli, R.; Galli, C.; Galli, G. Urinary Excretion of Olive Oil Phenols and Their Metabolites in Humans.
Metabolism 2001, 50, 1426-1428. [CrossRef]

Silva, S.; Garcia-Aloy, M,; Figueira, M.E.; Combet, E.; Mullen, W.; Bronze, M.R. High Resolution Mass Spectrometric Analysis
of Secoiridoids and Metabolites as Biomarkers of Acute Olive Qil Intake-An Approach to Study Interindividual Variability in
Humans. Mol. Nutr. Food Res. 2018, 62, 1700065. [CrossRef]

57



2. INTRODUCTION

Antioxidants 2021, 10, 846 20 of 25

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

45.

46.

47.

48.

49.

50.

Duml'nguez-Perles, R.; Auiidn, D.; Ferreres, E; Gil-Izquierdo, A. Gender Differences in Plasma and Urine Metabolites from
Sprague-Dawley Rats after Oral Administration of Normal and High Doses of Hydroxytyrosol, Hydroxytyrosol Acetate, and
DOPAC. Eur. J. Nutr. 2017, 56, 215-224. [CrossRef]

Rubid, L.; Farras, M.; de La Torre, R.; Macia, A.; Romero, M.-P; Valls, R.M.; Sola, R.; Farré M.; Fit, M.; Motilva, M.-]. Metabolite
Prof ling of Olive Oil and Thyme Phenols after a Sustained Intake of Two Phenol-Enriched Olive Oils by Humans: Identif cation
of Compliance Markers. Food Res. Int. 2014, 65, 59-68. [CrossRef]

GOmez-Juaristi, M.; Martinez-Lépez, S.; Sarria, B.; Bravo, L.; Mateos, R. Bioavailability of Hydroxycinnamates in an Instant
Green/ Roasted Coffee Blend in Humans. Identif cation of Novel Colonic Metabolites. Food Funct. 2018, 9, 331-343. [CrossRef]
[PubMed]

Scherbl, D.; Renouf, M.; Marmet, C.; Poquet, L.; Cristiani, I.; Dahbane, S.; Emady-Azar, S.; Sauser, J.; Galan, J.; Dionisi, F.; et al.
Breakfast Consumption Induces Retarded Release of Chlorogenic Acid Metabolites in Humans. Eur. Food Res. Technol. 2017, 243,
791-806. [CrossRef]

Stalmach, A.; Mullen, W.; Barron, D.; Uchida, K.; Yokota, T.; Cavin, C,; Steiling, H.; Williamson, G.; Crozier, A. Metabolite Prof ling
of Hydroxycinnamate Derivatives in Plasma and Urine after the Ingestion of Coffee by Humans: Identif cation of Biomarkers of
Coffee Consumption. Drug Metab. Dispos. 2009, 37, 1749-1758. [CrossRef] [PubMed]

Monteiro, M.; Farah, A.; Perrone, D.; Trugo, L.C.; Donangelo, C. Chlorogenic Acid Compounds from Coffee Are Differentially
Absorbed and Metabolized in Humans. ]. Nutr. 2007, 137, 2196-2201. [CrossRef]

Marmet, C.; Actis-Goretta, L.; Renouf, M.; Giuffrida, F. Quantif cation of Phenolic Acids and Their Methylates, Glucuronides,
Sulfates and Lactones Metabolites in Human Plasma by LC-MS/ MS after Oral Ingestion of Soluble Coffee. J. Pharm. Biomed.
Anal. 2014, 88, 617-625. [CrossRef]

Renouf, M.; Marmet, C.; Giuffrida, F;; Lepage, M.; Barron, D.; Beaumont, M.; Williamson, G.; Dionisi, F. Dose-Response Plasma
Appearance of Coffee Chlorogenic and Phenolic Acids in Adults. Mol. Nutr. Food Res. 2014, 58, 301-309. [CrossRef]

Li, C.; Meng, X.; Winnik, B.; Lee, M.-].; Lu, H.; Sheng, S.; Buckley, B.; Yang, C.S. Analysis of Urinary Metabolites of Tea Catechins
by Liquid Chromatography/ Electrospray lonization Mass Spectrometry. Chem. Res. Toxicol. 2001, 14, 702-707. [CrossRef]
Brindani, N.; Mena, P,; Calani, L.; Benzie, L.; Choi, S.-W.; Brighenti, F.; Zanardi, F,; Curti, C.; Del Rio, D. Synthetic and Analytical
Strategies for the Quantif cation of Phenyl-y-Valerolactone Conjugated Metabolites in Human Urine. Mol. Nutr. Food Res. 2017,
61, 1700077. [CrossRef]

Daykin, C.A.; Duynhoven, ].PM.V.; Groenewegen, A.; Dachtler, M.; Amelsvoort, ] M.M.V.,; Mulder, T.P.J. Nuclear Magnetic
Resonance Spectroscopic Based Studies of the Metabolism of Black Tea Polyphenols in Humans. J. Agric. Food Chem. 2005, 53,
1428-1434. [CrossRef]

Van Duynhoven, |.; van der Hooft, ].].].; van Dorsten, EA.; Peters, S.; Foltz, M.; Gomez-Roldan, V.; Vervoort, J.; de Vos, RC.H.;
Jacobs, D.M. Rapid and Sustained Systemic Circulation of Conjugated Gut Microbial Catabolites after Single-Dose Black Tea
Extract Consumption. J. Proteome Res. 2014, 13, 2668-2678. [CrossRef]

GoOmez-Juaristi, M.; Martl’nez-Lépez, S.; Sarria, B.; Bravo, L.; Mateos, R. Absorption and Metabolism of Yerba Mate Phenolic
Compounds in Humans. Food Chem. 2018, 240, 1028-1038. [CrossRef]

Castello, F.; Fernandez-Pachon, M.-S.; Cerrillo, 1.; Escudero—Lépez, B.; Ortega, A, Rosi, A.; Bresciani, L.; Del Rio, D.; Mena,
P. Absorption, Metabolism, and Excretion of Orange Juice (Poly)Phenols in Humans: The Effect of a Controlled Alcoholic
Fermentation. Arch. Biochem. Biophys. 2020, 695, 108627. [CrossRef]

Zeng, X.; Su, W.; Bai, Y.; Chen, T;; Yan, Z.; Wang, |.; Su, M.; Zheng, Y.; Peng, W.; Yao, H. Urinary Metabolite Prof ling of Flavonoids
in Chinese Volunteers after Consumption of Orange Juice by UFLC-Q-TOF-MS/ MS. ]. Chromatogr. B 2017, 1061-1062, 79-88.
[CrossRef]

Pereira-Caro, G.; Borges, G.; van der Hooft, ].; Clifford, M.N.; Del Rio, D.; Lean, M.E.; Roberts, S.A.; Kellerhals, M.B.; Crozier, A.
Orange Juice (Poly)Phenols Are Highly Bioavailable in Humans. Am. J. Clin. Nutr. 2014, 100, 1378-1384. [CrossRef]

Aschoff, ].K; Riedl, K.M.; Cooperstone, ].L.; Hogel, ].; Bosy-Westphal, A.; Schwartz, S.]J.; Carle, R.; Schweiggert, R.M. Urinary
Excretion of Citrus Flavanones and Their Major Catabolites after Consumption of Fresh Oranges and Pasteurized Orange Juice:
A Randomized Cross-over Study. Mol. Nutr. Food Res. 2016, 60, 2602-2610. [CrossRef]

Pereira-Caro, G; Clifford, M.N.; Polyviou, T.; Ludwig, L.A.; Alfheeaid, H.; Moreno-Rojas, ] M.; Garcia, A.L.; Malkova, D.; Crozier,
A. Plasma Pharmacokinetics of (Poly)Phenol Metabolites and Catabolites after Ingestion of Orange Juice by Endurance Trained
Men. Free Radic. Biol. Med. 2020, 160, 784-795. [CrossRef]

Esteban-Fernadndez, A.; Ibafiez, C.; Simd, C.; Bartolomé B.; Moreno-Arribas, M.V. An Ultrahigh-Performance Liquid
Chromatography-Time-of-Flight Mass Spectrometry Metabolomic Approach to Studying the Impact of Moderate Red-Wine
Consumption on Urinary Metabolome. J. Proteome Res. 2018, 17, 1624-1635. [CrossRef]

Rotches-Ribalta, M.; Andres-Lacueva, C.; Estruch, R.; Escribano, E.; Urpi-Sarda, M. Pharmacokinetics of Resveratrol Metabolic
Prof le in Healthy Humans after Moderate Consumption of Red Wine and Grape Extract Tablets. Pharmacol. Res. 2012, 66, 375-382.
[CrossRef]

Pereira-Caro, G.; Ordénez, J.L.; Ludwig, 1.; Gaillet, S.; Mena, P.; Del Rio, D.; Rouanet, ].-M.; Bindon, K.A.; Moreno-Rojas, ].M.;
Crozier, A. Development and Validation of an UHPLC-HRMS Protocol for the Analysis of Flavan-3-Ol Metabolites and Catabolites
in Urine, Plasma and Feces of Rats Fed a Red Wine Proanthocyanidin Extract. Food Chem. 2018, 252, 49-60. [CrossRef]

58



2. INTRODUCTION

Antioxidants 2021, 10, 846 21 of 25

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Cooke, D.N.; Thomasset, S.; Boocock, D.].; Schwarz, M.; Winterhalter, P; Steward, W.P.; Gescher, A.].; Marczylo, T.H. Development
of Analyses by High-Performance Liquid Chromatography and Liquid Chromatography/ Tandem Mass Spectrometry of Bilberry
(Vaccinium Myrtilus ) Anthocyanins in Human Plasma and Urine. ]J. Agric. Food Chem. 2006, 54, 7009-7013. [CrossRef]

Tian, Q.; Giusti, M.M.; Stoner, G.D.; Schwartz, S.J. Urinary Excretion of Black Raspberry (Rubus Occidentalis ) Anthocyanins and
Their Metabolites. ]. Agric. Food Chem. 2006, 54, 1467-1472. [CrossRef] [PubMed]

Ludwig, LA.; Mena, P; Calani, L.; Borges, G.; Pereira-Caro, G.; Bresciani, L.; Del Rio, D.; Lean, M.E.].; Crozier, A. New Insights
into the Bioavailability of Red Raspberry Anthocyanins and Ellagitannins. Free Radic. Biol. Med. 2015, 89, 758-769. [CrossRef]
[PubMed]

Kay, C.D.; Mazza, G.; Holub, B.J.; Wang, ]. Anthocyanin Metabolites in Human Urine and Serum. Br. J. Nutr. 2004, 91, 933-942.
[CrossRef] [PubMed]

Sandhu, A.K.; Huang, Y.; Xiao, D.; Park, E.; Edirisinghe, I.; Burton-Freeman, B. Pharmacokinetic Characterization and Bioavail-
ability of Strawberry Anthocyanins Relative to Meal Intake. ]. Agric. Food Chem. 2016, 64, 4891-4899. [CrossRef]

Sandhu, A.K.; Miller, M.G.; Thangthaeng, N.; Scott, T.M.; Shukitt-Hale, B.; Edirisinghe, I.; Burton-Freeman, B. Metabolic Fate of
Strawberry Polyphenols after Chronic Intake in Healthy Older Adults. Food Funct. 2018, 9, 96-106. [CrossRef]

Feliciano, R.P;; Mecha, E.; Bronze, M.R.; Rodriguez-Mateos, A. Development and Validation of a High-Throughput Micro
Solid-Phase Extraction Method Coupled with Ultra-High-Performance Liquid Chromatography-Quadrupole Time-of-Flight Mass
Spectrometry for Rapid Identif cation and Quantif cation of Phenolic Metabolites in Human Plasma and Urine. J. Chromatogr. A
2016, 1464, 21-31. [CrossRef]

Favari, C.; Mena, P.; Curti, C;; Istas, G.; Heiss, C.; Del Rio, D.; Rodriguez-Mateos, A. Kinetic Prof le and Urinary Excretion of
Phenyl-y-Valerolactones upon Consumption of Cranberry: A Dose-Response Relationship. Food Funct. 2020, 11, 3975-3985.
[CrossRef]

Liu, H.; Garrett, T.].; Tayyari, F.; Gu, L. Prof ling the Metabolome Changes Caused by Cranberry Procyanidins in Plasma of
Female Rats Using ! H NMR and UHPLC-Q-Orbitrap-HRMS Global Metabolomics Approaches. Mol. Nutr. Food Res. 2015, 59,
2107-2118. [CrossRef]

Iswaldi, I.; Arrdez-Roman, D.; Gomez-Caravaca, A.M.; del Mar Contreras, M.; Uberos, J.; Segura-Carretero, A.; Fernandez-
Gutiérrez, A. Identif cation of Polyphenols and Their Metabolites in Human Urine after Cranberry-Syrup Consumption. Food
Chem. Toxicol. 2013, 55, 484-492. [CrossRef]

Castello, F.; Costabile, G.; Bresciani, L.; Tassotti, M.; Naviglio, D.; Luongo, D.; Ciciola, P; Vitale, M.; Vetrani, C.; Galaverna, G.;
et al. Bioavailability and Pharmacokinetic Prof le of Grape Pomace Phenolic Compounds in Humans. Arch. Biochem. Biophys.
2018, 646, 1-9. [CrossRef]

Stalmach, A.; Edwards, C.A.; Wightman, ].D.; Crozier, A. Identif cation of (Poly)Phenolic Compounds in Concord Grape Juice
and Their Metabolites in Human Plasma and Urine after Juice Consumption. J. Agric. Food Chem. 2011, 59, 9512-9522. [CrossRef]
Stalmach, A.; Edwards, C.A.; Wightman, ].D.; Crozier, A. Colonic Catabolism of Dietary Phenolic and Polyphenolic Compounds
from Concord Grape Juice. Food Funct. 2013, 4, 52-62. [CrossRef]

Sasot, G.; Martinez-Huélamo, M.; VallverdU-Queralt, A.; Mercader-Marti, M.; Estruch, R.; Lamuela-Raventos, R.M. Identif cation
of Phenolic Metabolites in Human Urine after the Intake of a Functional Food Made from Grape Extract by a High Resolution
LTQ-Orbitrap-MS Approach. Food Res. Int. 2017, 100, 435—444. [CrossRef]

Mullen, W.; Borges, G.; Lean, M.E.].; Roberts, S.A.; Crozier, A. Identif cation of Metabolites in Human Plasma and Urine after
Consumption of a Polyphenol-Rich Juice Drink. J. Agric. Food Chem. 2010, 58, 2586-2595. [CrossRef]

Pimpéo, R.C; Dew, T; Figueira, ML.E.; McDougall, G ].; Stewart, D.; Ferreira, R.B.; Santos, C.N.; Williamson, G. Urinary Metabolite
Prof ling Identif es Novel Colonic Metabolites and Conjugates of Phenolics in Healthy Volunteers. Mol. Nutr. Food Res. 2014, 58,
1414-1425. [CrossRef]

Yuste, S.; Macia, A.; Ludwig, LA.; Romero, M.-P; Ferndndez-Castillejo, S.; Cataldn, U.; Motilva, M.-].; Rubi6, L. Validation
of Dried Blood Spot Cards to Determine Apple Phenolic Metabolites in Human Blood and Plasma After an Acute Intake of
Red-Fleshed Apple Snack. Mol. Nutr. Food Res. 2018, 62, 1800623. [CrossRef]

Anesi, A.; Mena, P; Bub, A,; Ulaszewska, M.; Del Rio, D.; Kulling, S.E.; Mattivi, F. Quantif cation of Urinary Phenyl-y-
Valerolactones and Related Valeric Acids in Human Urine on Consumption of Apples. Metabolites 2019, 9, 254. [CrossRef]

Lee, ].; Ebeler, S.E.; Zweigenbaum, J.A.; Mitchell, A.E. UHPLC-(ESI)QTOF MS/ MS Prof ling of Quercetin Metabolites in Human
Plasma Postconsumption of Applesauce Enriched with Apple Peel and Onion. J. Agric. Food Chem. 2012, 60, 8510-8520. [CrossRef]
Urpi-Sarda, M.; Monagas, M.; Khan, N.; Lamuela-Raventos, R.M.; Santos-Buelga, C.; Sacanella, E.; Castell, M.; Permanyer, J.;
Andres-Lacueva, C. Epicatechin, Procyanidins, and Phenolic Microbial Metabolites after Cocoa Intake in Humans and Rats. Anal.
Bicanal. Chem. 2009, 394, 1545-1556. [CrossRef]

Urpi-Sarda, M.; Monagas, M.; Khan, N.; Llorach, R.; Lamuela-Raventos, R.M.; ]éuregui, O.; Estruch, R.; Izquierdo-Pulido, M.;
Andrés-Lacueva, C. Targeted Metabolic Prof ling of Phenolics in Urine and Plasma after Regular Consumption of Cocoa by
Liquid Chromatography-Tandem Mass Spectrometry. J. Chromatogr. A 2009, 1216, 7258-7267. [CrossRef]

Gomez-Juaristi, M.; Sarria, B.; Martinez-Lopez, S.; Bravo Clemente, L.; Mateos, R. Flavanol Bioavailability in Two Cocoa Products
with Different Phenolic Content. A Comparative Study in Humans. Nutrients 2019, 11, 1441. [CrossRef] [PubMed]

59



2. INTRODUCTION

Antioxidants 2021, 10, 846 220f25

73.

74.

75.

76.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Serra, A.; Macig, A.; Rubid, L.; Anglés, N.; Ortega, N.; Morell, ].R.; Romero, M.-P,; Motilva, M.-J. Distribution of Procyanidins
and Their Metabolites in Rat Plasma and Tissues in Relation to Ingestion of Procyanidin-Enriched or Procyanidin-Rich Cocoa
Creams. Eur. J. Nutr. 2013, 52, 1029-1038. [CrossRef] [PubMed]

Ottaviani, |.I.; Momma, T.Y.; Kuhnle, G.K.; Keen, C.L.; Schroeter, H. Structurally Related (—)-Epicatechin Metabolites in Humans:
Assessment Using de Novo Chemically Synthesized Authentic Standards. Free Radic. Biol. Med. 2012, 52, 1403-1412. [CrossRef]
[PubMed]

Roura, E.; Andrés-Lacueva, C.; Jauregui, O.; Badia, E.; Estruch, R.; Izquierdo-Pulido, M.; Lamuela-Ravent6s, R.M. Rapid Liquid
Chromatography Tandem Mass Spectrometry Assay To Quantify Plasma (—)-Epicatechin Metabolites after Ingestion of a Standard
Portion of Cocoa Beverage in Humans. J. Agric. Food Chem. 2005, 53, 6190-6194. [CrossRef]

Roura, E.; Andrés-Lacueva, C.; Estruch, R.; Lourdes Mata Bilbao, M.; Izquierdo-Pulido, M.; Lamuela-Raventds, R.M. The Effects
of Milk as a Food Matrix for Polyphenols on the Excretion Prof le of Cocoa ( = )-Epicatechin Metabolites in Healthy Human
Subjects. Br. J. Nutr. 2008, 100, 846-851. [CrossRef]

Actis-Goretta, L.; Lévéques, A.; Giuffrida, F.; Romanov-Michailidis, F; Viton, F.; Barron, D.; Duenas-Paton, M.; Gonzalez-Manzano,
S.; Santos-Buelga, C.; Williamson, G.; et al. Elucidation of (—)-Epicatechin Metabolites after Ingestion of Chocolate by Healthy
Humans. Free Radic. Biol. Med. 2012, 53, 787-795. [CrossRef]

Saha, S.; Kroon, P.A. A Simple and Rapid LC-MS/ MS Method for Quantif cation of Total Daidzein, Genistein, and Equol in
Human Urine. J. Anal. Methods Chem. 2020, 2020, 1-9. [CrossRef]

Hakeem Said, L.; Truex, ].D.; Heidorn, C.; Retta, M.B.; Petrov, D.D.; Haka, S.; Kuhnert, N. LC-MS/ MS Based Molecular Networking
Approach for the Identif cation of Cocoa Phenolic Metabolites in Human Urine. Food Res. Int. 2020, 132, 109119. [CrossRef]
Martinez-Huélamo, M.; Tulipani, S.; Torrado, X.; Estruch, R.; Lamuela-Raventds, R.M. Validation of a New LC-MS/ MS Method
for the Detection and Quantif cation of Phenolic Metabolites from Tomato Sauce in Biological Samples. J. Agric. Food Chem. 2012,
60, 4542-4549. [CrossRef]

Martinez-Huélamo, M.; Vallverdd-Queralt, A.; Di Lecce, G.; Valderas-Martinez, P.; Tulipani, S.; Jduregui, O.; Escribano-Ferrer,
E.; Estruch, R.; Illan, M.; Lamuela-Ravent0s, R.M. Bioavailability of Tomato Polyphenols Is Enhanced by Processing and Fat
Addition: Evidence from a Randomized Feeding Trial. Mol. Nutr. Food Res. 2016, 60, 1578-1589. [CrossRef]

Urpi-Sarda, M.; Garrido, 1.; Monagas, M.; Gdmez-Cordovés, C.; Medina-Remon, A.; Andres-Lacueva, C.; Bartolomé B. Prof le of
Plasma and Urine Metabolites after the Intake of Almond [Prunus Dulcis (Mill.) D.A. Webb] Polyphenols in Humans. ]. Agric.
Food Chem. 2009, 57, 10134-10142. [CrossRef]

Mecha, E.; Feliciano, R.P.; Rodriguez-Mateos, A.; Silva, S.D.; Figueira, M.E.; Vaz Patto, M.C.; Bronze, M.R. Human Bioavailability
of Phenolic Compounds Found in Common Beans: The Use of High-Resolution MS to Evaluate Inter-Individual Variability. Br. J.
Nutr. 2020, 123, 273-292. [CrossRef]

Zhang, ].; Guo, Q.; Wei, M.; Bai, ].; Huang, ].; Liu, Y.; Su, Z.; Qiu, X. Metabolite Identif cation and Pharmacokinetic Prof ling of
Isof avones from Black Soybean in Rats Using Ultrahigh-Performance Liquid Chromatography with Linear-lon-Trap-Orbitrap
and Triple-Quadrupole Tandem Mass Spectrometry. ]. Agric. Food Chem. 2018, 66, 12941-12952. [CrossRef]

Fardet, A,; Llorach, R.; Martin, ].-F.; Besson, C.; Lyan, B.; Pujos-Guillot, E.; Scalbert, A. A Liquid Chromatography —Quadrupole
Time-of-Flight (LC—QTOF)-Based Metabolomic Approach Reveals New Metabolic Effects of Catechin in Rats Fed High-Fat Diets.
J. Proteome Res. 2008, 7, 2388-2398. [CrossRef]

Wu, M.; Wu, X,; Zhang, D.; Qiu, F; Ding, L.; Ma, H.; Chen, X. Metabolic Prof ling of Quercetin in Rats Using Ultra-Performance
Liquid Chromatography/ Quadrupole-Time-of-Flight Mass Spectrometry. Biomed. Chromatogr. 2017, 31, e4016. [CrossRef]
Shang, Z.; Wang, F.; Dai, S.; Lu, |.; Wu, X.; Zhang, ]. Prof ling and Identif cation of (—)-Epicatechin Metabolites in Rats Using
Ultra-High Performance Liquid Chromatography Coupled with Linear Trap-Orbitrap Mass Spectrometer: Study of EC in Vivo
Metabolites. Drug Test. Anal. 2017, 9, 1224-1235. [CrossRef]

Zhao, W.; Shang, Z.; Li, Q.; Huang, M.; He, W.; Wang, Z.; Zhang, ]. Rapid Screening and Identif cation of Daidzein Metabolites
in Rats Based on UHPLC-LTQ-Orbitrap Mass Spectrometry Coupled with Data-Mining Technologies. Molecules 2018, 23, 151.
[CrossRef]

Shahrzad, S.; Bitsch, 1. Determination of Gallic Acid and Its Metabolites in Human Plasma and Urine by High-Performance
Liquid Chromatography. J. Chromatogr. B Biomed. Sci. App. 1998, 705, 87-95. [CrossRef]

Qiu, Z.; Yu, J.; Dai, Y,; Chen, X.; Huang, F;; Li, N. A Simple LC-MS/ MS Method for the Simultaneous Quantif cation of Resveratrol
and Its Major Phase Il Metabolites: Assessment of Their Urinary and Biliary Excretions in Rats. J. Chromatogr. B 2017, 1048, 85-93.
[CrossRef]

Zhang, Z.; Xu, M.; Sun, 5.; Qiao, X.; Wang, B.; Han, J.; Guo, D. Metabolic Analysis of Four Phenolic Acids in Rat by Liquid
Chromatography-Tandem Mass Spectrometry. J. Chromatogr. B 2008, 87, 7-14. [CrossRef]

Jiao, Q.; Xu, L;; Jiang, L.; Jiang, Y.; Zhang, |.; Liu, B. Metabolism Study of Hesperetin and Hesperidin in Rats by UHPLC-LTQ-
Orbitrap MS". Xenobiotica 2020, 50, 1311-1322. [CrossRef]

Lopez-Yerena; Vallverd(-Queralt; Mols; Augustijns; Lamuela-Ravent6s; Escribano-Ferrer Absorption and Intestinal Metabolic
Prof le of Oleocanthal in Rats. Pharmaceutics 2020, 12, 134. [CrossRef]

Lopez-Yerena, A.; VallverdU-Queralt, A; Jauregui, O.; Garcia-Sala, X.; Lamuela-Ravent6s, R.M.; Escribano-Ferrer, E. Tissue
Distribution of Oleocanthal and Its Metabolites after Oral Ingestion in Rats. Antioxidants 2021, 10, 688. [CrossRef]

60



2. INTRODUCTION

Antioxidants 2021, 10, 846 23 0f 25

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Ldpez-Yerena, A.; Pérez, M.; VallverdU-Queralt, A.; Miliarakis, E.; Lamuela-Ravent6s, R.M.; Escribano-Ferrer, E. Oleacein
Intestinal Permeation and Metabolism in Rats Using an In Situ Perfusion Technique. Pharmaceutics 2021, 13, 719. [CrossRef]
Wiese, S.; Esatbeyoglu, T.; Winterhalter, P.; Kruse, H.-P.; Winkler, S.; Bub, A.; Kulling, S.E. Comparative Biokinetics and Metabolism
of Pure Monomeric, Dimeri¢, and Polymeric Flavan-3-Ols: A Randomized Cross-over Study in Humans. Mol. Nutr. Food Res.
2015, 59, 610-621. [CrossRef]

Hayasaka, N.; Shimizu, N.; Komoda, T.; Mohri, S.; Tsushida, T.; Eitsuka, T.; Miyazawa, T.; Nakagawa, K. Absorption and
Metabolism of Luteolin in Rats and Humans in Relation to in Vitro Anti-Inf ammatory Effects. J. Agric. Food Chem. 2018, 66,
11320-11329. [CrossRef]

Svilar, L.; Martin, J.-C.; Defoort, C.; Paut, C.; Tourniaire, F.; Brochot, A. Quantif cation of Trans-Resveratrol and Its Metabolites in
Human Plasma Using Ultra-High Performance Liquid Chromatography Tandem Quadrupole-Orbitrap Mass Spectrometry. J.
Chromatogr. B 2019, 1104, 119-129. [CrossRef]

Lépez-Yerena, A.; Perez, M.; Vallverd(U-Queralt, A.; Escribano-Ferrer, E. Insights into the Binding of Dietary Phenolic Compounds
to Human Serum Albumin and Food-Drug Interactions. Pharmaceutics 2020, 12, 1123. [CrossRef]

Tulipani, S.; Llorach, R.; Urpi-Sarda, M.; Andres-Lacueva, C. Comparative Analysis of Sample Preparation Methods To Handle
the Complexity of the Blood Fluid Metabolome: When Less Is More. Anal. Chem. 2013, 85, 341-348. [CrossRef]

David, A.; Abdul-Sada, A.; Lange, A.; Tyler, C.R;; Hill, EM. A New Approach for Plasma (Xeno)Metabolomics Based on
Solid-Phase Extraction and Nanof ow Liquid Chromatography-Nanoelectrospray Ionisation Mass Spectrometry. J. Chromatogr. A
2014, 1365, 72-85. [CrossRef]

Koller, D.; Zubiaur, P; Saiz-Rodrfguez, M.; Abad-Santos, F.; Wojnicz, A. Simultaneous Determination of Six Antipsychotics, Two
of Their Metabolites and Caffeine in Human Plasma by LC-MS/ MS Using a Phospholipid-Removal Microelution-Solid Phase
Extraction Method for Sample Preparation. Talanta 2019, 198, 159-168. [CrossRef] [PubMed]

Bouatra, S.; Aziat, F.; Mandal, R.; Guo, A.C.; Wilson, M.R.; Knox, C.; Bjorndahl, T.C.; Krishnamurthy, R.; Saleem, F,; Liu, P,; et al.
The Human Urine Metabolome. PLaS ONE 2013, 8, 73076. [CrossRef] [PubMed]

Urpi-Sarda, M.; Zamora-Ros, R.; Lamuela-Raventos, R.; Cherubini, A.; Jauregui, O.; de la Torre, R.; Covas, M.L; Estruch, R.; Jaeger,
W.; Andres-Lacueva, C. HPLC-Tandem Mass Spectrometric Method to Characterize Resveratrol Metabolism in Humans. Clin.
Chem. 2007, 53, 292-299. [CrossRef] [PubMed]

De Ferrars, R.M.; Czank, C.; Saha, S.; Needs, PW.; Zhang, Q.; Raheem, K.S.; Botting, N.P.; Kroon, P.A.; Kay, C.D. Methods
for Isolating, Identifying, and Quantifying Anthocyanin Metabolites in Clinical Samples. Anal. Chem. 2014, 86, 10052-10058.
[CrossRef]

Gonzdlez-Dominguez, R.; Urpi-Sarda, M.; Jauregui, O.; Needs, PW.; Kroon, P.A.; Andrés-Lacueva, C. Quantitative Dietary
Fingerprinting (QDF)— A Novel Tool for Comprehensive Dietary Assessment Based on Urinary Nutrimetabolomics. J. Agric.
Food Chem. 2019, 68, 1851-1861. [CrossRef]

Del Boccio, P.; Di Deo, A.; De Curtis, A.; Celli, N.; lacoviello, L.; Rotilio, D. Liquid Chromatography-Tandem Mass Spectrometry
Analysis of Oleuropein and Its Metabolite Hydroxytyrosol in Rat Plasma and Urine after Oral Administration. J. Chromatogr. B
2003, 785, 47-56. [CrossRef]

Liu, X.; Zhou, L.; Shi, X.; Xu, G. New Advances in Analytical Methods for Mass Spectrometry-Based Large-Scale Metabolomics
Study. TrAC Trends Anal. Chem. 2019, 121, 115665. [CrossRef]

Alvarez-Rivera, G.; Ballesteros-Vivas, D.; Parada-Alfonso, F.; Ibanez, E.; Cifuentes, A. Recent Applications of High Resolution
Mass Spectrometry for the Characterization of Plant Natural Products. TrAC Trends Anal. Chem. 2019, 112, 87-101. [CrossRef]
Glish, G.L.; Burinsky, D.]. Hybrid Mass Spectrometers for Tandem Mass Spectrometry. J. Am. Soc. Mass Spectrom. 2008, 19,
161-172. [CrossRef]

Jové M.,; Serrano, J.C.E.; Ortega, N.; Ayala, V,; Anglés, N.; Reguant, J.; Morelld, ].R.; Romero, M.P; Motilva, M.].; Prat, J;
et al. Multicompartmental LC-Q-TOF-Based Metabonomics as an Exploratory Tool to Identify Novel Pathways Affected by
Polyphenol-Rich Diets in Mice. ]. Proteome Res. 2011, 10, 3501-3512. [CrossRef]

Hu, Q.; Noll, RJ.; Li, H.; Makarov, A.; Hardman, M.; Graham Cooks, R. The Orbitrap: A New Mass Spectrometer. ]. Mass Spectrom.
2005, 40, 430-443. [CrossRef]

Eliuk, S.; Makarov, A. Evolution of Orbitrap Mass Spectrometry Instrumentation. Annu. Rev. Anal. Chem. 2015, 8, 61-80.
[CrossRef]

Gorrochategui, E.; Jaumot, |.; Lacorte, S.; Tauler, R. Data Analysis Strategies for Targeted and Untargeted LC-MS Metabolomic
Studies: Overview and Workf ow. TrAC Trends Anal. Chem. 2016, 82, 425-442. [CrossRef]

Lopez de las Hazas, M.-C.; Pifiol, C.; Macia, A.; Romero, M.-P; Pedret, A.; Sol3, R.; Rubid, L.; Motilva, M.-]. Differential Absorption
and Metabolism of Hydroxytyrosol and Its Precursors Oleuropein and Secoiridoids. J. Funct. Foods 2016, 22, 52-63. [CrossRef]
Davis, B.D.; Needs, P.W.; Kroon, P.A.; Brodbelt, ].S. Identif cation of Isomeric Flavonoid Glucuronides in Urine and Plasma by
Metal Complexation and LC-ESI-MS/ MS. J. Mass Spectrom. 2006, 41, 911-920. [CrossRef]

Serra, A.; Macia, A.; Romero, M.-P; Salvadd, M -].; Bustos, M.; Fernandez-Larrea, ].; Motilva, M.-]. Determination of Procyanidins
and Their Metabolites in Plasma Samples by Improved Liquid Chromatography—Tandem Mass Spectrometry. ]. Chromatogr. B
2009, 877, 1169-1176. [CrossRef]

Gonzdlez-Dominguez, R. Quantifying the Human Diet in the Crosstalk between Nutrition and Health by Multi-Targeted
Metabolomics of Food and Microbiota-Derived Metabolites. Int. J. Obes. 2020, 1-10. [CrossRef]

61



2. INTRODUCTION

Antioxidants 2021, 10, 846 24 of 25

119.

120.

121.

122.

123.

124,

125.

126.

127.

128.

129.

130.

131.

132.

133.
134.

135.

136.

137.

138.

139.

140.

141.

Obrenovich, M.E.; Donskey, C.].; Schiefer, 1.T.; Bongiovanni, R.; Li, L.; Jaskiw, G.E. Quantif cation of Phenolic Acid Metabolites in
Humans by LC-MS: A Structural and Targeted Metabolomics Approach. Bioanalysis 2018, 10, 1591-1608. [CrossRef]

De Ferrars, R.M.; Cassidy, A.; Curtis, P; Kay, C.D. Phenolic Metabolites of Anthocyanins Following a Dietary Intervention Study
in Post-Menopausal Women. Mol. Nutr. Food Res. 2014, 58, 490-502. [CrossRef]

Nolvachai, Y.; Marriott, PJ. GC for Flavonoids Analysis: Past, Current, and Prospective Trends: Gas Chromatography. J. Sep. Sci.
2013, 36, 20-36. [CrossRef]

Juszczak, A.M.; Zovko-Kon¢i¢, M.; Tomczyk, M. Recent Trends in the Application of Chromatographic Techniques in the Analysis
of Luteolin and Its Derivatives. Biomolecules 2019, 9, 731. [CrossRef]

Szultka, M.; Buszewski, B.; Papaj, K.; Szeja, W.; Rusin, A. Determination of Flavonoids and Their Metabolites by Chromatographic
Techniques. TrAC Trends Anal. Chem. 2013, 47, 47-67. [CrossRef]

Magiera, S.; Uhlschmied, C.; Rainer, M.; Huck, C.W.; Baranowska, I.; Bonn, G.K. GC-MS Method for the Simultaneous
Determination of B-Blockers, Flavonoids, Isof avones and Their Metabolites in Human Urine. J. Pharm. Biomed. Anal. 2011, 56,
93-102. [CrossRef]

Heinonen, S.-M.; Hoikkala, A.; Wahild, K.; Adlercreutz, H. Metabolism of the Soy Isof avones Daidzein, Genistein and Glycitein
in Human Subjects. J. Steroid Biochem. Mol. Biol. 2003, 87, 285-299. [CrossRef]

Ordonez, ].L.; Pereira-Caro, G.; Ludwig, I.; Munoz-Redondo, ].M.; Ruiz-Moreno, M.].; Crozier, A.; Moreno-Rojas, ].M. A Critical
Evaluation of the Use of Gas Chromatography- and High Performance Liquid Chromatography-Mass Spectrometry Techniques
for the Analysis of Microbial Metabolites in Human Urine after Consumption of Orange Juice. J. Chromatogr. A 2018, 1575,
100-112. [CrossRef]

Draijer, R.; van Dorsten, F.; Zebregs, Y.; Hollebrands, B.; Peters, S.; Duchateau, G.; Griin, C. Impact of Proteins on the Uptake,
Distribution, and Excretion of Phenolics in the Human Body. Nutrients 2016, 8, 814. [CrossRef]

Carry, E.; Zhao, D.; Mogno, L; Faith, J.; Ho, L.; Villani, T.; Patel, H.; Pasinetti, G.M.; Simon, J.E.; Wu, Q. Targeted Analysis of
Microbial-Generated Phenolic Acid Metabolites Derived from Grape Flavanols by Gas Chromatography-Triple Quadrupole Mass
Spectrometry. J. Pharm. Biomed. Anal. 2018, 159, 374-383. [CrossRef]

Son, H.-S.; Kim, K.M.; van den Berg, F.; Hwang, G.-S.; Park, W-M.; Lee, C.-H.; Hong, Y.-S. H Nuclear Magnetic Resonance-Based
Metabolomic Characterization of Wines by Grape Varieties and Production Areas. J. Agric. Food Chem. 2008, 56, 8007-8016.
[CrossRef]

Falasca, A.; Melck, D.; Paris, D.; Saviano, G.; Motta, A.; Iorizzi, M. Seasonal Changes in the Metabolic Fingerprint of Juniperus
Communis L. Berry Extracts by 1H NMR-Based Metabolomics. Metabolomics 2014, 10, 165-174. [CrossRef]

Olmo-Cunillera, A.; Lépez-Yerena, A.; Lozano-Castell6n, J.; Tresserra-Rimbau, A.; VallverdU-Queralt, A.; Pérez, M. NMR
Spectroscopy: A Powerful Tool for the Analysis of Polyphenols in Extra Virgin Olive Oil. J. Sci. Food Agric. 2020, 100, 1842-1851.
[CrossRef]

D’Urso, G.; Piacente, S.; Pizza, C.; Montoro, . Metabolomics of Healthy Berry Fruits. Curr. Med. Chem. 2019, 25, 4888-4902.
[CrossRef] [PubMed]

Wishart, D.S. Advances in Metabolite Identif cation. Bicanalysis 2011, 3, 1769-1782. [CrossRef] [PubMed]

Li, W.; Ruan, C.-].; Teixeira da Silva, J.A.; Guo, H.; Zhao, C.-E. NMR Metabolomics of Berry Quality in Sea Buckthorn (Hippophae
L.). Mol. Breed. 2013, 31, 57-67. [CrossRef]

Liu, H.; Tayyari, F; Edison, A.S.; Su, Z.; Gu, L. NMR-Based Metabolomics Reveals Urinary Metabolome Modif cations in Female
Sprague-Dawley Rats by Cranberry Procyanidins. ]. Nutr. Biochem. 2016, 34, 136-145. [CrossRef] [PubMed]

Torres Santiago, G.; Serrano Contreras, ].1; Meléndez Camargo, M.E.; Zepeda Vallejo, L.G. NMR-Based Metabonomic Approach
Reveals Changes in the Urinary and Fecal Metabolome Caused by Resveratrol. ]. Pharm. Biomed. Anal. 2019, 162, 234-241.
[CrossRef]

Jacobs, D.M.; Spiesser, L.; Garnier, M.; de Roo, N.; van Dorsten, F.; Hollebrands, B.; van Velzen, E.; Draijer, R.; van Duynhoven, J.
SPE-NMR Metabolite Sub-Prof ling of Urine. Anal. Bicanal. Chem. 2012, 404, 2349-2361. [CrossRef]

Van der Hooft, ].].].; de Vos, R.C.H.; Mihaleva, V.; Bino, R.J.; Ridder, L.; de Roo, N.; Jacobs, D.M.; van Duynhoven, ].P.M.; Vervoort,
J. Structural Elucidation and Quantif cation of Phenolic Conjugates Present in Human Urine after Tea Intake. Anal. Chem. 2012,
84, 7263-7271. [CrossRef] [PubMed]

De Roo, N.; Wilmsen, S.M.].; Mihaleva, V.V.; Jacobs, D.M.; van Duynhoven, ].P.M. Full 1H and 13C NMR Spectral Assignment of
Conjugated Valerolactone Metabolites Isolated from Urine of Black Tea Consumers by Means of SPE-Prep.C-MS-LC-MS-NMR.
Magn. Reson. Chem. 2019, 57, 548-557. [CrossRef] [PubMed]

Moazzami, A.A.; Andersson, R.E.; Kamal-Eldin, A. Quantitative NMR Analysis of a Sesamin Catechol Metabolite in Human
Urine. ]. Nutr. 2007, 137, 940-944. [CrossRef]

Natsume, M.; Osakabe, N.; Oyama, M.; Sasaki, M.; Baba, S.; Nakamura, Y.; Osawa, T.; Terao, ]. Structures of (—)-Epicatechin
Glucuronide Identif ed from Plasma and Urine after Oral Ingestion of (—)-Epicatechin: Differences between Human and Rat. Free
Radic. Biol. Med. 2003, 34, 840-849. [CrossRef]

62



2. INTRODUCTION

Antioxidants 2021, 10, 846 250f25

142. Miksits, M.; Maier-Salamon, A.; Aust, S.; Thalhammer, T.; Reznicek, G.; Kunert, O.; Haslinger, E.; Szekeres, T.; Jaeger, W. Sulfation
of Resveratrol in Human Liver: Evidence of a Major Role for the Sulfotransferases SULT1A1 and SULT1E1. Xenobiotica 2005, 35,
1101-1119. [CrossRef]

143. Harada, M.; Kan, Y.; Naoki, H.; Fukui, Y.; Kageyama, N.; Nakai, M.; Miki, W.; Kiso, Y. Identif cation of the Major Antioxidative
Metabolites in Biological Fluids of the Rat with Ingested (+)-Catechin and (-)-Epicatechin. Biosci. Biotechnol. Biochem. 1999, 63,
973-977. [CrossRef]

63



HYPOTHESIS AND
OBJECTIVES






3. HYPOTHESIS AND OBJECTIVES

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.

L.

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.

To evaluate the effect of organic and conventional production systems, under the
same environmental, on the content of PCs in Hojiblanca EVOO.

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.

To determine the intestinal permeability considering the disappearance of the test
product in the lumen (P.sr) and appearance in the mesenteric circulation (Papp),

To compare the intestinal permeability of OLC and OLEA with the highly permeable
drugs levofloxacin and naproxen, respectively.

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.

L.

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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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).
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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 Lopez-Yerena, Antonia Ninot, Julidn Lozano-Castellon, Elvira Escribano-Ferrer,

Agusti J. Romero-Aroca, Angjelina Belaj, Anna Vallverdi-Queralt and Rosa M. Lamuela-

Raventoés
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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Abstract: Food diversity, and in particular genetic diversity, is being lost at an alarming rate. 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. Fruits were collected from this tree and their seeds
were first sown in a greenhouse and then planted in an orchard for purposes of ex situ preservation.
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. With respect to the
polyphenols content, oleacein was the main compound identified (373.29 + 72.02 mg/kg) and the
oleocanthal was the second most abundant phenolic compound (204.84 + 52.58 mg/kg). 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. Finally, oleic acid was the main fatty acid identified. This study
explored the resources of the natural habitat of the MI as a means of enrichment of olive oil diversity
and authenticity of this traditional Mediterranean food

Keywords: conservation; food; oleaster; plant diversity, polyphenol; fatty acid profile;
sensorial analysis

1. Introduction

Despite increasing recognition of the importance of biodiversity of natural and human communities
and the tremendous conservation strategies aimed at detaining the decline in wild habitats at regional

Antioxidants 2020, 9, 1009; doi:10.3390/antiox9101009 www.mdpi.com/journal/antioxidants
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and national levels, biodiversity is rapidly diminishing worldwide [1,2]. The protection of natural
areas is crucial to safeguard threatened species and represents the fundamental building blocks of
most national and international conservation strategies [3]. Until 2018, 15 national parks, 152 natural
parks, 291 nature reserves, 342 monuments natural, 57 protected landscapes, and more than 800 spaces
have been declared as natural protected areas in Spain. In this sense, the Natura 2000 network protects
27% of the land area and about 13% of the waters in Spain [4]. The Medes Islands (MI) located in the
northwest Mediterranean Sea were declared in 2010 a National Protected Natural Park for the great
biodiversity of marine fauna and f ora of the islands. The MI vegetation has been adapted to a series of
abiotic (climate, wind, salinity, geology) and biotic factors. Wild olive-trees are included among the
vegetation of the Meda Gran island. Nonetheless, the number of trees is very limited, since the plant
life on the islands is inf uenced by the materials brought mainly by birds, especially seagulls [5].

The Mediterranean olive tree (Olea europaea L. subsp. europaea, Oleaceae) is one of the earliest
fruit trees cultivated in the Mediterranean Basin. The natural distribution of the Mediterranean olive
encompasses the var. Sylvestris (also named oleaster) and the cultivated tree var. europaea [6,7], some of
which produce ivory-white fruit. Oleasters are usually located in isolated areas far from cultivated
zones and are characterized by small fruits with a thin mesocarp [7,8]. For this reason, the biological
resource monitoring provides vital information to guide conservation management and improve
its ef ectiveness [9]. Actually, true wild forms are becoming increasingly scarce, and a few genuine
wild populations have been localized in isolated areas from olive tree cultivation in Spain [10]. Wild
olive-trees forests in the south of Spain can still be found, and scattered genuine wild forms in other
parts such as Catalonia. [11,12]. The presence of a few wild olive trees which produce ivory-white
fruits has been observed in prospecting surveys in Spain (Belaj A, unpublished results) but up to now
no further attention has been paid to their study. In this sense, to the best of our knowledge, the only
cultivated genotypes with ivory-white fruits are Leucocarpa in Italy [13,14], Marf 1 in Spain [15], and
Bajda in the Maltese islands [16].

Olive oil contains bioactive components, such as monounsaturated fatty acids (55-83%),
unsaponif able compounds (1-2%), and soluble or hydrophilic compounds, including a-tocopherol,
phenolic compounds, and other compounds with antioxidant properties [17]. However, most studies
on wild olive genotypes deal with their diversity and only a few of them with their agronomic and oil
quality evaluation [18,19]. In this sense, genotype is one of the main agronomic factors responsible
for the chemical and organoleptic footprint of the olive oil strongly contributing in its qualitative and
nutritional characteristics [20,21] and productivity as well [22]. On the other hand, virgin olive oil
plays a crucial role in the eating habits of several dietary regimes, mainly of the Mediterranean diet [23].
The present study is part of an ongoing project related with the valorization of local cultivated and
wild olive genetic resources in Catalonia (Norh-Eastern Spain). In this sense, we aimed 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.

2. Materials and Methods

2.1. Chemicals

Oleocanthal and oleacein were purchased from PhytoLab GmbH (Vestenbergsgreuth, Germany);
oleuropein aglycone from the Toronto Research Chemical Inc. (Ontario, Canada); luteolin and
nonadecanoic acid from Sigma-Aldrich (Madrid, Spain); ferulic acid and apigenin from Fluka (Buchs,
Switzerland) and hydroxytyrosol from Extrasynthese (Genay, France). Hexane, methanol, acetonitrile
were purchased from Sigma-Aldrich, and ciclohexane from Panreac.
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2.2. Plant Material

The study was undertaken using plant material obtained from targeted monitoring performed
in 2012 with permission from the Catalan Government. The Institute of Agrifood Research and
Technology (IRTA, Constanti, Spain) and the Andalusian Institute for Research and Training in
Agriculture, Fisheries, Food and Ecological Production (IFAPA, Cordoba, Spain) surveyed the wild
olive population in the MI. Two oleasters with ivory-white fruit were localized. In order to maintain ex
situ and monitor the natural process under controlled conditions seeds from one ivory olive tree were
collected and sown in a greenhouse at the IRTA facilities. In the spring of 2014, the surviving plantlets
were transplanted in the f eld. Cultural practices at the orchard are the usual in the producing area,
and no irrigation is supplied. The orchard is sited at latitude 41.172° N and longitude 1.169° E with
100 m altitude.

2.3. Olive Oil Extraction

Seven out of 78 trees (12%) produced ivory-white fruits. In autumn 2018, healthy olive fruits
(3-5 kg) from these trees were picked by hand and carefully stored in ventilated boxes and processed
within 8 h. The physical characteristics of the fruit were measured including the ripening index
(adapted to the whitish characteristic of these fruits), fruit and pit weight, moisture and oil content [24].
Shortly, fruits were classif ed depending on their skin and f esh color into eight categories (0—green,
1—yellow, 2—whitish areas covering less than half of the surface, 3—white color more than half of the
surface, 4—white color total surface with green f esh). Average fruit and pit weight were measured
using a weighing scale and f esh to pit ratio was scored. One hundred fruits were grounded in order to
measure moisture content (in oven at 105 ° C till constant weight) and oil content was measured by
nuclear magnetic resonance (Maran-560; Oxford Instruments, Abingdon, UK).

The washed fruits were pressed using an Abencor oil extraction system MC2 (Ingenenia y Sistemas,
Sevilla, Spain), which reproduces the industrial process at a laboratory scale. The olive paste was fed
into a thermomixer at 28 ° C for 30 min and subsequently centrifuged at 3000 rpm (7402203.301 N)
for 3 min without the addition of either warm water or talc as coadjuvant. The oil was separated by
decanting, transferred into glass bottles. and then stored in the dark at —20 ° C until analysis.

2.4. Olive Oil Characterization

2.4.1. Fatty Acid Composition

Fatty acids were transmethylated with boron trif uoride (BF3) and methanolic potassium
hydroxide [25]. Then, fatty acids were determined by gas chromatography (Agilent 6890N, Boston,
USA), f tted with a f ame ionization detector (FID) and a capillary column (0.25 mm % 0.25 pm X% 30 m;
DB23, Agilent, Bellefonte, USA). Both the detector temperatures and injector were kept at 250 ° C;
and the oven temperature at 170 ° C. The carrier gas was helium with a f ux of 55.8 mL/min, and a
pressure of 10.99 psi at the column head. The injection volume was set 1 JL. The internal standard
(nonadecanoic acid) was analyzed in the same experimental conditions.

2.4.2. Pigments and Color

The oil color was measured according to the CIELab system under 2 degrees and DL65 illumination
conditions, using a spectrophotometer (Konica-Minolta CM-3500d, Osaka, Japan). Palette colors were
described using three parameters: lightness (L*, from black to white), and the chromatic components
a* (from green to red), and b* (from blue to yellow). The other parameter used was chroma [C* =
(2a*+2b%)/2].

Chlorophyll and carotenoid pigments were measured by using a spectrophotometer (Shimadzu
UV-160A; Kyoto, Japan). The maximum absorption at 670 and 470 nm is related to the chlorophyll
and carotenoid fractions, respectively. They were used for calculation of the total content of these
pigments in olive oil according to the method described by Minguez-Mosquera et al. [26]. The values
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of the coef cients of specif ¢ extinction applied were E0 =613 for pheophytin as a major component
in the chlorophyll fraction and EO =2000 for lutein as a major component in the carotenoid fraction.
The pigment contents were calculated as follows:

= Aero x DF
Chlorophyll (mg/ kg) = 613 xWs .
. = f70 X DF
Carotenoid (mg/ kg) = 2000 X Ws *

where A is the absorbance, DF is dilution factor, and Ws is the sample weight.

2.4.3. Phenolic Compounds

Then of liquid-liquid extraction, the quantif cation and identif cation of individual polyphenols
were carried out by liquid chromatography coupled to mass spectrometry in tandem mode (LC-MS/MS)
following procedures described previously [27]. For the liquid-liquid extraction, 0.5 g of olive oil
was dissolved in hexane (oil/hexane 1:2, wA) in a 10 mL centrifuge tube and shaken during 1 min.
Later, 2 mL of MeOH:H,O (8:2 vA) was added to phenolic compound extraction and the samples were
homogenized during 1 min. The two phases were separated by centrifugation at 3000 rpm, 4 ° C during
4 min. The methanolic fraction was separated and was subjected to a second cleaning with hexane,
while the remaining phenolic content in the hexane fraction was extracted adding one more time
MeOH:H,O (8:2 v/). Before all, extracts were shaken and centrifuged in using the same conditions
previously detailed. Both methanolic extracts were recovered and evaporated with Np. Finally, the
extracts were reconstituted with 800 UL of ACN and stored at —80 ° C until chromatographic analysis.

An Acquity™ UPLC (Waters; Milford, MA, EUA) coupled to an API 3000 triple-quadruple
mass spectrometer (PE Sciex, Concord, Ontario, Canada) with a turbo ion spray source was used.
The column was an Acquity UPLC® BEH C18 column (2.1 X 50 mm, i.d., 1.7 pm particle size) and
Acquity UPLC® BEH C18 Pre-Column (2.1 x5 mm, i.d., 1.7 pm particle size) (Waters Corporation®,
Wexford, Ireland). The separation of oleocanthal, oleacein, ligstroside, and oleuropein aglycone was
performed MeOH (A) and H,O (B), both with 0.1% of formic acid as mobile phases. An increasing
linear gradient (vA) of B was used (t (min), %B), as follows: (0, 100); (2, 100); (4.75, 46.4); (4.9, 100);
(5.9, 0); (6, 100); (6.5, 100), at a constant f ow rate of 0.6 mL/min, the injection volume was 5 UL, and
the column temperature was 50 ° C. The separation of other phenolic compounds was achieved using
H,0O with 0.2% acetic acid (A) and ACN (B) as mobile phases. An increasing linear gradient (v4) of B
was used (t (min), %B), as follows: (0, 5); (2.5, 5); (12.5, 40); (12.6, 100); (13.5, 100); (13.6, 5); (15, 5), at a
constant f ow rate of 0.4 mL/min, the injection volume was 5 UL and the column temperature was 40 ° C

The ionization was achieved using electrospray interface operating in negative mode [M—H] and
the compounds were monitored in the multiple monitoring mode (MRM) with the following settings:
—3500 V to capillary voltage and arbitrary units for nebulizer gas and curtain gas (N2) (10 and 12,
respectively); drying gas (N2) heated to 450° C. The mass spectrometry potentials are presented in
the supporting information (Table S1). The system was controlled by Analyst version 1.4.2 software
supplied by Applied Biosystems. The calibration curves were prepared in ref ned olive oil and were
linear over the concentration ranges 0-20 mg/mL using hydroxytyrosol, apigenin, luteolin, oleocanthal,
oleacein, oleuropein aglycone as standards.

2.4.4. Oxidative Stability

Oxidative stability was evaluated by the Rancimat method [28]. Stability was expressed as
the oxidation induction time (h), measured with the Rancimat 743 apparatus (Metrohm Co., Basel,
Switzerland), using an oil sample of 3.0 g that was heated to 120 °C and an air f ow of 20 L/.
The oxidation induction time is the time needed for an abrupt change in conductivity of an aqueous
solution in which the volatile compounds resulting from oxidation of the oil were collected.
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2.4.5. Sensorial Analysis

A sensorial analysis was performed by the Catalan Of cial Olive Qil Tasting Panel according to
the UE2568/M1 regulations [29]. Brief y, each oil sample was tasted by eight trained tasters in groups of
four samples per session (randomly presented within each group). Positive descriptors analyzed were
those of the of cial method (fruity, bitter, pungent), joined with other complementary ones (astringent,
sweet, apple, ripe fruits, green, and other secondary undertones). The intensity of each attribute was
measured using a continuous scale of 10 cm, anchored at zero and open at 10. The Catalan Panel
relies under ISO-17025 certif cation rules and tasters were previously trained in the identif cation and
intensity measurement of each attribute.

In all experiments, the means of f ve experimental runs are shown. Data are presented as mean
and standard deviation.

3. Results and Discussion

3.1. Physical Characterization

The physicochemical characteristics of the ivory-white olives are shown in Table 1. With ripening,
the color of the olive skin changed from green to light green-yellow and f nally to white and ivory.
The ripening index was 3.2 £0.4. The olive fruits were small (0.78 £0.08 g), with f esh accounting
for 73% (0.57 £0.06 g) and the remainder to the pit (0.21 £0.03 g). The average fat content expressed
on dry basis (db) was 28.22 £3.91%. Oleasters are usually characterized by small fruits with a thin
mesocarp [7,8]. The results of our study are similar to that of a wild species of Tunissian trees which
produce fruit of only 1 g in weight with 20.6% db of fat [19,30] and in other wild species in the Southern
Spain [31]. Indeed, even the Marf 1 variety of ivory olives has larger fruits (2.2 g) with a higher fat
content (40% db) [15]. Though fruit size and fat content can change along the ripening process [32], the
very low values observed, at a relative high ripe index, makes unexpectable to reach those values typical
for traditional cultivated varieties. This means that possibly we are facing a real wild olive population.

Table 1. Physical and chemical characterization of olive oil from ivory-white olives.

Physical Characteristics Chromatic Parameters Pigments (mg/kg)
Fruit weight (g) 0.78 £0.08 L* 88.6 £6.7 Chlorophylls 125 4.6
Flesh weight (g) 0.57 +£0.06 a* —93+14 Carotenoids 9.2 £33
Pit weight (g) 0.21 +£0.03 b* 837 £233 Chlorophylls/carotenoids 1.4 £1.4
Fat content (%) 28.22 £3.91 Chroma 84.2 £23.3 Oxidative Stability (h at 120 ° C)
Ripening index 3.18 £0.42 a* b —0.1 £0.06 Stability 158 £5.9

3.2. Fatty Acid Prof le

In this work, the composition of the following nine fatty acid was determined: palmitic (C16:0),
palmitoleic (C16:1), margaric (17:0), stearic (C18:0), oleic (C18:1), linoleic (C18:2), linolenic (C18:3),
arachidic (C20:0), and eicosenoic (C20:1) acid (Table 2). The fatty acid composition of virgin oil is
strongly af ected by cultivar and other agronomical factors such as fruit ripeness, crop yield, and
growing medium [33]. The fatty acid prof le of the wild ivory olive population from the MI showed
the typical traits of oleaster, being very rich in palmitic and palmitoleic acids and poor in oleic acid
compared to oil from cultivated varieties [18,34]. Moreover, the fatty acid prof le was similar to that of
most common virgin olive oils; although with lower polyunsaturated fatty acid concentrations (14.9%).
In our samples, the monounsaturated fatty acids comprise the largest group in the olive oil (62.5%).
The high content of MUFA, particularly the oleic acid, and phenolic compounds can protect the oil
to oxidation [35]. Similar ivory-white cultivars (Leucocarpa and Bajda) had been previously studied
without reporting the fatty acid prof le [13,14,16].

In general, the SFA content in our samples (22.6%) was found in higher concentrations than in
Italian olive cultivars (13.1-17.6%) [36] and in Arbequina produced in dif erent regions of Brazil and
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Spain [37]. Previous studies have demonstrated that the cultivar is an important factor that af ects the
composition of fatty acid in olive oils [38].

The PUFA are the substrates of enzymes that generate volatile compounds responsible for oil
aroma [39] but have also been found to contribute to the rancidif cation of oils [40]. The MUFA /PUFA
ratio holds great importance because of its ef ects on the nutritional properties, oxidative stability, and
organoleptic characteristics of olive oils [41,42]. In the olive oil analyzed, the MUFA /TPUFA ratio could
indicate a moderate susceptibility to oxidation attributed to that a high ratio favors the resistance to
oxidative deterioration [42]. Indeed, it has been demonstrated that oils with a high content of MUFA
and low PUFA and SFA values have the best oxidative stability [37]. Moreover, the C18:1 /C18:2
ratio (oleic acid/linoleic acid ratio) can be useful to characterize olive cultivars and to have a marked
relationship with stability [43].

Table 2. Physical and chemical characterization of ivory-white olives.

Fatty Acid Composition (%)

Palmitic 20.11 £2.46 Fatty acid indices
Palmitoleic 3.51 £0.96 MUFA (%) 62.51 £6.46
Margaric 0.39 £0.37 PUFA (%) 14.90 £4.20
Stearic 1.79 £0.07 MUFA /PUFA 420 £2.60
Oleic 58.80 £7.05 C18:1 /C18:2 4.36 £3.16
Linoleic 13.48 £4.09 SFA (%) 22.60 £2.48
Linolenic 1.28 £0.18 UFA /SFA 3.43 £0.53
Arachidic 0.30 £0.02
Eicosenoic 0.20 £0.04
Eicosadienoic 0.14 £0.13
SFA saturated fatty acids, PUFA polyunsaturated fatty acids, MUFA monounsaturated fatty acid, UFA unsaturated

fatty acids.

3.3. Pigments and Color

Table 1 shows the pigments and chromatic parameters of the examined oils. The color
characteristics of the virgin olive oil obtained from the ivory cultivar showed an intense yellow color
(+b* values), with a poor green color (—a* values), bright and vivid (+L* and chroma, respectively).
The color of the oil was yellowish due to a balanced ratio between chlorophyll and carotenoid content
(close to 1) [44]. Similar results were previously reported for the oil from ivory-white Leucocarpa
cultivar [14].

The chlorophylls and carotenoids are very common pigments and their presence in olive oil
also depends on olive variety, the stage of fruits ripeness, environmental conditions, the extraction
process, and storage conditions [45,46]. Pigment determination showed chlorophyll and carotenoid
concentrations of 12.5 £4.6 and 9.2 £3.3 mg/kg, respectively. Dif erent concentrations of pigments have
been reported in virgin olive oil from Leucocarpa cultivar. In this sense, higher concentrations of the
total chlorophylls and carotenoids were reported (23-104 and 14-30 mg/kg, respectively) [13] and at the
same time lowest concentrations were also detected (2.03-5.17 and 2.77-2.79 mg/kg, respectively) [14].
Likewise, lower concentrations of these compounds were reported previously in non-ivory cultivars
from Greek islands, with values between 0.08-4.45 mg/kg and 0.87-2.28 mg/kg for chlorophylls and
carotenoids, respectively [46]. Similar results have been reported in olive cultivars planted in Tunisia
(Arbequina, Koroneiki, Leccino, Oueslati, and Chemchali) in the chlorophylls content (7.51-15.39
mg/kg) and less concentration in carotenoids (3.02-6.32 mg/kg) [47].

3.4. Phenolic Compounds

The minor polar fraction in virgin oil include dif erent subclasses, among these: secoiridoids,
phenolic alcohols, phenolic acids, f avonoids, and lignans [48] which act as antioxidant and may
contribute to the prevention of several human diseases [49]. Table 3 shows the total phenol and
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individual phenol concentrations in olive oil obtained by liquid chromatography coupled to masses.
To date, several studies have shown that the phenolic composition of virgin olive o0il depends on a
very complex multivariate interaction between agronomic, biochemical, and technological factors.
Initially, the genetic origin of the olive, the geographical area of cultivation, the climate, and agronomic
practices such as fertilization and water availability are determining factors in the composition of the
olive [27,50]. Given the biological importance of these compounds, one of the purposes of this research
was the phenolic prof le characterization, for the f rst time, in ivory-white wild olive trees of Spain. As
shown in Table 3, the total polyphenols were 669.97 £119.38 mg/kg and was higher than that obtained
in oil from other wild olives (Algerian variety 242 +19 to 341 +58 mg/kg) [51].

Table 3. Phenolic compound prof le of olive oil from ivory-white olives.

Phenolic Compounds (mg/kg)

Total phenols 669.97 £119.38
Oleacein 373.29 £72.02
Oleocanthal 204.84 £52.58
Oleuropein aglycone 33.82 £12.61
Ligstroside aglycone 14.15 £3.34
Elenolic acid 17.18 £9.47
Hydroxytyrosol 0.77 £0.57
Hydroxyelenolic acid 0.27 £0.19
Lactone 494 £1.77
HDCM-0OA 0.37 £0.18
Luteolin 18.76 £10.77
Apigenin 1.56 £0.88

HDCM-0OA hydroxydecarboxymethyl-oleuropein aglycone.

Secoiridoids were by far the most abundant group of phenolic compounds (93%) in agreement with
previous studies [52]. Oleacein (373.29 £72.02 mg/kg) was the main compound followed by oleocanthal
(204.84 +52.58 mg/kg). Both compounds are responsible for the bitter and pungent test, respectively,
of olive 0il [53]. Such very high secoiridoids contents are really interesting from the health point of
view, due to its anti-inf ammatory activity that can be relevant in many pathologies [53,54]. To date,
there is little information on the phenolic prof le of virgin olive of ivory-white olives. In a previous
study carried out with Bajda cultivar, oleacein, oleocanthal, oleuropein aglycone, and ligstroside
aglycone were only identif ed but not quantif ed [16]. Leucocarpa cultivar also was analyzed and
low concentrations of oleuropein aglycone were detected in the fruit (6.63 £0.22 to 16.8 £0.07 mg/g
of fresh weight) whereas other compounds were not analyzed [13]. Concerning non-ivory-white
cultivars, dif erent concentrations of OLE have been reported previously in monovarietal commercial
samples from Greece, reaching a maximum of 291.7 +10.2 mg/kg [55]. Moreover, Pendolino and
Kalamon cultivars have been reported as very rich in OLE as well, with a maximum of 903 £ 394
and 866 * 285 mg/kg, respectively [56]. Regarding OLC, high concentrations were found in Alfafara,
Kalamon, and Plementa Bjelica (1602 + 688 to 2931 + 26 mg/kg) [56]. Similar results to our white
progenies were obtained in Koroneiki cultivar (183.9 £5.0 to 355.0 £12.1 mg/kg) [55].

The hydroxytyrosol, an essential quality biomarker in virgin olive oil, was also identif ed in olive
samples (0.77 £0.57 mg/kg). This phenolic alcohol was also identif ed in olive oil from ivory-whites [16].
The variations in the phenolic alcohols is also attributed to ripening and varietal factors [57]. Olive oil is
in between the European Food Safety Authority (EFSA) parameters for claiming that polyphenols from
olive oil and olive leaves protect low-density lipoproteins from oxidative damage when consumed at a
daily rate of 5 mg of hydroxytyrosol and its derivatives (e.g., oleuropein complex and tyrosol) [58].

Two main f avonoids were quantif ed for the f rst time in virgin oil from wild ivory-white olive
trees: luteolin (18.76 £10.77 mg/kg) and apigenin (1.56 £ 0.88 mg/kg). These f avonoids have been
quantif ed in an Algerian wild olive (not ivory) but with a lower luteolin (0.97 £0.17 to 13 £3 mg/kg)
and apigenin content (0.07 £0.01 to 1.1 £0.1 mg/kg) [51]. These two compounds were also identif ed
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in Bajda cultivar [16]. The Leucocarpa cultivar also produces ivory-white fruit due to low or null
accumulation of f avonoid compounds [13] which is suggestive of purity and has led to the use of
these olives to produce holy anointing oil [14] and with potential use as table olives [59]. The Marf |
cultivar presents tolerance to olive leaf spot disease and also produces ivory-colored fruits with high
oil quality [15]. In fact, the particular color of the ripe fruit of these cultivars is due to a blockage of
f avonoid biosynthesis [60], mainly anthocyanins [13]. In previous studies, the content of luteolin
found in Picual and Hojiblanca oils (41.3 and 22.69 £5.09 mg/kg, respectively) was higher to those
found in the present assay. In the same studies, higher concentrations of apigenin were reported
reaching concentrations to the 8.72 and 5.51 % 0.69 mg/kg, respectively [27,61]. Dif erences in the
concentration of both compounds in non-ivory cultivars growing in an identical climate/fenvironment
area in Italy also was reported with concentrations between 2.2 +0.5-16.7 £ 0.6 mg/kg for the luteolin
and 0.2 £0.1-9.2 £0.3 mg/kg for the apigenin [62]. The ripening stage is another factor that af ects the
concentrations of these compounds, increasing the content of luteolin with the maturity index whereas
apigenin does not show any def nite trend. Moreover, during oil extraction the f avonoids are hardly
af ected by time and temperature of malaxation [61].

Other compounds were also identif ed in concentrations lower than 1 mg/kg (hydroxyelenolic

acid and hydroxydecarboxymethyl-oleuropein aglycone, HDCM-OA).

3.5. Oxidative Stability

Table 1 also shows the oxidative stability measured by the Rancimat method. Oxidative stability
is an important parameter for evaluating the quality of oils and fats, providing a good estimation of
susceptibility to oxidative degeneration, the main cause of alterations in olive oil [63]. The oxidative
stability for the ivory-white oil genotype measured by the Rancimat method was 15.8 h, which is quite a
high value and is higher than that of the Marf | olive oils (12.59 h) [15,64]. High oxidative stability may
be due to the equilibrium among the fatty acid prof le, and the carotenoid and phenolic compounds
(Tables 2 and 3). The chlorophyll/carotenoid ratio is low. In the presence of light, chlorophylls and their
derivatives are the most active promoters of photosensitized oxidation in virgin olive oil contributing
greatly to a high susceptibility to oxidation [65]. Carotenoids possess conjugated hydrocarbons
which are potent protectors against photosensitized oxidation, acting as singlet oxygen quencher [66].
Phenolic compounds have also been correlated with oil shelf life due to the antioxidant properties
of mainly oleacein and oleuropein aglycone, which show remarkable resistance to oxidation [67].
Finally, the low content of polyunsaturated fatty acids (14.9%), which are the fatty acids most prone to
oxidation, also contributed to oxidative stability [68].

3.6. Sensorial Analysis

Sensorial analysis resulted in medium to high intensity fruitiness (5.0 £0.3), clearly pungent
(5.5 £0.3) and bitter (5.0 £0.7). Secondary attributes were also detected such as medium intensity
sweetness, cut grass aroma, and slight f nal almond and astringent mouthfeel. Neither ripe fruit
nor apple attributes were detected. The sensory parameters of the oil of the ivory-white genotype
revealed the complexity of olive oil. The taste has fruity, bitter, and pungent characteristics, the latter
two sensations being generated in the same gustative papillae [69,70]. Two phenolic compounds,
oleocanthal and oleacein, that are exclusively present in virgin olive oil, seem to be the main compounds
responsible for these mouthfeel perceptions and were the major phenolic compounds found in the
olive oil from the ivory-white cultivar. Volatile compounds are responsible for the aggregate aroma of
virgin olive oil. The fruity notes are perceived directly and/or through the back of the nose and are the
characteristic set of olfactory sensations of the oil from sound, fresh olives, either ripe or unripe [71].
Fruity notes are mainly given by volatile compounds produced by the lipoxygenase pathway during
oil extraction. Green f avor, and sweet, grassy, and almond aromas [72] have been described in olives
of ivory-white progeny (Figure 1).

79



4. RESULTS

Antioxidants 2020, 9, 1009 90f13

Pungent
ol —

Bitter

_Olive
-1 |fruity

\

\
Nl
/ ~ /7 Sweet
N ( 3
il A
Almond / \ Green grass

/ \
Secondary Astringent
undertones

Figure 1. Sensory virgin olive oil characteristics.
4. Conclusions

Actions to promote the conservation of indigenous oleaster genotypes will prevent their decline
at regional, national, and global levels. Native wild olive trees are becoming increasingly scarce,
and thus, protected reserve zones are fundamental pillars for the preservation of these wild species
which have adapted to a series of abiotic and biotic factors. At least, two wild olive-tree were
localized in the natural reserve of the MI what produces ivory-white olive fruits. 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. However, further research should be performed in this case
on sensory characteristics to determine its possible applications as an edible oil for human nutrition.
Nevertheless, additional studies during several years and involving more oleasters are crucial to
corroborate the results obtained and to better characterize wild olive genetic resources in Catalonia.
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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 'H 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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Abstract: Extra-virgin olive oil (EVOO) is largely appreciated for its proven nutritional properties.
Additionally, organic foods are perceived as healthier by consumers. In this context, the aim of
the present study was to compare the phenolic profiles of EVOO from olives of the Hojiblanca
variety, cultivated under organic and conventional systems. The quantification and identification of
individual polyphenols was carried out by liquid chromatography coupled to mass spectrometry in
tandem mode (LC-MS/MS). Significantly higher levels (p < 0.05) of phenolic compounds were found
in organic EVOOs. The methodology used was able to detect previously unreported differences in
bioactive components between organic and conventional EVOOs.

Keywords: phenolic compounds; Hojiblanca; variety; organic; conventional; agriculture; mass
spectrometry; oleocanthal; secoiridoids; ripening; NMR

1. Introduction

Extra virgin olive oil (EVOO), a key component of the Mediterranean diet, is highly appreciated
for its nutritional and organoleptic attributes. The minor compounds include aliphatic and triterpene
alcohols, sterols, hydrocarbons, volatile compounds and antioxidants such as carotenoids and
polyphenols, which contribute to the organoleptic characteristics, stability and nutritional value
of EVOO [1,2]. The qualitative and quantitative composition of polyphenols in EVOO is affected by

Molecules 2019, 24, 1986; doi:10.3390/molecules24101986 www.mdpi.com/journal/molecules
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many variables, such as the degree of olive ripeness, the technological production process and storage
conditions [3,4]. The most important changes in the polyphenol content occur during the crushing and
malaxation of olives [5,6] as well as during the storage and f Itration of EVOO [7]. Other inf uential
factors include the use of organic and conventional growing systems [8,9].

The market for organic products, generally perceived as healthier and safer than conventional
foods, is growing annually [10], despite the higher costs and lower productivity of organic compared
to traditional agriculture. In 2016, on a global level, up to 178 countries practiced organic agriculture,
on an extension of 57.8 million hectares, with a market size of 89.7 billion US dollars [11]. A key
dif erence between the two growing systems is soil fertility management, which can af ect the
nutritive composition of plants, including levels of secondary metabolites [12]. In organic agriculture,
which is associated with the promotion of biodiversity and biological cycles, crops obtain nitrogen and
nutrients from a diverse soil ecosystem. Contrastingly, conventional farming uses fertilizers containing
soluble inorganic nitrogen and other nutrients, which are more directly available to plants [13].
Phenolic biosynthesis in plants is known to be strongly af ected by the cultivar, the environmental
conditions (especially light), as well as the type of fertilization [14,15]. Previous studies demonstrate
that the organic fruits have higher phenolic content than conventional ones [16-18].

Therefore, the objective of our study was to compare the content of polyphenols (secoiridoids,
f avones, 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 'H nuclear magnetic resonance (QNMR) method to corroborate the concentration of
oleacanthal (OLC) in our EVOOs obtained by LC-MS.

2. Results

2.1. Total Amount of Phenolic Compounds

The average of total phenols (TP) in organic and conventional EVOO, with the p-value for the
dif erences assessed by the Mann-Whitney test, are shown in Table 1. In order to control the ripening
factor when assessing the dif erences in phenolic concentrations between the two types of EVOO,
generalized linear models adjusting for ripening index (RI) were used (Table 51). The mean TP content
of organic and conventional EVOO was 456.89 * 56.74 and 338.19 % 42,96 mgkg™!, respectively,
being 26% higher in EVOO produced by the organic system (Figure 1).
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Figure 1. Boxplots for concentrations (mgkg™) of total phenols (TP) and polyphenolic groups in

extra-virgin olive oil (EVOO) by ripening index (RI) and growing method. (a means p <0.05 vs. 1st RI,
b means p <0.05 vs. 2nd R, c means p <0,05 vs. 3rd RI within the same growing.

Table 1. Phenolic compound contents (mgkg™) of conventional and organic EVOO made from

Hojiblanca olives. * p-values of U Mann-Whitney test.

*

Organic Conventional P
Total Phenols 456.89 +56.74 338.19 £42.96 <0.001
Secoiridoids 420.72 £59.42 306.48 £48.09 <0.001
Oleuropein 0.82 £0.02 0.81 £0.02 0.2
Oleuropein derivatives
Oleuropein der 1 22.77 £3.01 34.83 £4.44 <0.001
Oleuropein der II 3.21+£0.54 1.67 £0.25 <0.001
Oleuropein der 111 3.63 £0.58 233 £0.33 <0.001
me-3,4-DHPEA-EA 1.46 £0.25 0.97 £0.07 <0.001
Hydroxy oleuropein aglycone I (HOAT) 1.44 £0.34 1.17 £0.18 0.007
Hydroxy oleuropein aglycone II (HOA II) 218 £0.77 1.67 £0.41 0.02
HDCM OA 9.13 £3.53 6.37 £1.94 0.01
3,4-DHPEA-EA ] 7.18 £0.98 4.74 £0.42 <0.001
3,4-DHPEA-EA II 5.82 £0.94 3.02 £0.74 <0.001
Lactone 0.19 £0.04 0.33 £0.20 <0.001
Ligstroside derivatives
Ligstroside I 2045 +£2.77 12.32 £2.47 <0.001
Ligstroside II 41.61 £3.68 24.41 £4.02 <0.001
Ligstroside III 54.59 £10.63 34.75 £8.00 <0.001
Oleocanthal 186.72 £40.61 132.10 £37.02 <0.001
Elenolic acid 55.35 £8.10 40.37 £7.39 <0.001
Elenolic acid derivatives
Hydroxyelenolic acid 3.41+1.42 3.19+1.70 0.5
Flavones 28.21 £5.55 25.53 £5.85 0.09
Luteolin 22,69 £5.09 19.35 £5.38 0.03
Apigenin 5.51 £0.69 6.17 £0.78 0.008
Phenolic alcohols 7.11£1.15 6.21 £1.37 0.07
Hydroxytyrosol 447 £1.10 3.65 £1.32 0.01
Dihydroxytyrosol 1.73 £0.09 1.78 £0.10 0.001
3,4-DHPEA-AC 0.91 £0.02 0.91 £0.03 0.51
Lignans 0.47 £0.06 0.79 £0.09 <0.001
Pinoresinol 0.47 £0.06 0.79 £0.09 <0.001
Phenolic acids 1.08 £0.26 2.05 £0.71 <0.001
Ferulic acid 0.05 £0.01 0.07 £0.01 0.003
p-coumaric acid 0.67 £0.15 1.04 £0.36 <0.001
Vanillic acid 0.35+0.12 0.93 £0.37 <0.001
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2.2. Concentrations of Phenolic Groups and Selected Phenolic Compounds

The major phenolic compounds in EVOO were secoiridoids (SEC), whereas lignans, phenolic
acids and f avones were present in low concentrations. The SEC represented 91-92% of the phenolic
compounds, with higher levels in the organic than conventional EVOO (420.72 £59.42 and 306.48 +
48.09 mg-kg ™!, respectively). OLC was the predominant ligstroside derivative found in organic and
conventional EVOO samples (186.72 +40.61 and 132.10 £ 37.02 mgkg ™', respectively), being 30%
higher in the former. Also, the elenolic acid concentration was positively af ected by the organic system
(55.35 £8.10 rng-kg_l), being 27% lower in conventional EVOO (40.37 £7.39 mg-kg_l).

Luteolin was the predominant f avonoid in both organic and conventional EVOO (22.69 £5.09
and 19.35 £5.38 mg-kg ™!, respectively) and the apigenin represented 20-24% of the total f avonoids
and its content was not af ected by the agronomic conditions (6.17 £0.78 and 5.51 £0.69 mgkg™,
conventional and organic, respectively).

The concentration of the total phenolic alcohols was not af ected by the organic or conventional
growing systems (7.11 £ 1.15 and 6.21 + 1.37 mgkg™!, respectively). However, the content of
hydroxytyrosol was higher under the organic than the conventional system (4.47 £ 1.10 and
3.65 £1.32 mgkg ™!, respectively).

The content of lignans and phenolic acids, which are important phenolic components of EVOO,
were higher under the conventional system (0.79 £0.09 and 2.05 £0.71 mg-kg ', respectively). The only
lignan found was pinoresinol and the phenolic acids were p-coumaric, ferulic and vanillic acid
(1.04 £0.36, 0.07 £0.01, and 0.93 £0.37 mg-kg_l, respectively).

2.3. EVOO Phenodlic Prof le and Olive Fruit Ripening

The concentration of total SEC, phenolic acids, f avones and lignans in EVOO samples extracted
from olives of the Hojiblanca cultivar, grown in conventional and organic conditions and harvested
at dif erent RI, are presented in Figure 1. To assess the ef ect of the RI of the olives on the content of
phenolic compounds in conventional and organic EVOO, regression models were f tted (Table 2).

Table 2. Linear regressions (polyphenol content vs. RI) by type of cultivation.

Organic Conventional

Coef cient p Coef cient p
Total phenols —27.4 0.004 —40.2 <0.001
Secoiridoids —31.2 0.001 —44.7 <0.001
Phenolic alcohols 0.05 0.81 —0.76 0.002
Phenolic acids 0.02 0.74 —0.29 0.04
Flavones 3.77 <0.001 423 <0.001

Lignans —0.02 0.01 0.003 0.9

The concentration of TP and SEC decreased during ripening in both conventional and organic
EVOO (Table 2). Conversely, an increase in the content of f avones was correlated with ripeness in
both organic and conventional EVOO (p < 0.001). The total phenolic acids and phenolic alcohols were
af ected by the olive ripening stage only in the conventional system, showing lower levels with later
harvests. Lignans were not af ected by the RI in any system.

2.4. Analysis of Oleocanthal by NMR

The QNMR showed that the level of OLC was higher (168.96 mg-kg™) in the EVOO made from
organic vs. conventionally cultivated olives (118.21 mg-kg™) (Table 3). Thus, the signif cant variation
in OLC concentrations among the samples of the Hojiblanca EVOO is in accordance with previous
studies recently reviewed [19] and the results of our OLC analysis by mass spectrometry (MS).

89



4. RESULTS

Molecules 2019, 24, 1986 5of 14

Table 3. Concentration of oleocanthal (OLC) measured by gNMR in EVOOs of Hojiblanca variety.

Integration Concentration (mg-kg™)
Conventional 0.477 118.21
Organic 0.684 168.96

As 1D 'H NMR typically provides an excellent linear response to component concentrations,
it was envisaged as a simple and reliable methodology to validate the UPLC-MS monitoring of OLC
levels. The aldehydic proton region of the target compound in the 'H NMR spectrum of EVOO
acetonitrile extracts, when recorded in CDCl3, presented a well-resolved set of peaks, making feasible
the integration of one of the aldehydic protons and its comparison with the peak of the internal
standard. OLC was quantif ed by integrating the singlet at 9.632 ppm (Figure 2).
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Figure 2. 1H NMR spectrum of EVOO acetonitrile extracts recorded in CDCl3 and using

4-hydroxybenzaldehyde as the internal standard. The signals of the OLC and internal standard
are shown in the expanded spectrum.
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3. Discussion

3.1. Total Amount of Phenolic Compounds

Recent studies found a higher polyphenol content in organic EVOO [20] and a dif erent acid
composition, as well as a higher degree of bitterness (cv. Leccino and Frantoio) and pungency (cv.
Frantoio) and less sweetness (cv. Frantoio) [21]. A similar enhancing ef ect of organic cultivation on TP
content was observed in EVOO extracted from olives of the Casaliva variety, both unripe (51% increase)
and ripe (40% increases), whereas in a multi-varietal organic EVOO this ef ect was only observed with
unripe olives [22]. However, in other studies, agronomic factors did not play a clear role in the TP
content of EVOO made from olives of dif erent cultivars, which instead was mainly af ected by the
year of the harvest [8], or water availability [23]. The type of farming (organic or conventional) only
becomes a major factor in the TP content of tomatoes [24], pepper [25] and fruits [26] when these are
grown under similar environmental conditions.

3.2. Concentrations of Phenolic Groups and Selected Phenolic Compounds

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 addition, without synthetic
fertilizers there is less bioavailable nitrogen, with concomitant lower plant growth rates and an
enhanced production of secondary metabolites such as phenolic compounds [27,28].

Previous studies have established that SEC (oleuropein and oleuropein, ligstroside and elenolic acid
derivatives) are the most complex and abundant family of polyphenols in EVOQO polar fractions [29-31]
and are the principal contributors to organoleptic traits [32]. SEC are synthesized through the
secologanin pathway, which does not depend on nitrogen or phosphorus, so their production is
not impeded with the low nitrogen and phosphorus availability of organic soil [33]. A recent study
demonstrated that the foliar fertilization with a biofertilizer rich in calcium increased oleuropein
aglycone and OLC levels in EVOO, which in contrast, decreased signif cantly with the use of a
biofertilizer rich in nitrogen, phosphorus and potassium [34]. Therefore, conventional practices could
explain the lower content of most of the SEC compounds (oleuropein derivatives and ligstrosides
derivatives) compared to organic practices. The ester breakdown of SEC leads to the formation of
elenolic acid and derivatives [35]. In our study, the elenolic acid concentration was in accordance
with previously reported results in dif erent EVOO (16.8-58.6 mg-kg_l) [36,37]. Since the content of
SEC was higher in organic EVOQ, it is also logical to have higher content of elenolic acid (Table 1),
because the more SEC, the more elenolic acid is released from SEC breakdown.

The main f avonoids present in EVOO are luteolin and apigenin [38,39] and a high luteolin
content is of great interest, as it has been associated with health-promoting and antioxidant properties
of foods [40,41]. The luteolin concentration reported here (Table 1) is higher than in other studies
(3.12 and 7.57 mgkg ™) [36,42], including one in which EVOO was also extracted from Hojiblanca
olives (3.69-6.67 mg-kg ™) [43]. These dif erences among studies are not surprising, since it has been
shown that the concentration of luteolin depends considerably on the olive variety, geographical
area, season, environmental conditions and cultivation method [36,44]. In another study, the use of a
biofertilizer rich in nitrogen, phosphorus and potassium led to a signif cant increase in the apigenin
content of EVOO (1.66 £ 0.32 mgkg ™), whereas luteolin levels increased when the biofertilizer was
supplemented with calcium (2.12 £0.39 mg-kg ™) [34].

In our work, the concentration of the total phenolic alcohols is similar to that of another
study comparing organic and conventional EVOO made from the same type of olives (8.33-11.0
and 10.5-16.3 mg'kg ™!, respectively) [43]. Other authors reported a decrease in hydroxytyrosol
concentration in EVOO when olive trees were fertilized with nitrogen, phosphorus and potassium,
as occurred with SEC [34]. The phenolic alcohols are derived from the SEC, so their biosynthesis does
not depend on the nitrogen or the phosphorus [33].
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Both lignans and phenolic acids are synthesized through the phenylpropanoid pathway [45,46]
and depend on the shikimic pathway, in which nitrogen and phosphorus take part [47]. The greater
availability of nitrogen and phosphorus in conventional farming could thus explain the lower lignan
and phenolic acid concentration in the organic EVOO.

3.3. EVOO Phenolic Prof le and Olive Fruit Ripening

During ripening, the chemical structure and concentrations of compounds in olives can be
modif ed by chemical reactions and the enzymatic activity of glycosidases, phenol oxidases and phenol
polymerases [48,49]. The amount of these enzymes depends on the cultivar and maturation stage [41].
Thus, the degree of olive fruit ripeness is a crucial parameter in EVOO quality [50]. Previous studies
have reported a reduction in TP, beginning at a maturation index of 2.5-3 [51], or a signif cant gradual
decrease from the f rst to the f fth harvest [23]. It has been suggested that the TP content depends more
on the olive cultivar than an early or late harvest [52].

The amount of SEC decreases signif cantly with ripeness, both in organic and conventional
systems, as reported in the literature [48,53,54]. The SEC concentration was found to decrease by
31% (92.1-63.0 mg-kg ™) between the f rst and last harvests (maturation index of 2.4-5.6), due to
oleuropein degradation during ripening [55]. Also, Gutierrez-Rosales et al. [56] showed that high
contents of oleuropein aglycone at the initial stage of ripening were caused by a high activity of
B-glucosidase. This indicates that oleuropein biosynthesis combines with enzymatic hydrolysis to
produce the aglycone form. Thus, when the olive is in a green stage, the level of B-glucosidase activity
increases proportionally with the amount of oleuropein and ligstroside, whereas in the black stage,
when the phenolic glycoside concentration is reduced, the glucosidase activity is low [49].

Reports in the literature on the inf uence of ripening on f avonoid content are contradictory.
The content of f avones (luteolin and apigenin) in olives was observed to increase up to a maturation
index close to 4, decreasing thereafter [38], whereas elsewhere this tendency was found at an index of
0.76-1.27 [54]. Furthermore, an increase in f avonoid concentration has been reported in EVOO made
from olives at an intermediate ripening stage [57,58]. In Hojiblanca EVOQO, a higher content of luteolin
was obtained by harvesting medium-ripe olives (6.10 and 6.59 mg-kg ™', conventional and organic
EVOO, respectively), whereas an early harvest resulted in increased apigenin (3.32 and 3.65 mg-kg ™,
conventional and organic EVOQ, respectively) [43]. The association of a higher concentration of luteolin
with an intermediate ripening stage could be because apigenin is the substrate for a hydroxylase
enzyme in the f avonoid pathway, giving rise to luteolin [53].

With respect to phenolic acids, our results are in agreement with those of Jimenez et al.,
who reported that p-coumaric and ferulic acid contents were higher in EVOO extracted from olives
at an early RI, decreasing progressively thereafter, and that the concentration of vanillic acid was
apparently not af ected by the ripening process [59]. Another study found an increase in phenolic acids
in EVOO extracted from more mature olives, which may be due to the activity of hydrolytic enzymes
on the complex phenols [53].

3.4. Analysis of Oleocanthal by NMR

The various extraction procedures and analytical methods developed for the quantif cation of
EVOO phenolic compounds have generated ambiguous results that are dif cult to compare. The most
commonly used methods are liquid chromatography (LC), followed by UV-Vis or detection by
MS [60,61]. However, OLC can react with dif erent solvents and consequently both liquid-liquid
extraction and chromatographic analysis may interfere with its determination by LC-MS, leading in
some cases to broader or multiple peaks in MS detection. [62]. A promising new method has been
published recently by Sanchez de Medina et al. [63], but further studies are needed to assess its
accuracy and reliability. For this reason, the chromatographic results obtained with this method were
validated by acetonitrile extraction from random samples of EVOO and directly measured OLC levels

by gNMR, as described by Karkoula et al. [64]. The interest of qNMR is due to the repeatability and
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reproducibility of measurements, as well as its rapidity compared to more classical methods, and its
reliability [65]. Other advantages include simple sample preparation, low sample consumption and
non-destructive measurement.

This validation study was performed by NMR using CDClj; as the solvent, avoiding both the
undesired interactions of other solvents like methanol or water with the target compound, and the
overlap of the aldehydic proton peaks. We chose 4-hydroxybenzaldehyde as the internal standard due
to its price, stability, and solubility in our deuterated solvent, and the simplicity of the resulting 'H
NMR spectrum. Moreover, the aldehydic proton peaks of this compound and OLC do not overlap.

4, Material and Methods

4.1. Chemicals

OLC was purchased from PhytoLab GmbH (Vestenbergsgreuth, Germany); oleuropein, lutein,
m-coumaric acid, pinoresinol, lariciresinol, isolariciresinol, secoisolariciresinol and taxifolin were
obtained from Sigma-Aldrich (Madrid, Spain). p-Coumaric acid, vanillic acid, ferulic acid and
apigenin were obtained from Fluka (Buchs, Switzerland), hydroxytyrosol from Extrasynthese (Genay,
France), and verbascoside from HWI ANALYTIK GmbH (Riilzheim, Germany). Hexane, methanol,
acetonitrile, and chloroform-d were purchased from Sigma-Aldrich and cyclohexane from Carlo Erba
(Madrid, Spain).

4.2. Olive Fruit Samples

Olive fruits were collected from olive trees of the Hojiblanca cultivar, which were cultivated using
organic and conventional agricultural practices without irrigation. The orchard was located on the
experimental farm of the Agricultural Research Training Centre in Cabra in the province of Cordoba,
at an altitude of approximately 547 m. The soil pH was 8 and its composition was limestone and sand.
The climate was continental Mediterranean, with hot summers and cold winters, and the average
temperature between October of 2017 and January of 2018 was 12.7 “C, with an average relative
humidity of 64.4%. Ten trees were selected per cultivation system. The olives were harvested on 4
dif erent days with 2 weeks of dif erence between every picking.

The RI of each harvest was determined according to the methodology proposed by Uceda and
Frias [66], which is based on the color of the skin and the pulp. 100 olives were randomly selected and
the following formula was applied: RI=(A X0 +B X1 +CX2+D X3 +EX4+FX5+GX6+H
X 7) /100. Where A, B, C, D, E, F, G, H are the number of olives with the 8 dif erent ripening stages.
Those are: stage 0: intense green skin; stage 1: yellowish green skin; stage 2: green skin with red spots,
in less than half of the fruit; stage 3: reddish or purple skin in more than half of the fruit; stage 4: black
skin and white pulp; stage 5: black skin and pulp purple; stage 6: black skin and more than half of
the pulp purple; stage 7: black skin and totally purple pulp. The fruit RI in organic and conventional
system was 1 to 3.945 and 1.06 to 3.68., respectively.

4.3. Oil Samples

Three representative olive samples, each weighing a minimum of one kilogram, were processed
and the corresponding EVOOs were obtained using an Abencor milling system (Abengoa S.A., Seville,
Spain). This system reproduced the industrial process on a laboratory scale. The apparatus consisted
of three elements: a hammer mill, a thermobeater and a pulp centrifuge. The olive fruits (6 kg) were
milled using a stainless-steel hammer mill equipped with a 5-mm sieve that was operated at 3000 rpm.
The resulting olive paste was immediately kneaded in a mixer at 50 rpm for 30 min at 30 * C, with hot
water added at 20 min. Centrifugation of the kneaded olive paste was performed in a basket centrifuge
at 3500 rpm for 1 min. After centrifugation, the oil was decanted and stored in amber glass bottles at
4° Cin darkness and without headspace until analysis.
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4.4. Polyphenol Analysis by Liquid Chromatography

The liquid-liquid extraction of phenolic compounds was performed with the method proposed
by Capriotti et al. [67]. 1 g of EVOO was dissolved in hexane (oil/hexane 1:1, w/v) in a 10 mL centrifuge
tube and shaken for 30 s. The polyphenols were extracted with 2 mL of MeOH and stirred for 30 s;
the emulsion was then centrifuged at 3000 rpm and 4 ° C for 3 min. The supernatant (methanolic
extract) was subjected to a second cleaning with hexane, and the hexane extract was subjected to a
second extraction of polyphenols with MeOH. All extracts were shaken for 30 s and centrifuged at
3000 rpm and 4 ° C for 3 min. The methanolic extracts were recovered and cleaned up by dispersing
50 mg of C18. The samples were evaporated and reconstituted with 800 uL of MeOH:H,O (80:20 v/v),
f ltered with (Polytetraf uoroethylene) PTFE syringe f Iters (0.2 ym), transferred to an amber glass vial
and stored at —80 ° C until analysis. The internal standard was added to the EVOO to obtain a f nal
concentration of 5 ppm after the reconstitution. The experiment was done in triplicate.

The identif cation and quantif cation of phenolic compounds was performed using an Acquity ™
UPLC (Waters; Milford, MA, EUA) coupled to an API 3000 triple-quadruple mass spectrometer (PE
Sciex) with a turbo ion spray source. Separation of compounds was achieved using an Acquity UPLC®
BEH Cyg Column (2.1 X 50 mm, i.d., 1.7 ym particle size) and Acquity UPLC® BEH C;g Pre-Column
(2.1 x5 mm, i.d., 1.7 ym particle size) (Waters Corporatior1®, Ireland) (See supporting information).
The mobile phases were H,O with 0.2% acetic acid (A) and ACN (B). An increasing linear gradient (v/v)
of B was used (t (min), %B), as follows: (0, 5); (2.5, 5); (12.5, 40); (12.6, 100); (13.5, 100); (13.6,5); (15,5),
at a constant f ow rate of 0.4 mL/min. The injection volume was 10 YL and the column temperature
40°C.

The quantif cation of OLC was performed using a methodology proposed by Sanchez de Medina
et al. with some modif cations. Separation was achieved using an Acquity UPLC® BEH C;3 Column
(2.1 x50 mm, i.d., 1.7 ym particle size) and Acquity UPLC® BEH Cig Pre-Column (2.1 X5 mm, i.d.,
1.7 um particle size) (Waters Corporation®, Ireland). The mobile phases were MeOH (A) and H,O (B),
both with 0.1% of formic acid. An increasing linear gradient (v/v) of B was used (t (min), %B), as follows:
(0, 100); (2, 100); (4.75, 46.4); (4.9, 0); (5.9, 0); (6.100); (6.5, 100), at a constant f ow rate of 0.6 mL-min~".
The injection volume was 5 UL and the column temperature 50 ° C. The MS potentials were optimized
for the compound (Supporting Table 52). Method suitability was evaluated by submitting random
samples to a comparative NMR study.

Ionization was achieved using an electrospray interface operating in the negative mode [M-H] and
all the compounds were monitored in the multiple monitoring mode (MRM) with the following settings:
capillary voltage, —3500 V; nebuliser gas (IN), 10 (arbitrary units); curtain gas (Nz), 12 (arbitrary units);
and drying gas (N3) heated to 450 ° C. The declustering potential, focusing potential, collision energy
and entrance potential were optimized to detect phenolic compounds with the highest signals, following
the method described by Suarez et al. [39]. The system was controlled by Analyst version 1.4.2 software
supplied by Applied Biosystems.

The calibration curves were prepared in ref ned oil and were linear over the concentration ranges
0-20 mg-mL ™" using oleuropein, hydroxytyrosol, p-coumaric acid, m-coumaric acid, vanillic acid,
ferulic acid, apigenin, luteolin, pinoresinol, lariciresinol, isolariciresinol, secoisolariciresinol,

verbascoside and OLC.

4.5. Analysis of Oleocanthal by NMR

The OLC extraction and sample preparation for NMR analysis were carried out using the
methodology proposed by Karkoula et al. [30]. Olive oil (8.0 g) was mixed with cyclohexane (32 mL) and
ACN (40 mL). The mixture was homogenized using a vortex mixer for 30 s and centrifuged at 4000 rpm
for 5 min. The ACN phase (40 mL) was collected, mixed with 1.6 mL of 4-hydroxybenzaldehyde
solution (0.5 mg-mL™) in ACN, and evaporated under reduced pressure using a rotary evaporator
(Buchi, Model R-200 with dry ice and acetone cold-trap condenser, Switzerland).
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The residue of the above procedure was dissolved in CDCl; (750 YL), and an accurately measured
volume of the solution (550 PL) was transferred to a 5 mm NMR tube. 'H NMR spectra were recorded
at 400 MHz using an NMR spectrometer (Varian VNMRS 400 MHz). Typically, 128 scans were collected
into 32K data points over a spectral width of 16 ppm (6410 Hz), with a relaxation delay of 1 s and an
acquisition time of 2.5 s. The spectra were phase corrected and integrated automatically using MNova.
Accurate integration was performed manually for the peaks of interest.

4.6. Statistical Analysis

Signif cant dif erences between organic and conventional samples were assessed by the
Mann-Whitney test (Table 1). The relationship between categorical exposure variables (organic
vs conventional cultivation) and concentration of polyphenols was assessed by Generalized Linear
Models adjusting for RI (Table 2). Regression models were also f tted to assess associations between
polyphenol concentration as a dependent variable and RI as an independent variable. Statistical
analyses were conducted using STATA software (version 14.0; StataCorp, College Station, TX, USA).
p values <0.05 were considered statistically signif cant.

5. Conclusions

The TP in EVOO made from Hojiblanca olives were analyzed, comparing organic and conventional
growing systems under the same environmental conditions, and levels were signif cantly 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. These included oleocanthal, 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. In the case of phenolic alcohols and f avones, there were no signif cant
dif erences associated with the cultivation method.

When the ef ect of the ripening stage of the olive fruit was assessed, both the TP and SEC
concentrations were found to decrease with maturation in both production systems, whereas the
f avone 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.

It should be emphasized that long-term experiments are required to eliminate the ef ect of
seasonality. There is also a need for more randomized, controlled dietary intervention trials to
corroborate the potentially greater benef cial ef ects of organic food on human health compared to
those produced conventionally. However, organic food may be recommended, not only for its health
benef ts, but also because its production has less of an environmental impact.

Supplementary Materials: The following are available online, Table S1: GLM model adjusted for ripeness
(conventional vs. organic); Table 52: Multiple reaction Monitoring conditions for the polyphenols.
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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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Abstract: The ancient ‘Corbella’ olive variety from the center-north of Catalonia is being recovered to
obtain quality extra-virgin olive oil (EVOO) with unique organoleptic properties. 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. Therefore, three different ripening indices (0.3, 1.2, and 3.2) and three crushing
temperatures (10, 18, and 25 OC) 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. The level of secoiridoids, the major phenolic compounds 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 oleacein and oleocanthal. The
best processing conditions in terms of total phenolic content were found to be 30 min of malaxation
at 37 OC, the crushing size not having any affect.

Keywords: polyphenols; malaxation; crushing size; oleocanthal; oleacein

1. Introduction

The demand for extra virgin olive oil (EVOO) is increasing due to growing consumer
awareness of the health benefits of the Mediterranean diet, in which it is the main source
of dietary fat [1]. The nutritional and health-promoting properties of EVOO [2,3] are
mainly correlated with its highly bioactive components, such as monounsaturated fatty
acids (55-83%), unsaponifiable compounds (1-2%), and soluble or hydrophilic compounds,
including a-tocopherol, phenolic compounds, and other compounds with antioxidant
properties [4]. In 2012, the European Food Safety Authority (EFSA) recognized that a daily
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consumption of 5 mg hydroxytyrosol and/ or its derivatives (e.g., the oleuropein complex
and tyrosol) per 20 g of olive oil afforded protection of LDL particles from oxidative damage
and maintenance of a normal blood HDL-cholesterol concentration [5].

Since this recognition, the scientif c community and olive oil industry have focused
considerable efforts on optimizing the EVOO extraction process, searching for a balance
between yield and quality [6]. To date, many studies have shown that the phenolic
composition of EVOO depends on a highly complex multivariate interaction between
agronomic, biochemical, and technological factors [7-10]. Firstly, the composition of
the olives depends on their genetic origin, the geographical area of cultivation and its
climate, and agronomic practices such as fertilization and water availability [11,12]. Then,
the parameters associated with EVOO quality can be controlled by regulating the main
variables of mechanical extraction (temperature, oxygen, enzymatic activities, and the
disruption level of olive cell tissues) [13,14]. In this context, crushing is a determinant factor
in the release and activation of endogenous enzymes (B-glycosidases and oxidoreductases),
whereas malaxation is crucial for the modulation of the enzymatic activity [14-17] and
production of high quality EVOO. During malaxation, the chemical composition of the oil
undergoes considerable changes due to partition phenomena between oil and water, as
well as reactions catalyzed by the fruit enzymes released during crushing [13].

Given the above, the main novelty of this work lies in the study of both agronomic and
technological variables to obtain EVOO with a high content of phenolic compounds. For
this purpose, the objectives of this study were (i) to determine the effect of three different
ripening indices (RL 0.3, 1.2, and 3.2) on the phenolic prof le of EVOO, (ii) to evaluate
changes in polyphenol content of EVOO obtained at three crushing temperatures (10, 18,
and 25 °C), and (iii) to optimize the malaxation parameters (time and temperature) and
crushing size to obtain an EVOO with higher phenolic compounds content. Regarding this
last objective, a factorial design was developed to optimize the time (30 and 60 min) and
temperature (27, 32, and 37 ° C) of malaxation, applying two sieve diameters (4 and 6 mm).
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.
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.

2. Materials and Methods
2.1. Chemicals and Reagents

Regarding the secoiridoids, oleocanthal (295% purity) was purchased from Merck
(Darmstadt, Germany), while oleacein and oleuropein aglycone (290 and 95% purity,
respectivley) from Toronto Research Chemical Inc. (ON, Canada). Luteolin was acquired
from Sigma-Aldrich (Madrid, Spain), ferulic acid and apigenin from Fluka (Buchs, Switzer-
land), and hydroxytyrosol from Extrasynthese (Genay, France). Hexane, methanol, and
acetonitrile were purchased from Sigma-Aldrich. Ultrapure water was obtained using a
Milli-Q purif cation system (Millipore, Bedford, MA, USA).

2.2. Plant Material

QOlive fruits were hand collected from mature olive trees of the ‘Corbella’ cultivar in
the Oil Migjorn farm in Bages, Barcelona Province, Spain. The olives used to study the
crushing temperature, crushing size, and malaxation were cultivated under controlled
def cit irrigation conditions, whereas those used for the ripening study were obtained
from non-irrigated trees. On the day of harvesting, the olives were sent to the IRTA
laboratories in Constanti, Tarragona, where, after a health assessment, they were treated as
described below.
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2.3. Qil Extraction

All the fruit samples were processed using an Abencor analyser (Abengoa S.A., Seville,
Spain), which reproduces the industrial process on a laboratory scale. The fruits were milled
using a stainless-steel rotatory hammer mill operating at 3000 rpm and equipped with
different sieves, depending on the experiment. The resulting olive paste was immediately
passed into a malaxation unit with blades spinning at 50 rpm. The time and temperature of
this step were set depending on each experiment. A basket centrifuge (3000 rpm for 3 min)
was used to centrifuge the kneaded olive paste without addition of hot water or talcum.
After centrifugation, the oil was decanted and stored in amber glass bottles at —20 °C in
darkness and without headspace until analysis.

2.3.1. Ripening Study

The fruits were collected at 3 different stages of maturity and, following the method
described by Uceda and Frias [18], the 3 RI were calculated to be 0-1, 1-2, and 2-3. For
each RI, the olives were crushed in a 5 mm diameter sieve, and the olive paste was placed
in a 28 ° C malaxator for 30 min without the addition of talcum powder or hot water. The
centrifugation and storage conditions were as described above (Section 2.2).

2.3.2. Crushing Temperature Study

Healthy olives were stored for two hours in a fridge (7 °C) and then washed using
clean water heated to three different temperatures: (10, 18, and 25 °C) in a water bath.
Once the desired temperature was reached, fruits were crushed in a 5 mm diameter sieve,
and the resulting paste was placed in a malaxator at 18-19 ° C for 30 min without adding
either talcum or water. It was then centrifuged at 3.000 rpm for 3 min without adding
water. The EVOO obtained was separated and stored under the conditions described above
(Section 2.2).

2.3.3. Crushing Size and Malaxation Study

The olive oil was extracted following a factorial model with three factors: crushing
size (4 and 6 mm), malaxation temperature (27, 32, and 37 * C), and malaxation time (30 and
60 min). The trials were performed using a 3.3 kg batch of drupes. Three representative
olive samples, each weighing a minimum of one kilogram, were processed, and the corre-
sponding EVOOs were obtained using an Abencor analyser (Abengoa S.A., Seville, Spain).
The olive fruits were milled using a stainless-steel hammer mill equipped with a 4- and
6-mm sieve that was operated at 3000 rpm. The resulting olive paste was immediately
kneaded in a mixer at 50 rpm for 30 or 60 min at 27, 32, or 37 ° C. The centrifugation and
storage conditions were as described above (Section 2.2).

2.4. Phenolic Compound Composition

After a liquid-liquid extraction, the identif cation and quantif cation of phenolic
compounds were carried out by liquid chromatography coupled to mass spectrometry
in tandem mode (LC-MS/ MS), as described in our previous studies [11,19]. Samples
were analyzed using an Acquity T™ ypLC (Waters; Milford, MA, EUA) system with an
API 3000 triple-quadruple mass spectrometer (PE Sciex, Concord, Ontario, Canada). The
system was equipped with a turbo ion spray source. Separation of phenolic compounds
was conducted using an Acquity UPLC® BEH Cig column (2.1 X 50 mm, i.d., 1.7 pm
particle size) and Acquity UPLC® BEH C;g Pre-Column (2.1 X 5mm, i.d,, 1.7 ym particle
size) (Waters Corporation®, Wexford, Ireland).

The liquid-liquid extraction was carried out following procedures described previ-
ously [19]. For this purpose, 0.5 g of EVOO was dissolved in hexane (oil/ hexane 1:2, w/ v)
in a 10 mL centrifuge tube and shaken for 1 min. For the phenolic compound extraction,
2 mL of MeOH: H,0 (4:1 v/ v) was added and the samples were homogenized for 1 min.
The two phases were separated by centrifugation (3000 rpm, 4 °C, 4 min). The methanolic
fraction was separated and subjected to a second cleaning using hexane, while the remain-

103



Antioxidants 2021, 10, 877

4. RESULTS

4of 14

ing phenolic compounds in the hexane fraction were extracted by a further addition of
MeOH: H,O (4:1 v/ v). The extracts were shaken and centrifuged under the same conditions
as previously described. The two methanolic fractions were pooled and reduced to dryness
with Ny, redissolved in 800 L of ACN, and stored at —80 ° C prior to analysis.

The separation of oleocanthal, oleacein, ligstroside, and oleuropein aglycone was
performed following the procedure proposed by Lozano-Castellon [19]. MeOH (A) and
H>0O (B) were used as mobile phases, both with 0.1% of formic acid. An increasing linear
gradient (v/v) of B was used (t (min), %B), as follows: (0, 100); (2, 100); (4.75, 46.4); (4.9, 100);
(5.9, 0); (6, 100); (6.5, 100), at 0.6 mL/ min, 5 pL, and 50 ° C of constant f ow rate, injection
volume, and column temperature, respectively. The separation of other polyphenols was
achieved following procedures described previously [11] using H>O with 0.2% acetic acid
(A) and ACN (B) as mobile phases. An increasing linear gradient (v/ v) of B was used
(t (min), %B), as follows: (0, 5); (2.5, 5); (12.5, 40); (12.6, 100); (13.5, 100); (13.6, 5); (15,
5), at 0.4 mL/ min, 5 pL, and 40 ° C of constant f ow rate, injection volume, and column
temperature, respectively.

The ionization was achieved using an electrospray (ESI) interface operating in negative
ionization mode (M—-H), and the compounds were monitored in the multiple monitoring
mode (MRM). The system was controlled by Analyst version 1.4.2 software supplied by
Applied Biosystems. The calibration curves were prepared in ref ned olive oil and were
linear over the concentration range 0-20 mg/ mL using hydroxytyrosol, apigenin, luteolin,
oleocanthal, oleacein, and oleuropein aglycone as standards.

2.5. Statistical Analyses

The normality of the data was tested by the Q-Q plot diagnostic graphic. After view-
ing the results, all subsequent tests were non-parametric. In the ripening and crushing
study, to assess differences between groups, a Kruskal-Wallis test was performed, and the
post-hoc test was the pairwise Mann-Whitney U-test. To investigate the main effects of the
investigated factors, as well as to determine possible interactions between them, phenolic
concentration analysis data were subjected to three-way analysis of variance (ANOVA),
with 2 crushing size, malaxation temperature, and malaxation duration as factors (3 malax-
ation temperatures X 2 malaxation durations X 2 crushing size X 3 replicates). Means
were compared by least signif cant difference (LSD) test, at the level of p< 0.05. All the
statistical analyses were performed with R Project for Statistical Computing 3.6.0.

3. Results and Discussion
3.1. Ripening Study

The effects of ripening on the phenolic concentrations are shown in Figure 1. The
total phenolic content was affected negatively by ripening stage, decreasing up to 49% at
3.2 of RI (from 566.74 % 51.45 to 289.48 £ 17.43 mg-kg™") (p < 0.05). The same behaviour
was observed for the secoiridoids’ and phenolic alcohols; concentration. In contrast, the
maximum concentration of f avones and lignans was reached at 3.2 of RI, whereas the
highest phenolic acid content was obtained with olives from the second harvest with an RI
0f 1.2 (2.16 £ 0.06 mgkg™!).

The RI of the olive fruits affected the total amount of phenolic compounds in the EVOO,
which was 43.64% lower (p = 0.05) when produced from the third harvest. This could be
caused by endogenous enzymes in the olives, such as esterases, polyphenol oxidases, and
B-glucosidases, which degrade phenols during the maturation process [13,14,16]. These
results are in agreement with the literature [16,20-22], including a study carried out with
‘Frantoio” and ‘Manzanilla’ EVOO, in which a gradual decrease in phenolic compounds was
observed from the f rst to the f fth harvest [20]. In another study, however, this tendency
did not begin below an RI of 2.5-3 [16]. It has also been suggested that the phenolic content
is more inf uenced by the cultivar than the degree of fruit maturity [23]. It should be
mentioned that the fruit of some olive cultivars ripens at an uneven rate, and therefore the
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same harvest will contain olives of variable ripeness [24], rendering the RI a poor descriptor
for analysis. The ‘Corbella’ cultivar exhibits a very uniform ripening pattern [25].

Concentration (mg-kg™)

800

600 ~
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10
H m03
* * 8 l 12
I 6 l 32
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* I
2 ' an o *
. H:- m
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Figure 1. Effect of the ripening index on the total phenolic content and the phenolic composition
of EVOO. TP: total phenols; SEC: secoiridoids. * indicates signif cant differences between phenolic
concentration (p < 0.05).

The RI effect on the concentrations of individual phenolic compounds is shown in
Table 1. The concentration of secoiridoids, the prevalent phenolic group found in EVOO
and associated with many of its benef ts [26], was greatly affected by the harvest time, as
in other studies [13,27,28]. All the secoiridoids decreased as the Rl increased, except for
hydroxyoleuropein aglycone. The explanation may be that the enzymatic degradation of
oleuropein and ligstroside results in a higher concentration of the aglycone.

Table 1. Phenolic compound contents (mg-kg ™) of EVOO produced from ‘Corbella’ olives with different crushing temperatures.

Group/Compound

Ripening Index

0.3 +0.07

1.2 £ 017

3.2+0.27

Total Polyphenols
Secoiridoids
Elenolic acid

Hydroxyelenolic acid
Hydroxyoleuropein aglycone
Ligstroside aglycone
Methyloleuropein aglycone
Oleacein
Oleocanthal
Oleuropein aglycone
Phenolic alcohols
Hydroxytyrosol
Hydroxytyrosol acetate
Flavones
Apigenin
Luteolin
Phenolic acids
m-coumaric acid
p-coumaric acid
Lignans
Pinoresinol

566.74 &+ 51.45 2
556.81 + 51.45 2
27212 £9.712
8.68 £0.382
111 £0.09P
15.07 £ 0.84
0.92 £0.042
9425 + 6,292
91441202
155.51 £5.712
1.34 £ 0212
1.27 £ 0082
0.08 £ 0.02°
0.90 £0.09 €
0.49 £0.01°¢
0.41 £0.02P
212 £ 032230
1.53 £ 0.04°
0.59 £ 0.05 20
557 £0.76 P
557 £0.76 P

483.72 £ 26.65°
473.07 £ 26.17P
228.82 16,30
879 £0.292
1.16 £0.07P
11.92 £ 047
0.88 £0.022
78.72 + 4.48 b
6.84 £0.31P
135.95 £2.982
078 £0.11°
0.68 = 0.06 P
0.11 £0.02P
1.15 £ 0.08°
0.82 £0.06°
0.32 £0.04P
216 £0.062
147 £0.03°
0.69 £ 0.042
6.56 £0.75P
6.56 £0.75P

289.48 £ 17.43°

27572 £17.43 ¢
12552 £ 9.89
432 £021°
2.03 £0.072
9.00 £051°¢
0.87 £0.022
34.06 £2.06¢
236 +021°¢
97.56 +3.75P
0.66 £ 0.04 ¢
0.46 £ 0.05¢
0.21 £ 0.02 2
200 £0412
223022
0.69 £0.042
193 015"
1.42 £0.03"
0.50 £ 0.04 b
824 £0.852
8.24 +£0.852

Different letters within the same row mean signif cant differences (p-value < 0.05) according to the Kruskal-Wallis test.

Among the phenolic alcohols, hydroxytyrosol decreased with maturation. In contrast,
hydroxytyrosol acetate increased, probably because it can form part of more complex
compounds such as oleacein, oleuropein, and verbascoside, and is released when they are
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broken down [29]. Due to its powerful radical scavenging activity, hydroxytyrosol acetate
plays an important role in the anti-inf ammatory effect of EVOO and is able to downregulate
cyclooxygenase-2 expression [30]. In the case of hydroxytyrosol, which is also a degradation
product, its reduced concentration could be caused by its higher lability. This effect is of
interest, as according to EFSA, the consumption of at least 5 mg of hydroxytyrosol and its
derivatives is required to protect LDL particles from oxidative damage [5]. Therefore, to
preserve the health benef ts of EVOO, a higher RI is not recommended, as the resulting
reduction of hydroxytyrosol far exceeds the increase in the acetate derivative.

In the case of f avones, an upward trend was observed, as in other studies [31,32].
Bengana et al., 2013 [33] reported an increase in the f avonoid concentration in EVOO
produced from olives in the f rst period of maturation, although levels began to decline
when the harvest was in December. This tendency was not observed in our work, as all the
olives were collected before the end of October. The glycosidic forms of f avones found in
the drupelet become more soluble in oil during ripening, when the bond with the sugar
is broken down by B-glucosidase. Thus, with f avones in oil being retained to a higher
degree than in water during the extraction, oils from late season olives have a higher
f avone content. However, other studies report that while luteolin increased, apigenin
levels remained unchanged in ‘Hojiblanca’, ‘Picual’, and ‘Picudo’ oil varieties [34] or even
decreased in the ‘Arbequina’ variety [35]. Such variable maturation behaviour can be
attributed to differences in composition and endogenous enzymes among varieties [23,36].
Additionally, accurate comparisons of results from different studies are not always possible,
as some refer only to the harvest date but not the RI [23].

The level of phenolic acids showed a slight decrease from the f rst to the second RI, as
reported elsewhere [32]. In contrast, other studies have found an increase, associated with
the activity of hydrolytic enzymes in the drupelet [28,37].

Among the lignans, pinoresinol increased by approximately 40.75% over the three
ripening stages, possibly because of the degradation of the coexisting acetoxypinoresinol [38],
whose levels were below the detection limit. Pinoresinol is a very stable compound and
is preserved during ripening. Lignans are reported to have an inhibitory activity against
cancer cell growth and antiestrogenic effects [39,40].

3.2. Crushing Temperature Study

The crushing of the olive fruit is the f rst operation in the extraction of olive oil. The
disruption of fruit tissues releases the oil and triggers the enzymatic reactions that shape
the prof le and concentration of phenolic and volatile compounds [41]. Table 2 presents
the effect of the three different crushing temperatures on the phenolic prof le of EVOO. As
shown in Figure 2, the total phenols decreased with higher temperatures, with a signif cant
difference observed between 10 and 18 ° C (360.70 % 15.00 to 337.55 % 17.00 mg-kg™!)
(p = 0.05), but not between 18 and 25 * C. All the phenolic groups (secoiridoids, phenolic
alcohols, f avones, phenolic acids, and lignans) followed the same trend (p < 0.05). Similarly,
a study on olive oil of the ‘Cima di Bitonto” cultivar, applying three crushing temperatures
(12, 16, and 20 ° C), reported a gradual decrease in the phenolic content [42]. The overall
quality of EVOO, attributed to its content of minor compounds, can therefore be modulated
by using the appropriate crushing conditions [43]. A study carried out by Caponio and
Catalano [44] showed that higher temperatures in the crusher during olive processing led
to a shorter preservation of the oils, mainly attributed to a higher degree of auto-oxidation.

The secoiridoids oleuropein aglycone and ligstroside aglycone underwent enzymatic
degradation at higher crushing temperatures, resulting in the formation of oleacein and
oleocanthal. During crushing and malaxation, B-glucosidases and esterases are released
from the olive f esh and pit and can readily interact with phenols, the reaction kinetics
increasing with the temperature [45]. A high concentration of oleocanthal and oleacein in
EVOO might be desirable due to their health properties [8,26].
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Table 2. Phenolic compound contents (mg -kg_l) of EVOO produced from ‘Corbella’ olives using different crushing temperatures.

Crushing Temperature (" C)

Group/Compound 10 18 »

Total Polyphenols 360.70 * 15.00 337.55 £ 17.00° 331.23 +20.00°
Secoiridoids 346.03 £14.00 2 325.30 £17.00° 321.28 +19.00°
Elenolic acid 191.00 £ 8.002 175.00 + 10.00 @b 171.00 + 4,00 ®

Hydroxyelenolic acid 744 £0.502 6.06 £ 0.50 6.13 £030°
Hydroxyoleuropein aglycone 214 £0.08% 1.72 £0.10° 1.74 £0.08°
Ligstroside aglycone 10.00 £ 0.202 8.96 £0.50° 847 £0.10¢
Methyloleuropein aglycone 0.87 £0.012 0.87 £0.012 0.87 £0.00
Oleacein 16.50 % 0.60 29.70 £ 2,00 P 3520 £1.002
Oleocanthal 0.95 £ 0.09 € 205£01° 242 £0202
Oleuropein aglycone 117.10 £2.96 2 97.20 £5.00 95.10 £2.00
Phenolic alcohols 0.79 £0.102 045 £0.05P 039 £0.04°
Hydroxytyrosol 0.59 £0.042 0.28 £0.03° 0.29 £ 0.04°
Hydroxytyrosol acetate 020 £0.02° 0.16 £0.01° 0.10 £0.01°¢
Flavones 374+020° 3.04+020° 191 £0.09 ¢
Apigenin 2,85 %0202 228 £0.10° 143 £0.07°¢
Luteolin 0.89 £ 0.092 0.67 £0.04° 0.49 £0.05¢

Phenolic acids 2.08£0.092 1.79 £020° 1.65£0.01°
m-coumaric acid 149 £0.042 1.43 £ 0.04 20 1.38 £0.03°
p-coumaric acid 0.60 £0.06 2 0.33 £ 0.02° 027 £0.047
Lignans 8.06 £ 1.002 6.97 + 0.80 ® 5.99 £0.80°
Pinoresinol 8.06 £ 1.002 6.97 % 0.80 20 5.99 £0.80 P

Different letters within the same row mean signif cant differences (p-value < 0.05) according to the Kruskal-Wallis test.
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Figure 2. Effect of crushing temperature on the total phenolic content and the phenolic composition
of EVOO. TP: total phenols; Sec: secoiridoids. * indicates signif cant differences between phenolic
concentration (p < 0.05).

The levels of the phenolic alcohols hydroxytyrosol and hydroxytyrosol acetate de-
creased by 50.77 and 49.02% at 18 and 25 ° C, respectively. Hydroxytyrosol underwent a
great change between 10 and 18 ° C, whereas the acetate derivative declined progressively.
The EVOO concentration of f avones at 25 * C was 48.93% lower than at 10 * C. Similarly, in
a study of ‘Ayvalik’ oils, malaxation at 27 ° C produced oils with a higher concentration of
luteolin than at 37 and 47 * C [46]. Accordingly, higher processing temperatures reduce the
content of f avones in olive oil.

The eftect on the phenolic acids was comparable to that observed in total phenols, with
the most substantial degradation recorded at 18 ° C, and only a slight further reduction at
25 °C. These results ref ect that at lower temperatures phenolic acids are stable or degrade
very little. Finally, although less drastically, lignans also declined with higher temperatures,
in contrast with another study that found their concentration was unaltered by changes in
temperature during malaxation [47].
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3.3. Crushing Size and Malaxation Study

Considerable research has been carried out to clarify which factors most affect the
concentration of phenolic compounds in EVOO, with the aim of maximizing its health
properties. In this context, many studies have investigated the impact of malaxation tem-
perature and time, together with either the time of harvest [48], extraction techniques [49],
or the degree of ripeness [27,50], on the concentration of total and individual phenols.
Crushing size has been evaluated to a lesser extent, often together with the hammer mill
rotor speed [41,51]. Therefore, by analyzing the inf uence of the temperature and time of
malaxation, as well as the crushing size, our study opens a new three-factor approach to
optimizing the phenol content of EVOO.

The effect of malaxation temperature (27, 32, and 37 ° C), malaxation time (30 and
60 min) and crushing size (4 and 6 mm) on the total and individual phenol content is
presented in Table 3. In general, the malaxation temperature affected the content of total
and individual phenols, except for ligstroside aglycone and luteolin (p> 0.05), whereas the
duration was the only factor that modif ed the concentration of all the compounds analyzed
and consequently the total polyphenol concentration (p < 0.05). Crushing size did not
affect the concentration of ligstroside and oleuropein aglycone, luteolin, and pinoresinol
(p> 0.05).

Concerning the factorial interaction effects, temperature*time modif ed the concen-
tration of hydroxyelenolic acid, oleocanthal, hydroxytyrosol, and apigenin, but to a low
extent (p < 0.05). Mixing temperature * crushing size affected the f nal concentration of
up to 70% of phenolic compounds and the total polyphenols. Finally, malaxation time*
crushing size signif cantly affected the concentration of total polyphenols, hydroxyelenolic
acid, oleocanthal, oleacein, oleuropein aglycone, and hydroxytyrosol (p< 0.05).

The temperature*time*size interaction affected the content of total phenols and oleo-
canthal, oleacein, oleuropein aglycone, hydroxytyrosol, and apigenin. The factorial design
showed that the EVOOs with the highest phenolic contents were obtained after 30 min of
malaxation at 37 ° C, the amount being 513.43 £ 70.89 mg-kg " for a crushing size of 4 mm
and 503.21 % 66.72 mg-kg ! for 6 mm; conversely, the lowest content was obtained at 32 ° C
(Figure 3). The f nal concentration of phenolic compounds in EVOO probably depends on
the equilibrium between their transfer to the oil phase and oxidative degradation [52]. A
similar positive inf uence of a higher malaxation temperature has been reported [17,49,52],
although some studies found that temperatures beyond 30 * C resulted in a lower phenolic
concentration due to an enhanced activity of endogenous peroxidase (POD) and polyphe-
nol oxidase (PPO) enzymes [17,47,53-56]. In addition, a short malaxation time increased
the total phenol content (Figure 3), as in other studies [49,56,57], whereas a long malaxation
time is rarely reported to have a positive effect [58]. The benef ts of a brief malaxation
can be attributed to a reduced activity of the hydrolytic and oxidative enzymes (POD and
PPO) and less diffusion of the phenols to the water phase [56,57]. In our study, it was also
demonstrated that the crushing size (4 and 6 mm) barely affected the total phenol content
when the malaxation conditions were 37 ° C for 30 min, in accordance with results in the
literature [41,43,50].
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Figure 3. Effect of malaxation temperature (27, 32, and 37 ° C), malaxation time (30 and 60 min), and crushing size (4 and
6 mm) on the total phenol content and the phenolic prof le of EVOO. * indicates signif cant differences between phenolic

concentration (p < 0.05).

Regarding the secoiridoids, the highest concentration of oleuropein aglycone was
obtained after 30 min of malaxation at 37 ° C applying a crushing size of 4 mm (183.27 £
18.99 mg-kg™!). On the other hand, three treatments provided the best conditions to obtain
an EVOO rich in ligstroside aglycone and oleacein. In the case of ligstroside aglycone, two
treatments with the highest temperature (37 ° C, 30 min, and 4 or 6 mm) and one with the
lowest (27 °C, 30 min, and 6 mm) gave the best results. These f ndings are in line with the
analysis of the factorial and interaction eftects, where only the malaxation time signif cantly
modif ed the concentration of this aglycone (p< 0.05). In the case of oleacein, its EVOO
concentration was favored by the highest temperature (37 ° C, 30 or 60 min, and 4 or 6 mm)
(Figure 3). The optimal conditions for oleocanthal were 60 min at 37 °C with a crushing
size of 6 mm. Finally, the highest concentration of elenolic acid (135.52 £ 11.33 mg-kg ™)
was obtained using conditions of 27 °C, 30 min, and 4 mm and hydroxyelenolic acid with
37 °C, 30 min, and 4 or 6 mm.

Other studies have reported that higher malaxation temperatures may (i) increase the
partition coeft cient between oil and water phases in olive paste [59], (ii) reduce the activity
of PPO enzymes [17], (iii) boost the release of phenols from the cell wall of polysaccharides

110



Antioxidants 2021, 10, 877

4. RESULTS

11 of 14

and other olive tissues [15,17], and (iv) increase enzymatic activity of B-glucosidases and
esterases. B-glucosidases catalyze the hydrolysis of oleuropein and ligstroside, leading
to their aglycone forms, and also contribute to the formation of oleacein and oleocanthal
in combination with esterases [60]. The observed increase in concentration of most of the
secoiridoids can be attributed to the reasons mentioned above.

Regarding duration, a longer malaxation noticeably reduced the content of secoiri-
doids, except for oleocanthal. An excessive malaxation time can result in undesired reac-
tions catalyzed by PPO and phenoloxidases [17,57,61] by increasing olive paste exposure
to air. Moreover, prolonged contact between the paste and water favors the diffusion of
phenols into the aqueous phase [57,61]. Previous studies have reported a similar increase in
oleocanthal, with other secoiridoids showing either a weak dependence on the malaxation
duration [27,50] or a decreasing trend over time [48,57]. In summary, the oils with the
highest secoiridoid content, except for elenolic acid, were produced by a malaxation tem-
perature of 37 °C. These results are in agreement with Boselli et al. (2009), but again they
disagree with the conclusions of other studies that describe a negative impact of higher
temperatures on secoiridoids, probably due to an enhanced rate of degradation [52].

The hydroxytyrosol content was also affected by extraction conditions (Figure 3), the
highest concentration (10.45 + 0.98 mg-kg™!) being obtained by malaxation at 37 ° C for
60 min and a crushing size of 6 mm. Contradictory results have been reported in the litera-
ture, in that a longer olive paste malaxation reduced the hydroxytyrosol concentration [57],
as did a higher malaxation temperature [27].

Flavones (apigenin and luteolin) and lignans (pinoresinol) followed a similar pattern,
concentrations being lowest at 32 * C and highest at 27 * C, in both cases with a malaxation
time of 30 min and crushing size of 4 mm. Similar results have been recently reported
for f avones [31,52,62], whereas other authors describe that the duration of malaxation
has little effect on f avone and lignan content [57]. Other studies have found opposite
trends, reporting that the pinoresinol content increased with temperature and malaxation
time [31].

4. Conclusions

The total phenol content in the EVOO extracted from ‘Corbella’ olives decreased with
fruit maturity, but f avones, hydroxyoleuropein aglycone, hydroxytyrosol acetate, and
lignans increased. A negative correlation was found between the total phenols and higher
crushing temperatures, although individual phenolic compounds such as oleocanthal and
oleacein increased. In summary, to obtain a ‘Corbella’ EVOO rich in phenolic compounds,
an early harvest and low crushing temperature should be employed. On the contrary, if a
higher concentration of specif ¢ phenols such as oleocanthal or oleacein is desired, due to
their health properties, 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 oleocanthal 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.
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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 Lépez-Yerena, Anna Vallverdu-Queralt, Raf Mols, Patrick Augustijns, Rosa M.

Lamuela-Raventos 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 x 107 c¢m/s) and apparent
permeability coefficient (4.12 £+ 2.33 x 107 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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Abstract: Oleocanthal (OLC), a phenolic compound of extra virgin olive oil (EVOO), has emerged
as a potential therapeutic agent against a variety of diseases due to its anti-inflammatory activity.
The aim of the present study is to explore its in vivo intestinal absorption and metabolism. An in
situ perfusion technique in rats was used, involving simultaneous sampling from the luminal
perfusate and mesenteric blood. Samples were analysed by UHPLC-MS-MS for the presence of
oleocanthal (OLC) and its metabolites. OLC was mostly metabolized by phase I metabolism,
undergoing hydration, hydrogenation and hydroxylation. Phase Il 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 x 10~
cm/s) and apparent permeability coefficient (4.12 + 2.33 x 10-6 cm/s) obtained relative to the values
of the highly permeable reference compound levofloxacin (LEV). The extent of OLC absorption
reflected by the area under the mesenteric blood-time curve normalized by the inlet concentration
(AUC) was also lower than that of LEV (0.25 + 0.04 vs. 0.64 + 0.03, respectively). These results,
together with the observed intestinal metabolism, suggest that OLC has a moderate-to-low oral
absorption; but higher levels of OLC are expected to reach human plasma vs. rat plasma.

Keywords: bioavailability; metabolism; in situ perfusion; permeability; extra virgin olive oil;
secoiridoids

1. Introduction

The secoiridoids are the most abundant and complex family of phenolic compounds in extra
virgin olive oil (EVOO). The main secoiridoids compounds identified in EVOO are the
monoaldehydic forms of oleuropein (3,4-DHPEA-EA) and ligstroside aglycones (p-HPEA-EA) and
the dialdehydic forms of their decarboxymethylated derivatives, oleacein (3,4-DHPEA-EDA) and
oleocanthal (p-HPEA-EDA) [1]. Since its identification in 1993 [2], oleocanthal (OLC) has been
targeted by numerous in vitro and in vivo studies aiming to understand the health effects of EVOO

Pharmaceutics 2020, 12, 134; doi:10.3390/pharmaceutics12020134 www.mdpi.com/journal/pharmaceutics

116



4. RESULTS

Pharmaceutics 2020, 12, 134 2 of 14

consumption [3]. The data obtained on OLC thus far have clearly demonstrated its
anti-inflammatory activity [4] as well as its role in the prevention of various pathologies with an
inflammatory component [5]. OLC also exerts a neuroprotective effect in conditions such as
Alzheimer’s disease [6,7] and has shown promising chemotherapeutic properties, reducing cell
proliferation and promoting cell death through different mechanisms of action [8]. Antirheumatic
activity has been demonstrated in in vitro studies, in which OLC ameliorated osteoarthritis and
rheumatoid arthritis [3]. Additionally, OLC has been shown to be beneficial for cardiovascular
health, improving endothelial function in patients with early atherosclerosis and reducing platelets
in healthy men [3].

Given this broad and promising range of biological effects, most research on OLC has been
focused on its health properties and the agronomic and processing factors that promote its presence
in EVOO [9]. Information on the bioavailability of this phenolic compound would help determine
the mechanisms behind its biological activities; however, none have been reported to date. The
bioavailability of ingested phenolic compounds can be influenced by factors such as diet, genomic
profile, enzymatic activity and colonic microflora [3], but it also depends on the extent of absorption
and metabolism after ingestion. In this context, many in vitro and in vivo models for estimating
human intestinal permeability and first-pass metabolism have been developed [10,11].

Before reaching the bloodstream, drugs and nutrients administered orally are usually absorbed
from the small intestine. Although different factors (physicochemical, physiological and the matrix
effect) can affect the rate and extent of absorption, the absorption of orally administered drugs is
mainly determined by the solubility/dissolution of the molecule in the gastrointestinal environment
as well as the permeability of the gastrointestinal wall [12]. In situ intestinal perfusion with venous
sampling models facilitates a direct determination of drug absorption through the enterocytes on the
basis of appearance kinetics in pre-hepatic blood [13]. This experimental model, which includes a
mucus layer, blood irrigation and innervation, has been widely used due to its similarity with in
vivo conditions [14]. It also allows the study of the role of transporters in absorption through the
biorelevant expression of proteins (both transporters and intestinal enzymes) [12,15] and has full
metabolic capacity for up to 120 min after intestinal isolation [16].

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

2. Materials and Methods

2.1. Reagents and Materials

OLC was purchased from PhytoLab GmbH (Vestenbergsgreuth, Germany). Phenol red, LEV,
heparin sodium salt from porcine intestinal mucosa, Hanks’ Balanced Salt Solution (HBBS) and
HEPES 1 M solution were obtained from Sigma Aldrich (Madrid, Spain). Pentobarbital sodium 200
mg/mL (Dolethal) was purchased from Vétoquinol (Madrid, Spain) and isoflurane from
Laboratorios Esteve (Barcelona, Spain). The reagents, methanol, acetonitrile and formic acid, were
purchased from Sigma-Aldrich.

2.2. Animals

These studies were conducted following a protocol approved by the Animal Experimentation
Ethics Committee of the University of Barcelona, Spain (trial no. CEEA 124/16) and Generalitat de
Catalunya (no. 6435, 27 June 2019). For each compound, four Sprague-Dawley rats (body weight 306
+ 31 g) were used per intestinal perfusion with the mesenteric blood sampling experiment, and four
(~350-400 g) were used as blood donors.

2.3. Single-Pass Intestinal Perfusion Studies
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OLC was assayed at 0.1 mg/mL (328.94 uM) in transport medium (TM pH 7, 9.7 g/L. HBSS
buffered with HEPES 10 mM). This concentration was chosen by taking into account both the OLC
concentration in EVOO (around of 200 mg/kg) and the daily ingestion of EVOO recommended by
the European Food Safety Authority (EFSA) (at least 5 mg of hydroxytyrosol and its derivatives per
20 g of olive oil) [17] and also considering the limit of quantification of the analytical technique. LEV
was assayed at 3 mg/mL, according to its high dose strength, in 250 mL TM.

Single-pass intestinal perfusion was performed in anesthetized rats according to the method
described by Brouwers et al. [15], with simultaneous sampling from the luminal perfusate and
mesenteric blood.

2.3.1. Donor Blood

On the day of the perfusion, one or two rats (350-400 g) were anesthetised by isoflurane
inhalation, and the whole blood was collected via cardiac puncture. The blood was diluted with
heparin (50 u/mL TM) to 80% blood and kept in a 20 mL syringe for the in situ intestinal perfusion
experiment.

2.3.2. Surgical Procedure

Anaesthesia was induced by intraperitoneal injection of pentobarbital sodium (60 mg/kg BW).
The rats were then placed on a homeothermic blanket to maintain the body temperature at 37 °C.
First, under general anaesthesia, the left jugular vein was cannulated with a heparinised (50 IU/mL)
0.5 x 0.9 mm/20 G catheter (Cavafix® MT, Braun Medical S.A., Barcelona, Spain) for infusion of donor
blood. Second, a midline abdominal incision was made to isolate approximately 10 cm of the ileum
using the ileocecal junction as a point of reference. Two glass cannulas (o.d. 4 mm, i.d. 3 mm,
Duran®, Vidrafoc, Barcelona, Spain) were inserted at the proximal and distal ends of the isolated
segment. The segment was rinsed by injection TM to remove the content until the solution came out
clear. Next, the inlet cannula was connected to polyethylene tubing (i.d. 3 mm), which aspirated the
tested solution (OLC or LEV) using a peristaltic pump (Minipuls3, M312 model, Gilson, Le Bel,
France). Finally, the mesenteric vein draining blood from the intestinal segment was cannulated by
inserting approximately 1 cm of a catheter (BD Insyte-W 24GA 0.7 x 19 mm, Becton Dickinson,
Sangtliesa 5.A., Cornella de Llobregat, Spain). The cannula was secured with a knot and connected to
a silicone tube (i.d. 0.64 mm; 0.d. 1.19 mm, Freudenberg Medical Europe, VWR International Eurolab
S.L., Llinars del Vallés, Spain) that allowed blood to flow into the heparinised tubes. Care was taken
to handle the small intestine gently to maintain normal blood supply. The exposed areas (both the
jugular and abdomen) were wet with TM at 37 °C and covered with Parafilm® to keep them warm
and moistened during the experiment.

2.3.3. Intestinal Perfusion

The experiments were carried out in a laboratory room with infrared light to avoid oxidation of
OLC. The procedure was started by delivering the perfusion solution containing OLC (0.1 mg/mL)
or LEV (3 mg/mL) (in separate experiments) and phenol red (0.1 mg/mL) at a flow rate of 1 mL/min
to the intestinal segment previously cannulated. Simultaneously, the blank donor rat blood was
supplied at a rate of 0.3 mL/min using a syringe pump (Injectomat MC Agilia, Fresenius Kabi
Espafia, Barcelona, Spain). Samples of both the intestinal lumen and mesenteric blood were collected
at the same time. Simultaneously, the outflow perfusate was collected in 1.5 mL amber vials at 5 min
intervals for 60 min, and the blood was collected in pre-weighted lithium-heparinised tubes (BD
Vacutainer). At the end of the experiment, the animal was euthanised by injection of air into the
jugular, and the length of the intestinal segment was measured. Next, the perfusion samples were
centrifuged (7516 g for 10 min at 4 °C), and the supernatant was stored at -80 °C until analysis. The
tubes with blood samples were weighted and centrifuged (7516.3 g for 10 min at 4 °C), and the
plasma was collected and stored at —80 °C until solid-phase extraction (SPE).
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The stability of the test products, sampled at different times, was tested in the perfusion
solution at 37 °C for 60 min.

2.4. Oleocanthal Analysis

2.4.1. Solid-Phase Extraction (SPE) of OLC from Plasma

Extraction of OLC and its metabolites from plasma samples was carried out using an Oasis?
HLB 30-mm (30 mg) 96-well plate (Waters, Wexford, Ireland), following the methodology proposed
by Orrego-Lagaron and colleagues [18], with some modifications. Initially, the samples were thawed
and centrifuged (7516 g, 10 min at 4 °C). The pre-treatment of samples consisted of diluting an exact
volume of the supernatants to 1 mL with 0.1% of formic acid in water (v/v). The plate was activated
with methanol and water containing 1% (v/v) formic acid. After loading the plasma mixture, the
plates were cleaned by adding 1 mL 1% formic acid in water, followed by 1 mL methanol/water
(5:95). The retained compounds were then eluted with 1 mL methanol acidified with 0.1% formic
acid (v/v), and the resulting fraction was evaporated to dryness at room temperature under a stream
of Nz. Finally, the samples were reconstituted with 100 pL of methanol containing 0.1% (v/v) formic
acid. The extraction was performed in a darkened room with a red safety light to avoid oxidation of
the analytes.

2.4.2. LC-ESI-LTQ-Orbitrap-MS

An LTQ Orbitrap Velos mass spectrometer (Thermo Scientific, Hemel Hempstead, UK)
equipped with an ESI source in negative mode was used for accurate mass measurements. The
operation parameters were the following: source voltage, 4 kV; capillary temperature, 275 °C (FT
Automatic gain control (AGC) target 5 x 10° for MS mode and 5 x 104 for MS» mode). The arbitrary
units were used for sheath gas, auxiliary gas and sweep gas (20, 10 and 2, respectively). All samples
were analysed in full scan mode at a resolving power of 30,000 at m/z 400, and data-dependent
MS/MS events were acquired at a resolving power of 15,000. The most intense ions detected during
full scan MS triggered data-dependent scanning. Ions that were not intense enough for a
data-dependent scan were analysed in MS" mode with the same orbitrap resolution (15,000 at m/z
400). An isolation width of 100 amu was used, and precursors were fragmented by collision-induced
dissociation C-trap (CID) with normalized collision energy (35 V) and an activation time of 10 ms.
The mass range in FTMS mode was from m/z 100 to 1000. The system was controlled by XCalibur
software v2.0.7 (ThermoFisher Scientific).

An Accela chromatograph (Thermo Scientificc Hemel Hempstead, UK) equipped with a
quaternary pump, a photodiode array detector (PDA) and a thermostated autosampler was used for
the liquid chromatography analysis. The injection volume was 2 pL, the flow rate was set to 0.6
mL/min and the separations were carried out on an Acquity™ UPLC® BEH C18 Pre-Column (2.1 x 5
mm, i.d., 1.7 pm particle size) and an Acquity™ UPLC® BEH C18 Column (2.1 x 50 mm, i.d., 1.7 pm
particle size) (Waters Corporation®, Wexford, Ireland) at 50 °C. The mobile phases consisted of
methanol (A) and H20 (B), both with 0.1% of formic acid. The elution was performed by means of an
increasing linear gradient (v/v) of B (t (min), %B), as follows: (0, 100); (2, 100); (6, 46.4); (8, 0); (9, 0);
(9.1, 100); (11, 100).

2.4.3. UHPLC-ESI-MS/MS

All luminal, plasma and stability samples were analysed by ultra-high-performance liquid
chromatography/electrospray ionization tandem mass spectrometry (UHPLC-ESI-MS/MS). The
quantification of OLC and its metabolites was performed using an Acquity™ UPLC (Waters;
Milford, Massachusetts, USA) coupled to an API 3000 triple-quadruple mass spectrometer (ABSciex,
Concord, Ontario, Canada) with a turbo ion spray source. The chromatographic separation of the
parent compound and its metabolites were achieved using the same conditions (flow rate, column,
injection volume and gradient conditions) as in LC-ESI-LTQ-Orbitrap-MS (Section 2.4.2).
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The ionization of all compounds was performed using an electrospray interface operating in the
negative mode [M-H] in the multiple monitoring mode (MRM). The arbitrary units were used for
the nebulizer (10), curtain (12) and drying gas (450 °C) using N>; the capillary voltage was 3500 V.
The declustering, focusing and entrance potential and the collision energy were optimised to detect
OLC and oleacein with the highest signal (see Table S1 for a detailed description of each compound).
The system was controlled by Analyst version 1.4.2 software supplied by Applied Biosystems.

The calibration curves were prepared in TM and rat plasma (0-150 and 0-50 pg/mlL,
respectively) using OLC. The metabolites—in the absence of the reference standard —were
evaluated by a screening method that includes a relative comparison of metabolite abundance (peak
area ratio of metabolite/dosed parent compound OLC) [19,20].

2.5. Levofloxacin Analysis

A validated HPLC method was used to determine the concentration of LEV in luminal and
plasma samples. The HPLC system consisted of two Waters 515 pumps, a 717 plus Waters auto
sampler and a Waters dual absorbance detector 2487 with UV detection (Waters Chromatography
S.A., Barcelona, Spain). The separation was carried out using a Hypersil® Elite C18 column (150 mm
x 4.6 mm i.d., particle size 5 pm, ThermoFisher Scientific) with the flow rate at 0.8 mL/min. The
mobile phase was isocratic, consisting of 1% triethylamine (pH 3.0 adjusted with phosphoric acid)
and acetonitrile (86/14, v/v). The UV detection wavelength was set at 293 nm. The run time was 10
min for lumen samples and 12 min for plasma samples, and the injection volume was 10 pL. The
calibration curves were prepared in TM and plasma and were linear over the concentration ranges
5-100 and 10-100 pg/mL, respectively.

For plasma samples, the procedure of Watabe et al. with some modifications was followed [21].
The standard solutions for the calibration curves were prepared from three stock standard solutions,
using LEV (200 pg/mL and 1 mg/mL in TM) and ciprofloxacin as the internal standard (1 mg/mL in
HCL 0.1 N). Different volumes of the LEV stock solutions (between 20 and 80 pL) and 16 pL of
ciprofloxacin (1 mg/mL) were added to Eppendorf tubes, and drug-free rat plasma was incorporated
to a total volume of 200 uL.

A liquid-liquid extraction was achieved using 200 pL calibration standards or samples mixed
with 100 pL 6% (w/v) perchloric acid. Each mixture was vortexed for 30 s. Then, 100 uL of methanol
was added to the above mixture, which was vortexed again for 30 s. The mixture was centrifuged at
9900 rpm for 12 min at room temperature, and 10 uL of the supernatant was injected into the HPLC.
The final concentration of ciprofloxacin in the samples was 40 ug/mL. The retention times for LEV
and ciprofloxacin were 7.8 £ 0.2 min and 8.7 + 0.3 min, respectively.

2.6. Phenol Red Analysis

The concentration of phenol red in luminal samples from the in situ experiments with LEV was
determined using a colorimetric assay. In each microplate well, 200 pL samples diluted 1/10 were
added. The dilution was prepared with a 50 puL sample, NaOH 1 N (20 puL) and TM (430 uL). The
absorbance at 558 nm was measured with a multidetector microplate reader (Biotek Instruments
Inc., Winooski, VT, USA) equipped with Gen5 2.00 data analysis software. The calibration curves of
phenol red were prepared in the same dissolution medium as the luminal samples at the
concentrations of 24, 12, 6 and 3 pg/mL.

The concentration of phenol red in lumen samples from the in situ experiments with OLC was
analysed by UHPLC-ESI-MS/MS in the same conditions as the OLC.

2.7. Data Analysis

The effective permeability coefficient (Peti, cm/s) through the rat ileum was determined by
Equation (1):
_gin Ci

P.ir = X L 1
o = 22RL ™ Covecor M
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where @;, is the perfusion solution flow (1 mL/min), Cin and Coutcor are the respective inlet and
corrected outlet steady-state concentrations of the tested product, R is the radius of the intestinal
segment (set to 0.2 cm) and L is the length of the intestinal segment determined after completion of
the perfusion experiment.

The outlet concentrations were corrected for water transport by measuring the nonabsorbed
and nonmetabolized phenol red marker according to Equation (2):

CPR;,
Coutcor = Cout X Wout (2)

where Cout is the concentration of OLC or LEV in the perfusate at the specified time interval and
CPRin and CPRout is the phenol red concentration in the inlet and outlet butfer solution at the specific
time interval, respectively.

The apparent permeability coefficient (Papp, cm/s) was calculated using Equation (3):

, dQ 1
=—X
WP dr T AXC,

3)

where Q is the cumulative amount of OLC or LEV appearing in the mesenteric blood as a function
of time t in steady-state conditions, A is the surface area of the exposed intestinal segment and Co is
the OLC or LEV initial concentration in the perfusate.

All in situ perfusion experiments were replicated in four rats, and the results were normalised
to a 10-cm intestinal segment.

As a measure of the extent of absorption, the areas under the plasma concentration
(normalised by the inlet concentration) time curves (AUC) for the intestinal perfusions were
calculated using WinNonlin Professional software version 3.3 (Pharsight Corporation, Mountain
View, USA) from time 0 to 60 min using the linear trapezoidal method.

Data are presented as mean and standard deviation (SD). Statistical analysis was performed
using SAS (version 9.4). Statistical differences in the peak area ratio metabolite/parent OLC between
different time periods were analysed using a one-way ANOVA. The Pesi, Papp and AUC of OLC and
LEV were compared using a Mann—-Whitney U-test. Differences were considered significant at p <
0.05.

3. Results and Discussion
3.1. Intestinal Metabolic Profile of Oleocanthal

3.1.1. Identification of Metabolites

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. Combining the FTMS scan
and MSn experiments, four metabolites were identified in plasma and two metabolites
(hydroxylated and hydrated) in perfusion samples. The proposed chemical structures are depicted
in Figure 1. These metabolites and their retention times (RT), accurate masses, major fragments,
error (mDa) and molecular formulas are shown in Table 1. Metabolite identification is important to
reveal possible metabolic instability, causing extensive first-pass intestinal metabolism and poor oral
bioavailability [22].

Table 1. Oleocanthal (OLC) and its metabolites identified in lumen and plasma samples using an
LTQ-Orbitrap.

Compound RT (min) Accurate Mass Major Fragments Error (mDa) Molecular Formula
OLC 5.8 303.1230 285.1125/179.0708 0.48 Ci7H190s
OLC + OH 6.49 319.1180 153.0271/183.0665 0.16 Ci7H190s
OLC +H0 6.36 321.1344 201.0759/183.0665 0.88 Ci7H2106
OLC + Hz + glucuronide 5.83 481.1719 217.0859/185.0509 0.05 C23H200n
OLC+ H20 + glucuronide 5.74 497.1666 321.1344/201.0759 0.17 C23H20012
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Figure 1. Chemical structure of oleocanthal and metabolites (A) = hydroxylated OLC; (B) = hydrated

OLG; (C)

3.1.2. Phase I Metabolism

=hydrogenated glucuronide; (D) = hydrated glucuronide).

The intestine is the most important extrahepatic site for drug biotransformation [10]. When
crossing enterocytes, EVOO phenolic compounds are subjected to extensive first-pass metabolism
through phase I/II biotransformation [23]. In our study, the two metabolites corresponding to phase
I metabolism (hydration and hydroxylation identified in perfusion and plasma samples) are shown
in Figures 2 and 3, respectively. Compared to OLC, the relative abundance of metabolites was higher

in plasma than in the lumen.
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Figure 2. Peak area ratio metabolite/oleocanthal (OLC) as a function of time in lumen. Results are

expressed as the mean + standard deviation.
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Figure 3. Peak area ratio metabolite/OLC as a function of time in plasma. Results are expressed as the
mean + standard deviation.

These results are consistent with the work of Garcia-Villalba et al. [24], who studied the urinary
excretion of phenolic compounds after olive oil intake in humans. They identified, among others,
hydroxylated and hydrated metabolites from phase I reactions in urine; however, the samples were
discarded because the metabolites could have been related to hydroxytyrosol derivatives.
Hydrogenated and hydrated (+glucuronidation) metabolites were additionally identified from
phase II reactions with the same accurate mass. In the current study, we can confirm that they were
direct metabolites of OLC. In another study [25], the hydrated metabolite was also identified in
plasma samples after the ingestion of EVOO.

As shown in Figures 2 and 3, the most abundant phase I metabolite found in the samples was
the hydrated form, with higher levels in plasma than in the lumen (p < 0.05). The metabolites in the
lumen can originate from the microbiome, since many bacterial cytochromes P450 (CYP) are soluble
[26], or from CYP of the enterocytes. This family of metabolic enzymes are present in the epithelium
of the small intestine [27] and are responsible for the oxidative biotransformation of xenobiotics and
other compounds [28]. The absorbed and metabolized OLC would be subsequently secreted to the
intestinal lumen by efflux transporters.

The hydrogenated metabolites were found in a glucuronidated form in plasma but not in the
lumen. Even when considering the differences between rat and human microsomal activity,
hydrogenation seems to be an important phase I metabolic route for secoiridoids [25]. This reduction
reaction is catalysed by NADPH-dependent aldo-keto reductases (AKR) located in the small
intestine epithelium and can occur because OLC contains an open dialdehydic form of the attached
elenolic acid molecule. During phase I metabolism, the reduction of aldehydes and ketones to
primary and secondary alcohols, respectively, are formal functionalisation reactions and are
involved in endogenous and xenobiotic compounds that have these carbonyl groups [29]. Moreover,
the redox potential in the intestine favours the reduction reaction due to low oxygen tension, which
provides a reducing environment, whereas oxidation is favoured in tissues such as the liver [30].

3.1.3. Phase Il Metabolism

The appearance in plasma of metabolites arising from phase Il reactions (glucuronidation of
hydrogenated and hydrated metabolites) from time 0 (at the start of the in situ intestinal perfusion)
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to 60 min are depicted in Figure 3. The main phase Il metabolite detected in plasma samples was the
hydrated metabolite with constant relative abundance over time (p <0.05).

The glucuronidation of hydrogenated and hydrated metabolites likely occurs after
oxidative-reductive metabolism because although drugs can undergo phase I and Il reactions
simultaneously, one of the pathways usually dominates [31]. The glucuronidation reaction mediates
the transfer of a glucuronyl moiety from the ubiquitous co-substrate UDP-glucuronic acid to
hydrophobic molecules with one or more electrophilic groups which serve as acceptors [32]. Similar
results indicating that secoiridoids (3,4-DHPEA-EDA and 3,4-DHPEA-EA) undergo hydrogenation
tollowed by glucuronidation have been previously reported in perfused segments of jejunum and
ileum in rats [16]. Based on their high polarity and molecular weight, both phase II metabolites
would be secreted to the mesenteric blood by transporters. A proposal of what could happen at the
intestinal level is shown in Figure 4.

Apical surface

oLc

°OLC

4 Hydration : Basolateral surface
* Hydroxylation

¢ Hydrogenation + glucuronidation

® Hydration + glucuronidation

Figure 4. Tentative interactions of oleocanthal (OLC) with metabolic enzymes and transporters.

3.2. Perfusion Experiments and Intestinal Permeability of Oleocanthal

Prior to carrying out the intestinal permeability study, it is necessary to check the stability of the
test compound and the reference standard in the perfusion solution at 37 °C during the test time (1
h). Both OLC and LEV remained stable in the perfusion solution (p < 0.05) during the experiments
(Figure S1).

The intestinal permeability coefficient (Pet) is widely used as part of a general screening process
for orally administered drugs to study their intestinal absorption. It is important to determine the
intestinal permeability of OLC, a component of EVOO (and therefore of the Mediterranean diet), of
which many beneficial health properties have been reported [33]. In this work, to assess both the
intestinal absorption and potential intestinal first-pass metabolism of OLC, simultaneous samples
were collected from both the intestinal lumen and the mesenteric circulation. The concentration of
OLC and the relative abundance of metabolites was determined (see Section 3.1). In addition, to
ascertain if the results obtained for OLC imply high or low absorption/permeability, a group of rats
perfused with LEV was also included in the study. According to the current Biopharmaceutics
Classification System (BCS) [34], LEV is a highly permeable drug with an oral bioavailability close to
100% [35,36]. When assayed at 3 mg/mL in Caco-2 cells [35], it produced an apparent permeability
coefficient similar to that of metoprolol, another reference drug of high permeability.

Surprisingly, despite the myriad of potential health benefits attributed to EVOO phenolic
compounds, there is currently little information available on the intestinal permeability coefficients
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of secoiridoids, especially OLC. Previous studies in rats have observed poor absorption of
secoiridoids in the intestine perfused with oleuropein in iso-osmotic conditions, although it was
significantly greater under hypotonic conditions (1.47 x 10 and 5.92 x 10 cm/s, respectively) [37].
Differentiated Caco-2 cell monolayers as a model system have been demonstrated to be highly
permeable for hydroxytyrosol (12.4 + 0.9 x 10-6 cm/s) [38].

The permeability coefficients of OLC (0.1 mg/mL) and LEV (3 mg/mL) in the rat ileum, taking
into account the disappearance of the test product in the lumen (Pe) and appearance in the
mesenteric circulation (Papp), are shown in Table 2.

Table 2. Permeability coefficients (Per) and apparent permeability coefficients (Papp) of oleocanthal
and levofloxacin. Results are expressed as the mean + SD of n = 4. Data are normalised to a 10-cm

intestinal segment.

Test Compound  Pefr (x 10~ cm/s)  Papp (x 1076 cm/s)
OLC 2.23+3.16 412*%+233
LEV 7.64 £5.55 10.91 +6.27

* p <0.05, Mann-Whitney U-test.

In Figure 5, the mean cumulative transport of OLC (A) and LEV (B), corrected for the length of
the perfused segment, is illustrated as a function of time.

The difference between Peit vs. Papp values is common in these types of studies; it has even been
observed for theophylline where an absence of mass balance was observed, taking into account the
mass lost from the perfusate and mass appearance in portal plasma [39]. Drug transfer from the
lumen to the blood is not an instantaneous process: Pe only refers to the resistance to transport from
the lumen to the inside of the membrane, but not to the blood [40,41]. During the transport from the
intestinal wall to the blood, different processes can occur, including accumulation in gut tissue,
binding to transporters, gut wall metabolism, binding to red blood cells, and lymphatic transport
[39]. Moreover, the rate of appearance in blood may be markedly dependent upon the blood flow
rate. The difference in LEV values can be attributed to P-glycoprotein (P-gp) binding [42,43] and in
the case of OLC, to microbiota and gut wall metabolism, according to the results reported in the
previous section (Section 3.1). Moreover, as shown in Figure 5, the two compounds presented
different accumulation profiles in mesenteric blood, with a lag time observed for OLC. This lag
could be explained by the transit time in gut tissue due to phase I and phase II metabolic reactions in
the enterocytes, which would delay appearance in the blood.

800 30
#Levofloxacin

+0LC 25
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= 600 e
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g 20t
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> 2z
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m
2 10 3
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= 200 =
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Figure 5. Transport of oleocanthal (OLC) (right Y-axis scale) and levofloxacin (left Y-axis scale) from
the intestinal lumen to the mesenteric blood. Cumulative amount values are normalised to a 10-cm
intestinal segment. Results are expressed as the mean + standard deviation.
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In our study, the decrease in concentration of LEV in the lumen samples was very low, resulting
in lower absorption and permeability coefficient than expected. This low permeability could be
attributed to LEV acting as a substrate for the efflux transporter P-gp, which would secrete the
absorbed drug to the intestinal lumen. However, this finding observed in our in vivo study did not
translate into a lower value of the apparent permeability coefficient in a study by Volpe [33] in in
vitro Caco-2 cells, where a Papp (apical-basolateral direction) similar to the highly permeable
standard metoprolol was obtained.

Nevertheless, in this study, the values of Papp obtained for OLC are lower (p <0.05) than for LEV.
The lower extent of absorption is also reflected in the AUC calculated from the plasma
concentrations in mesenteric blood (normalized by the input concentration). The lower OLC AUC
values (AUC 0.25 = 0.04 vs. 0.635 + 0.03 for OLC and LEV, respectively) confirm that the intestinal
membrane had low permeability for OLC, although its physicochemical characteristics (logP = 1.15
and MW 304.34 g/mol) were not unfavourable for its absorption. The poor absorption of OLC in our
experimental conditions (perfusion flow rate 1 mL/min), as well as its presence in the ileum (located
next to the caecum, where bacterial density is high), could favour microbiome metabolism. Both
circumstances, low absorption and high intestinal metabolism, can lead to incomplete bioavailability
through a variety of mechanisms, including pre-systemic gastrointestinal and hepatic first-pass
metabolism, saturation of carrier-mediated uptake processes, a low permeability constant, and
P-gp-mediated transport out of the epithelial cells back into the lumen of the gastrointestinal tract
[44]. According to its physicochemical properties (low solubility and relatively high lipophilicity),
this compound meets the characteristics of BCS class 2. For these compounds, efflux transporters can
affect their extent and rate of absorption [45], as observed in our study. The hypothesis that OLC
could be a P-gp substrate should not be discarded, but more studies are needed to confirm it.

It should be noted that the human Peir estimated for drugs transported by passive diffusion is,
on average, 3.6 times higher in human in vivo than in rat in situ [11]; thus, higher levels of OLC are
expected to reach human plasma.

4. Conclusions

In conclusion, OLC is a phenolic compound 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 LEV. However, previous research has indicated that higher levels of OLC reach
human plasma than in rats [11]. Regarding the metabolic profile, OLC was mostly metabolised by
phase I hydration reactions. Hydrogenation and hydroxylation were also observed, and the
hydrogenated and hydrated metabolites were then glucuronidated in phase I reactions.

This is the first in vivo study in rats to simultaneously assess the absorption and intestinal
metabolism of OLC. Given the importance of phenolic compounds from EVOO, especially 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. In addition, further studies on OLC oral absorption and
bioavailability are necessary, as well as studies on the biological relevance of the most abundant
OLC metabolites.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/sl, Table 51: The
declustering potential (DP), focusing potential (FP), collision energy (CE) and entrance potential (EP) settings
for the oleocanthal and metabolites.
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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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Abstract: Oleacein (OLEA) is one of the most important phenolic compounds in extra virgin olive
oil 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, single-pass intestinal perfusion (SPIP), which is commonly
used to investigate the trans-membrane transport of drugs in situ. In this study, the SPIP model
and simultaneous luminal blood sampling were used to study the absorption and metabolism of
OLEA in rats. 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 4 12.27% and
43.96 £ 7.58%, respectively).

Keywords: bioavailability; extra virgin olive oil; secoiridoids; metabolism; phenolic compounds;
intestinal permeability

1. Introduction

The small intestine is the main site for drug absorption after oral administration [1,2],
and the intestinal epithelial membrane is the principle physiological barrier that chemicals
must cross to enter the bloodstream and become bioavailable [3]. Many in silico, in vitro,
in situ, and in vivo models have been developed to investigate the transport mechanisms,
intestinal permeability, and plasma pharmacokinetic profile of chemicals [4]. The in vivo
models are the most clinically relevant because they include all the physiological factors
that can affect absorption and bioavailability [1,4], but they are less useful for mechanistic
studies. The in situ models, such as single-pass intestinal perfusion (SPIP), are commonly
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used to investigate trans-membrane chemical transport. SPIP allows for intestinal effective
permeability to be determined on the basis of the disappearance of the compound from the
intestinal segment or its appearance in plasma after a venous sampling procedure [5-9],
with the latter being especially suitable for poorly permeating substances [8]. Moreover,
SPIP is the most similar alternative to an in vivo model in that it includes a mucus layer,
blood irrigation, and innervation [4,6,7].

Intestinal permeability depends on the physicochemical properties and molecular
structure and size of the drug or other xenobiotic molecules [2]. Lipophilicity, solubility,
and the acid-base character can also affect the rate and extent of absorption, distribution,
and transport through biological membranes [3]. In addition, the absorption rate is affected
by the expression of transporter proteins and enzymes [1,3,10,11] that are highly region-
dependent [2] and other biological factors [2,12].

The benefits of dietary phenolics have been extensively reported [13,14], especially as
a protection from cardiovascular diseases. In extra virgin olive oil (EVOO), secoiridoids
such as oleacein (OLEA) represent by far the most abundant group of phenolic compounds
(>90%) [15] and are thought to be responsible for the healthy properties of the oil, although
mediated by other components. In the review by Naruszewicz et al. (2015), OLEA is
described as a substance with high pharmacological potential [16]. As well as various
antioxidant and anti-inflammatory properties [17,18], OLEA exhibits anti-proliferative and
anti-metastatic effects in the SH-SY5Y human neuroblastoma cell line [19].

Numerous studies have explored the bioavailability of phenolic compounds after the
ingestion of EVOO or a phenolic extract, both in humans [20-25] and rats [26-29]. However,
among the secoiridoids, most attention has been focused on oleuropein and hydroxytyrosol
and its derivatives [30,31], and little information is available on OLEA. Thus, further animal
and human studies using purified OLEA are needed to clarify whether the biological effects
attributed to it are due to OLEA itself or its metabolites. In addition, as explained above, in
situ studies are required to obtain detailed information on the intestinal permeability of
OLEA and to verify the potential sites of its metabolization after oral administration.

To the best of our knowledge, no studies have been previously performed on pure
OLEA using SPIP in rats. With this model, OLEA and its metabolites were simultaneously
monitored in the intestinal lumen and mesenteric blood plasma, with the aim of shedding
light on its intestinal permeability and metabolism. The resulting information will be
useful for a better understanding of the biological effects attributed to OLEA. The highly
permeable naproxen was included in the study as a reference drug.

2. Materials and Methods
2.1. Reagents and Materials

OLEA (>90% purity) was purchased from Toronto Research Chemicals (North York,
ON, Canada). Naproxen and phenol red were purchased from Sigma-Aldrich (Madrid,
Spain). Heparin sodium salt from porcine intestinal mucosa, Hanks’ balanced salt solution
(HBBS), and HEPES 1M solution were also obtained from Sigma-Aldrich (Madrid, Spain).
Pentobarbital sodium 200 mg/mL (Dolethal) was supplied by Vetoquinol (Madrid, Spain)
and isoflurane by Laboratorios Esteve (Barcelona, Spain). The solvents acetonitrile and
methanol, and the chemical formic acid were acquired from PanReac AppliChem (Panreac
Quimica SLU, Barcelona, Spain). Finally, a Milli-Q purification system was used to obtain
ultrapure water (Millipore, Bedford, MA, USA).

2.2. Work Solutions

The transport medium (TM; pH 7, 9.7 g /L HBSS buffered with HEPES 10 mM) was
used to infuse the compounds via the intestine. The secoiridoid OLEA (Figure 1) was
assayed at 0.15 mg/mL (468.3 pM), a concentration chosen after taking into account
both the OLEA concentration in EVOO (around 300 mg/kg) and the daily ingestion of
EVOO recommended by the European Food Safety Authority (EFSA) (at least 5 mg of
hydroxytyrosol and its derivatives per 20 g of olive oil) [32]. In accordance with its high
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dose strength, naproxen was assayed at 2.2 mg/mL in 250 mL of TM, as recommended [33].
Red phenol was assayed at 0.1 mg/mL. The stability of these test compounds, sampled at
different times, was monitored in the perfusion solution at 37 °C for 60 min.
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Figure 1. Chemical structure of the perfused compounds (OLEA and naproxen) and surgical proce-
dure.

Perfusion

2.3. Animals

The Animal Experimentation Ethics Committee of the University of Barcelona, Spain
(trial no. CEEA 124/16), and Generalitat de Catalunya (no. 6435, 27 June 2019) approved the
study protocol. For each compound, four male Sprague-Dawley rats (Envigo RMS Spain SL,
Sant Feliu de Codines, Barcelona, Spain) were used per intestinal perfusion experiment and
four as blood donors (body weight 285 4= 6 g and 300400 g, respectively). The animals arrived
at the animal facility 10 days before the experiment and were kept with water and food ad
libitum, with a 12 h light and dark cycle, at 21 °C and humidity-controlled (55 + 10%).

2.4. Single-Pass Intestinal Perfusion Studies

The SPIP studies were performed in anesthetized rats according to the method de-
scribed by Lopez-Yerena and coworkers [6]; the donor blood and surgical procedure
(Figure 1) were as described in that study. Regarding the procedure of donor blood, the rats
were anesthetized by isoflurane inhalation (2.5%), and the whole blood was collected via
cardiac puncture. The blood was diluted with heparin (50 u/mL TM) to 80% blood and kept
in a 20 mL syringe for the in situ SPIP experiment. In the case of the rats that underwent
surgery, the rats received intraperitoneal administration of pentobarbital sodium (Dolethal)
at a dose of 60 mg/kg, and a maintenance dose of isoflurane (1.5%) was given 50 min
after the induction dose. Body temperature was maintained at 37 &+ 0.5 °C throughout
the experiment by means of a homeothermic blanket. An ileal segment of approximately
7-10 cm was cannulated. The intestinal perfusion was started by delivering the perfusion
solution containing OLEA or naproxen (in separate experiments) and phenol red at a flow
rate of 0.2 mL/min to the cannulated intestinal segment, and the blood was supplied
though the jugular vein at a rate of 0.3 mL/min. The phenol red included in the perfusion
solution was used as non-absorbable marker for measuring water transport. To avoid
the oxidation of OLEA, we carried out the SPIP experiments in a laboratory room with
infrared light. Samples of both the intestinal lumen and mesenteric blood were collected
simultaneously at 5 min intervals for 60 min. The outflow perfusate samples were collected
in 2 mL amber vials and the blood was collected in pre-weighed lithium-heparinized tubes
(BD Vacutainer). Next, the perfusate samples were centrifuged (7516 x g for 10 min at 4 °C),
and the tubes with blood samples were weighed and centrifuged (3000x ¢ for 10 min at
4 °C). The supernatants were collected and immediately stored at —80 °C awaiting analysis
by LC-ESI-LTQ-Orbitrap-MS.
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2.5. Biological Sample Treatment

Plasma: The extraction of OLEA and its metabolites was carried out with protein
precipitation. Initially, the samples were thawed and centrifuged (11,000x g, 10 min at 4 °C).
To precipitate proteins, we blended 100 pL of plasma with cold acetonitrile containing
2% of formic acid (1:5 v/v). Samples were vortex-mixed for 1 min and kept at —20 °C for
20 min. The samples were then centrifuged (11,000 g, 4 °C, 10 min), and finally 100 uL of
the supernatant was transferred to vials for analysis.

With regard to naproxen, the plasma samples were deproteinized following the
methodology proposed by Elsinghorst and colleagues [34], with some modifications. Rat
plasma samples (100 uL) were deproteinized by the addition of 200 uL of acetonitrile.
After thorough vortex-mixing, the samples were centrifuged (2733x g, 4 °C, 10 min),
and the supernatant was mixed with 0.02 M ammonium acetate buffer (pH 4.0) (1:1 v/v).
Again, they were vortex-mixed and after centrifugation, and 100 uL of the supernatant was
transferred to vials for analysis by LC-MS/MS.

Stability study and lumen samples: The stability and perfusate OLEA samples were
defrosted and centrifuged (11,000 g, 4 °C, 10 min), and 100 uL of the upper phase was
transferred to vials for analysis. The equivalent naproxen samples were thawed and
centrifuged (11,000 x g, 4 °C, 10 min), and the upper phase was diluted with TM in a ratio
of 5:95 (stability samples) and 1:9 (v/v) (perfusate samples) and transferred to vials.

Ileum tissue: The intestinal segment perfunded with OLEA in the SPIP experiments
was also analyzed to quantify the OLEA and its metabolites retained in the tissue. First,
the intestinal segment was rinsed by several perfusions with TM and then cut into small
sections and homogenized after the addition of water/acetonitrile (1:1 (v/v) with 0.1%
ascorbic acid) with a small tissue disruptor (T10 basic ULTRA-TURRAX®, IKA laboratory
technology, Staufen, Germany). The samples were sonicated in an ice bath (5 min), shaken
for 1 min, and centrifuged (11,000 x g, 4 °C, 10 min). To precipitate proteins, we blended
100 uL of the upper layer with cold acetonitrile containing 2% of formic acid (1:3 v/v) [35].
Samples were vortex-mixed for 1 min, kept at —20 °C for 20 min, and centrifuged again
(11,000 g, 4 °C, 10 min) before analyzing the supernatant.

2.6. Analytical Technique
2.6.1. OLEA Analysis

The quantification of OLEA and red phenol in the samples and the profiling and struc-
tural characterization of OLEA metabolites was carried out using LC-ESI-LTQ-Orbitrap-
MS. LC separation was performed using an Accela chromatograph (Thermo Scientific,
Hemel Hempstead, UK) equipped with a quaternary pump, a photodiode array detector,
and a thermostated autosampler. A 5-uL sample aliquot was injected onto an Acquity™
UPLC® BEH Cyg Column (2.1 x 100 mm, i.d., 1.7 um particle size) coupled to an Acquity ™
UPLC® BEH C5 Pre-Column (2.1 x 5 mm, i.d., 1.7 um particle size) (Waters Corporation®,
Wexford, Ireland) with the column temperature set at 50 °C. Eluent A was 0.05% (v/v)
formic acid in water, and eluent B was 0.05% formic acid in methanol. The total run time
was 11 min. The elution gradient (0.6 mL/min) started at 0% B and was increased via a
linear gradient to 53.6% B after 6 min. The gradient was then increased for 2 min to 100% B
and held for 1 min before returning to 0% B for 1.9 min to re-equilibrate the column.

The mass spectrometer used for the analysis was an LTQ Orbitrap Velos (Thermo
Scientific, Hemel Hempstead, UK) equipped with an electrospray (ESI) source. The ESI
source was operated in negative mode [M-H] with the following conditions: source voltage,
4 kV; capillary temperature, 275 °C (FT Automatic gain control (AGC) target 5-105 for MS
mode and 5-104 for MS™ mode); sheath gas (ultra-pure nitrogen, >99.9%); flow rate 20;
auxiliary gas flow rate 10; and sweep gas flow rate 2. In the case of the last 3 parameters,
the arbitrary units were initially used, Fourier transform mass spectrometry (FTMS) mode
was then used to analyze at a resolving power of 30,000 at 1/z 600, and the data-dependent
MS/MS events were acquired at a resolving power of 15,000 at /z 600. The most intense
ions detected in FTMS mode triggered data-dependent scanning. Ions that were not
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intense enough for a data-dependent scan were analyzed in MS™ mode with the same
orbitrap resolution (15,000 at m/z 600). Precursors were fragmented by collision-induced
dissociation (CID) using a C-trap with normalized collision energy (35 V) and an activation
time of 10 ms. The mass range in FTMS mode was from 100 to 600 (17/z). The system was
controlled by Xcalibur 3.0 software (ThermoFisher Scientific, Hemel Hempstead, UK).

Accurate masses and the isotopic pattern (through the Formula Finder feature in
Xcalibur 3.0 software (ThermoFisher Scientific, Hemel Hempstead, UK) were used to
select the elemental composition of each OLEA derivative. In addition, metabolites were
confirmed by comparison with those reported in the literature [21,22] and with a similar
compound [6,36,37]. MS™ measurements were performed to obtain information about
fragment ions generated in the linear ion trap within the same analysis.

The OLEA and phenol red calibration curves were prepared in TM (10-150 ug/mL).
The OLEA calibration curves were also prepared in rat plasma (0.1-3 pg/mL) and ileum
tissue (0.1-3 ug/mlL). All calibration curves had an R? > 0.97. In the absence of a reference
standard, OLEA derivatives were evaluated by considering the ratio between peak area
metabolite and parent compound dosed (OLEA) [6].

2.6.2. Naproxen Analysis

All luminal, plasma, and stability samples were analyzed by ultra-high-performance
liquid chromatography/ESI tandem mass spectrometry (UHPLC-ESI-MS/MS) following
the procedure proposed by Elsinghorst et al. with some modifications [34]. The liquid
chromatography system consisted of an Acquity™ UPLC (Waters; Milford, MA, USA).
Chromatographic separations were performed on an XBridge™ Cyg (4.6 x 50 mm, S5um
particle size) column (Waters Corporation®, Wexford, Ireland). The mobile phase consisted
of 0.02 M ammonium acetate buffer (pH 4.0) and acetonitrile (30/70, v/v) and was delivered
at a flow rate of 1.0 mL/min (column temperature at 30 °C). A total of 10 pL of sample
was injected.

The detection and quantification of naproxen and red phenol were performed using an
AB SCIEX API 3000™ triple quadrupole mass spectrometer with a turbo ion spray source.
Ionization was performed by ESI in the negative mode [M-H] in the multiple monitoring
mode (MRM). Arbitrary units were used for the nebulizer (10), curtain (12), and drying gas
(450 °C) using Ny; the capillary voltage was —3500 V. To detect naproxen and red phenol
with the highest signal, we optimized the collision energy and the declustering, focusing,
and entrance potential by direct infusion. The system was operated by Analyst version
1.4.2 software supplied by ABSciex (ABSciex, Framingham, MA, USA).

The calibration curves with naproxen and phenol red were prepared in TM (10-150 ug/mL)
and in rat plasma (0.5-20 pug/mL). The samples were adequately diluted to be interpolated
in the calibration curves. All calibration curves had an R? > 0.98.

2.7. Data Analysis

The equations used to determine the effective permeability coefficient, the correction
of outlet concentrations, and the apparent permeability coefficient through the ileum are
as follows:

-0 C,
P — in L out.cor 1
o e mwR+L Cin m

CPR

Cout.cor = Cout * CPR m[ (3]

ou

dQ 1

Popp = 3¢ * Co @

where O;,, is the perfusion solution flow (0.2 mL/min), C;,, and Coy;.cor are the respective
inlet and corrected outlet steady-state concentrations of the tested product, R is the radius
of the intestinal segment (set to 0.2 cm), and L is the length of intestinal segment determined
after completion of the perfusion experiment.
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The outlet concentrations were corrected for water transport by measuring the phenol red
(PR) marker according to Equation (2), where C; is the concentration of OLEA or naproxen
in the perfusate at the specified time interval, and CPR;,, and CPR,; are the phenol red
concentrations in the inlet and outlet solutions at the specific time intervals, respectively.

The Pyyp was calculated using Equation (3), where Q is the cumulative number of
tested compounds (OLEA or naproxen) appearing in the mesenteric blood as a function of
time ¢ in steady state conditions, A is the surface area of the exposed intestinal segment,
and Cj is the tested compounds initial concentration in the perfusate.

Allin situ perfusion experiments were replicated in four rats. Data are presented as the
arithmetic mean + the standard deviation (SD). Statistical analysis was performed using
Statgraphics Centurion XVI software (Statpoint Technologies Inc., Warrenton, VA, USA).
The concentrations estimated at a range of times (stability samples) and the concentration
of metabolites and OLEA at different times were compared using a parametric statistical
assay (ANOVA test). Statistical differences in the concentration of metabolites between
plasma and perfusion samples were analyzed using were evaluated using an ANOVA test,
followed by the LSD post hoc test. The Peg and Papp of OLEA and naproxen were compared
using a Mann-Whitney U test. Differences were considered significant at p < 0.05.

3. Results and Discussion
3.1. Stability of OLEA

The stability of OLEA and the reference standard naproxen was evaluated prior to
carrying out the intestinal permeability study, and both remained stable in the perfusion
solution at 37 °C (p > 0.05) for the length of the experiments, i.e., over 60 min (Figure S1). The
absence of degradation products such as M2 and elenolic acid was also verified, although
traces of a hydrated form of OLEA (M5) were detected, probably due to interaction of the
aldehyde groups with the aqueous TM during the analysis.

3.2. Qualitative and Quantitative Characterization of OLEA and Its Metabolites

The lumen, plasma, and ileum samples were analyzed by HPLC-ESI-LTQ-Orbitrap-
MS to identify OLEA and its metabolites. The FTMS scan and MS" experiments allowed
for the identification of OLEA (M1), four phase I metabolites (M2, M3, M4, and M5),
and six phase II metabolites (M6, M7, M8, M9, M10, and M11). These metabolites and
their precursor ions (measured), tentative formula, mass error, retention times, and major
fragments are presented in Table 1. An example of a chromatogram for each metabolite
and the parent compound is shown in the supporting information (Figure S2), and the
structure for the detected fragments is also proposed in Figure S3.

Table 1. Identification of OLEA and its metabolites in lumen, plasma, and ileum tissue samples by
LTQ-Orbitrap-MS.

Precursor Ion Tentative Mass Error RT
Compound Measured m/z Formula ( ) (min) MS/MS
M- H- M- H]- ppm min

M1 OLEA 319.1184 C17H190¢ 0.785 6.81 153/183
Phase I

M2 OH-TY 153.0554 CgHoO3 0.779 3.67 123

M3 OLEA + H, 321.1337 CiyHp Og 0.435 7.05 185/199/143

M4 OLEA + OH 335.1128 Cy7H1907 0.271 6.82 131/199

Mb OLEA + H,O 337.1282 CyyH21 07 0.021 6.69 201/133
Phase I

Mé OLEA + CHj 333.1348 CisH2106 0.835 8.51 167

M7 OLEA + OH + CHj; 349.1277 CigHp O7 —0.479 7.38 167/199

M8 OLEA + H,0 + CHs 351.1445 Ci1sHp307 1.771 7.20 215/167

M9 OLEA + H; + Glucu 497.1665 Ca3Ha9012 1.247 6.53 199/329
M10 OLEA + Hz0 + Glucu 513.1621 Ca3HpoO13 1.833 6.43 329/215
M11 OLEA + F0 + CHs + 527.1743 Ca4Hy1 013 0.963 6.50 343/201

Glucu
RT: retention time; Glucu: glucuronic acid; OH-TY: hydroxytyrosol.
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OLEA metabolites have been studied previously, but their structures have not been
reported [21,22]. As mentioned above, on the basis of the fragmentation pattern of each de-
tected metabolite and in comparison with related phenolic compounds [6,36], we proposed
tentative structures for the OLEA derivatives (Figure 2).
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Figure 2. Proposed metabolic pathway of OLEA (M1) with phase I and phase Il reactions. The chemical
structures of M1 to M11 were identified in the plasma, lumen, and /or ileum samples after the SPIP study.
CE: carboxylesterases; AKR: aldo-keto reductases; CYP3A: subfamily of cytochrome P450 enzymes; UGTs:
glucuronosyltransferases; COMT: catechol-O-methyltransferase; ALDH: aldehyde dehydrogenase.

3.3. Phase I Metabolism

OLEA metabolites arising from phase I reactions both in lumen and plasma samples
are shown in Figure 3. For the first time, the metabolic profile of OLEA in the ileum of rats
after an SPIP assay has been evaluated. It is worth noting that the metabolite levels were
much higher in plasma than the lumen, e.g., levels of M2 and M4 were 27- and 29-fold
higher at 60 min, respectively. In the ileum tissue samples, the main metabolite was M2
(p < 0.05). The main phase I metabolites detected in plasma and lumen samples were M2
and M4, and its concentration was favored in time reaching the higher concentration at
55 and 60 min, respectively (p < 0.05). The large number of metabolites identified and
their relatively high abundance (peak area metabolite/parent ratio up to 15 in plasma)
indicates an important intestinal first-pass effect during the absorption of OLEA and that
the metabolites formed are mainly transferred to the systemic circulation.

Hydrolysis is known to be a common process in phase I drug metabolism. Car-
boxylesterases (CEs) catalyze the hydrolysis of esters, thioesters, amides, and carbamates,
with carboxylic acids and alcohols as the hydrolysis products [38,39]. Among the enzymes
of this family, CES2 is present in the small intestine in both humans and rats [40]. The
hydrolysis of OLEA can lead to the formation of hydroxytyrosol (M2) and elenolic acid [27].
In our study, M2 was found in lumen, plasma, and ileum tissue, but elenolic acid was
not detected in any sample. Similar results were obtained in the study of Pinto et al.
(2011), where the M2 metabolite was detected in Caco-2 cells and in the in vitro study of
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isolated intestine (in the serosal fluid of the jejunum and ileum), but not elenolic acid [41].
Similarly, only the conjugated forms of M2 were detected in the stomach, intestinal and
caecum content, and feces of rats fed for 21 days with a diet supplemented with an extract
composed mainly of OLEA [27], although elenolic acid was found in plasma and urine.
The absence of elenolic acid in our samples could be explained by its rapid absorption
from the hydrolyzed OLEA fraction. In the study of Kano et al. (2016), M2 was also the
main metabolite found in the plasma of portal blood after oral administration of OLEA to
rats [29]. In addition, M2 was not detected in human urine after EVOO intake [21,22].
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Figure 3. Peak area ratio of metabolite/OLEA as a function of time in plasma, lumen, and ileum tissue samples. Results are
expressed as the mean + standard deviation. * p < 0.05, one-way ANOVA.
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Hydrogenated (M3), oxidated (M4), and hydrated (M5) forms of OLEA were detected
in lumen, plasma, and ileum tissue (Figure 3). Major phase I enzymes include oxidases
(especially monooxygenases), reductases, and hydrolases [10]. The hydrogenation of
OLEA (M3) can arise from a reduction reaction catalyzed by NADPH-dependent aldo-keto
reductases located in the small intestine epithelium. The reduction of aldehydes to primary
alcohols can occur in OLEA because it contains the dialdehydic form of the linked elenolic
acid [42]. In addition, the intestinal redox potential provides a reducing environment
due to low oxygen tension, whereas oxidation is favored in tissues such as the liver [43].
Pinto et al. [41] proposed a structure for M3 but they were unable to confirm which of the
carbonyl functional groups had undergone reduction, as the reaction at either site yielded
similar fragmentation patterns. In our study, on the basis of the fragment detected (mass
143), we proposed a hydrogenation of the unsaturated aldehyde, although this cannot
be confirmed without an NMR spectrum or the fragmentation analysis of a previously
synthesized structure (Figure S3).

Cytochrome P450 enzymes (CYP), monooxygenases found in the epithelium of the
small intestine [44], are responsible for the oxidative biotransformation of xenobiotics and
other compounds [38,45]. In our work, the OLEA derivatives M4 and M5 could have been
produced by the microbiome, as many bacterial CYP are soluble [46], or by the CYP ex-
pressed in the enterocytes, as shown in our luminal and tissue samples (Figure 3). However,
non-CYP-mediated oxidative reactions can play an important role in the metabolism of
xenobiotics [47]. Regarding carboxylic acids, as they are products of aldehyde oxidation,
they could also be generated by aldehyde dehydrogenase enzyme catalysis. While only
traces of M5 were detected in the TM (stability study), the high amount in both lumen and
plasma samples indicates a metabolic reaction during its transport across the intestinal
membrane. In 2010, Garcia-Villalba and co-workers found the same OLEA derivatives
(M3, M4, and M5) in human urine after olive oil intake [21]. Although these derivatives
were not found in plasma and urine samples of healthy volunteers in the study of Silva
and co-workers [22], a hydrated OLEA metabolite was observed (OLE + CH3 + H,O +
glucuronide). In fact, the metabolic profile of phenolic compounds from EVOO has been
previously studied [23,26,41], but OLEA derivatives have not yet been reported.

3.4. Phase 11 Metabolism

Phase II biotransformation reactions, also known as conjugation reactions, gener-
ally serve as a detoxifying step in xenobiotic metabolism, increasing hydrophilicity and
therefore excretion, as well as the metabolic inactivation of pharmacologically active com-
pounds [48,49]. Phase II derivatives detected in plasma (M7 and M9), lumen (M7 and
M9-M11), and ileum tissue samples (M6, M8, M9, and M11) are presented in Figure 3. The
main product of phase II biotransformation reactions in all the samples was M9, with the
highest relative abundance in plasma at 45-60 min, and in lumen samples at 55-60 min
(p < 0.05).

It is well known that the enzyme that catalyzes O-methylation is catechol-O-methyl
transferase, which mediates the transfer of a methyl moiety from the S-adenosyl-L-methionine
cofactor to a hydroxyl group on the xenobiotic [50]. In rats and humans [51], catechol-O-
methyltransferase is most active in the liver, kidney, intestine, and brain [52]. In agreement
with the computational study carried out by Cuyas et al. (2019), which concluded that
meta-methylation at the O5 position of the catechol residue of OLEA occurs preferentially,
we proposed the methylated derivative M6 (Figure 2) [50]. Among the three methylated
metabolites, M6 and M8 were found in ileum tissue samples but not in the plasma and
lumen (Figure 3), whereas M7 (OLEA + OH + CH3) was detected in plasma and, after being
secreted by an efflux membrane protein, in lumen samples. Previously reported results
for these methylated forms are contradictory, being detected in human urine samples
by Garcia-Villalba et al. [21] but not in other studies in rats [26,29,41]. Differences in
experimental procedures may explain these discrepancies.
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The glucuronidation reaction consists of transferring a glucuronyl moiety from the
co-substrate UDP-glucuronic acid to one or more electrophilic groups of a hydrophobic
molecules. The family of uridine diphosphate (UDP) glucuronosyltransferases are the
enzymes that catalyze this reaction [53]. Glucuronidation often occurs as a secondary
step after the production of primary metabolites in phase I reactions such as hydrolysis,
hydroxylation, and dealkylation [54], as can be observed in M9 and M10, in which a
glucuronic acid is attached to the hydrated and hydrogenated OLEA. Similarly, M11 arises
from the addition of a methyl group and a glucuronic acid in a previously hydrated
molecule of OLEA. M11 was detected in lumen and ileum tissue samples but not in plasma.
The glucuronidation of hydrogenated OLEA has been previously reported in perfused
segments of jejunum and ileum in rats [41]. Two different studies in humans obtained
similar results: Garcia-Villalba et al. [21] detected all glycoconjugates (M9, M10, and M11),
while Silva et al. [22] only found M9 and M11. The bioavailability of phenolic compounds in
EVOO depends not only on their concentration but also other dietary components and the
individual genomic profile, which can affect enzymatic activity involved in the digestion
and metabolism processes [22]. Polymorphism of conjugation enzymes or individual
varijations in digestive enzymes or bile salts could underlie the variations observed [1,2,17].
The aforementioned studies on humans reported three additional glycoconjugates (OLEA
+ glucuronide, OLEA + CHj + glucuronide, and OLEA + CH3 + OH + glucuronide) not
identified in our work, which may have been due to differences in the species and model
used to evaluate the intestinal metabolism (in vivo vs. in situ models) [1]. The presence of
these metabolites in humans can also be explained by the hepatic metabolism that OLEA
or its derivatives may undergo after absorption.

In the present work, the observed phase I (M2-M5) and phase II (M7 and M9) OLEA
derivatives in both lumen and plasma samples can be attributed to the presence of specific
membrane transporters expressed in the apical (MDR1, BCRF, MRP2) or basal membrane
(MRP1) of the enterocytes [55]. The OLEA derivatives recognized by these efflux trans-
porters would thus be secreted to the intestinal lumen. On the basis of the results obtained,
Figure 4 depicts the metabolic fate of OLEA in the small intestine, showing possible
interactions with metabolic enzymes and carriers during transport across the enterocyte.
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Figure 4. Tentative interactions of oleacein (OLEA) with metabolic enzymes and transporters. CE:
carboxylesterases; AKR: aldo-keto reductases; CYP3A: subfamily of cytochrome P450 enzymes; UGTs:
glucuronosyltransferases; COMT: catechol-O-methyltransferase; ALDH: aldehyde dehydrogenase.
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3.5. Absorption Study

To investigate the intestinal permeability of OLEA, we carried out a comparative study
with the anti-inflammatory drug naproxen. A highly permeable standard [55], naproxen
has an oral bioavailability close to 100% [33] and was tested with the same in situ perfusion
technique and conditions as OLEA.

The SPIP model is used in general screening for the intestinal membrane permeability
of orally administered drugs and xenobiotics and to predict the effective permeability
coefficient (Pyg). In this study, the ileum permeability of the tested compounds was based
on luminal disappearance as well as appearance in mesenteric blood plasma, a suitable
option for substances with low membrane permeability, as the differences in perfusate
concentrations may be too small to determine accurately [8]. To obtain information about
the intestinal metabolism of OLEA (see Sections 3.3 and 3.4), we analyzed perfusate and
plasma samples for potential derivatives. The results of the absorption study are presented
in Table 2, together with previously reported data for comparison. As can be observed,
the Pegs values we obtained for naproxen agreed with those in the literature, indicating the
validity of the methodology employed. However, as the variability between laboratories is
relatively high, the data from individual studies should be interpreted separately [56].

Table 2. Intestinal effective permeability coefficient (Pefr), apparent permeability coefficient (Papp),
and percentage of absorption after SPIP (mean + SD, n = 4) for OLEA and the reference standard
naproxen. Reported data are also included.

Poge x 104 Papp x 1074 Absorption

Compound  Segment (/)4 6D (cm/s) + SD (%) Study

OLEA Ileum 1.83 £ 0.18 0.607 * £+ 0.202 4898 £+ 12.27 Current smdy
147 +0.44 01940018  4396+758  Currentstudy

Teum 117 £0.23 [57]

178 + 0.52 [56]

Naproxen 117 +£0.23 [58]

Jejunum 1.19 £ 0.12 [33]

) 147 + 025 [56]

2.10 4 041 [59]

Colon 2.06 + 1.04 [56]

*p < 0.05 differences OLEA vs. naproxen (Mann-Whitney U test).

Despite the broad range of promising biological effects of secoiridoids from EVOO [17],
the Peg value of OLEA has not been previously reported. The mean permeability ratio
(Pegr) of OLEA /naproxen was 1.24, without significant differences between them (p > 0.05),
which indicates that the intestinal permeability of OLEA is comparable with that of the
highly permeable standard. No significant differences were found for the percentage of
drug absorbed (48.98 & 12.27% and 43.96 + 7.58% for OLEA and naproxen, respectively).
These results are coherent with the lipophilicity (expressed as log P (octanol/water)) and
molecular weight of OLEA (1.53 [60]; 1.02 [16], and 320.3 g/mol, respectively), which favor
intestinal membrane transport by passive mechanisms [61].

In the mesenteric blood plasma, in our experimental conditions, the Papp of naproxen
was significantly lower than that of OLEA (Figure 5B). As naproxen has a complete oral
bioavailability, this result could be explained by a higher retention in or interaction with the
lipid membranes (apical and basolateral), attributable to its high lipophilicity (log P = 3.18 [62])
and molecular structure, rather than a presystemic intestinal metabolism. Other authors have
described an affinity of naproxen and other nonsteroidal anti-inflammatory drugs (NSAIDs)
for the phosphatidylcholine of biological membranes [63,64]. It would therefore have been
interesting to extend the study time from 60 min to, for example, 90 min.

141



4. RESULTS

Pharmaceutics 2021, 13, 719 12 of 15
A B
1 - 400 -
--Naproxen +-OLEA #-Naproxen —+OLFA
08 5 300 f
£ &
9}
E &
g 06 F 5 200
z E
o €
04 E 100 |
3
o
0.2 0
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (min) Time (min)

Figure 5. (A) Plot of the mean concentration ratio of the corrected outlet and inlet concentrations vs.
time for naproxen and OLEA in SPIP in rats; (B) mean mesenteric plasma concentration of naproxen
and OLEA vs. time. Error bars represent 5.D.

To the best of our knowledge, this is the first study to report the intestinal and
apparent permeability coefficients of OLEA in rats. Pinto et al. (2011), who investigated
the metabolism of OLEA in an in vitro intestinal preparation from rats, also described
its transport through the small intestine, observing OLEA in the receptor medium in
an in vitro assay with Caco-2 cells [41]. Kano et al. (2016), who studied the absorption,
metabolism, and excretion of OLEA after oral administration (300 mg/kg) in rats, did not
observe OLEA in the portal plasma, possibly because its detection was hindered by binding
to plasma components such as serum albumin, serum lipoprotein, and glycoprotein [29];
phenolic compounds and their metabolites are known to form complexes with plasma
proteins [65]. Although further investigation is required, the amount of OLEA metabolites
found in the perfusate and plasma in our study suggests that the bioavailability of this
phenolic compound is incomplete. In conclusion, the important role of the small intestine in
the bioavailability of OLEA has been demonstrated in terms of absorption and membrane
transport as well as metabolic reactions that contribute to its elimination.

4. Conclusions

This is the first in situ study to simultaneously assess the absorption and intestinal
metabolism of OLEA in rats. The SPIP model was used to determine the intestinal effective
permeability of OLEA on the basis of its disappearance from the intestinal segment and
its appearance in mesenteric blood. 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 bicavailability of
OLEA, considering its high intestinal permeability and the metabolic reactions that con-
tribute to its elimination. The metabolites arising from hydrolysis (M2) and hydroxylation
(M4) 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.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/pharmaceutics13050719/s1, Figure S1. Concentration of NAP (right Y-axis scale) and OLEA (left
Y-axis scale) in the TM and 37 °C as a function of time in the stability study. Figure S2. Chromatogram
and retention time of OLEA and its metabolites. Figure 53. Molecular structure of OLEA and
derivatives and proposed fragments with their masses through LQT-Orbitrap-MS analysis.
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4.3.1. Article 8: Tissue distribution of oleocanthal and its metabolites after oral ingestion
in rats
Anallely Lépez-Yerena, Anna Vallverdu-Queralt, Olga Jauregui, Xavier Garcia-Sala, Rosa

M. Lamuela-Raventoés, 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 + CHzand OLC + H,O +
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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1. Introduction

According to the World Health Organization (WHO), the main causes of death world-

wide in 2016 were ischemic heart disease, stroke, chronic obstructive pulmonary disease,

lower respiratory infections, Alzheimer’s disease and other dementias and diabetes melli-
tus [1]. In 2018, the Mediterranean diet, a model of eating based on the traditional foods
and drinks of the countries surrounding the Mediterranean Sea [2], was recommended
by the WHO for its numerous health benefits, including effectiveness in reducing non-
distributed under the terms and ~COMmunicable diseases [3]. The main source of fat in the Mediterranean diet is extra
conditions of the Creative Commons  Virgin olive oil (EVOQ), whose minority compounds include phenolic substances such as
Attribution (CC BY) license (https://  Phenolic acids, phenolic alcohols, flavonoids, secoiridoids and lignans [4,5]. Among the

iations.
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creativecommons org/licenses /by / secoiridoids, which contain elenolic acid or its derivatives in their molecular structures [6],
40/). oleocanthal (OLC) has proven biological activity, including antioxidant and antimicrobial
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properties [7,8], anti-inflammatory effects (more potent than ibuprofen) [9], anticancer prop-
erties (melanoma, breast, liver and colon cancer and leukemia) [10-12] and neuroprotective
effects [13,14].

Recognized by the human body as xenobiotics, phenolic compounds have a relatively
low bioavailability compared with micro and macronutrients [15]. Bioavailability depends
on multiple factors, including gastrointestinal digestion, absorption and metabolism, as
well as tissue distribution [16], which plays a fundamental role in the pharmacokinetic be-
havior of drugs and other xenobiotics and conditions the pharmacological and toxicological
responses of the organism [17]. Studies in animal models help to determine the tissue dis-
tribution and accumulation of compounds and their metabolites and identify potential sites
of action [18]. To date, the extensive research on the bioavailability of phenolic compounds
from EVOO has focused mainly on absorption or metabolism in humans [19-24] and
rats [25-28]. Regarding OLC, a low intestinal absorption (16%) and intestinal metabolism
in vivo, indicating limited systemic exposure, has been described by only one study [29],
whereas none of the investigations aiming to understand the bioavailability of EVOO
phenolic compounds have explored OLC tissue distribution. Recently, the OLC reactivity
with amino acids with high preference to glycine was also reported [30].

It should also be noted that most of the in vitro studies on the health benefits of OLC
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 [31]. The current work is therefore an attempt to improve
our understanding of the health effects of OLC through a tissue distribution study in rats
after the oral administration of OLC-enriched refined olive oil (ROO). The distribution
of OLC metabolites in multiple tissues and at different times post-administration was
also evaluated.

2. Materials and Methods
2.1. Reagents and Materials

OLC (purity > 90) was purchased from PhytoLab GmbH (Vestenbergsgreuth, Ger-
many), and its purity was verified by THNMR, as in a previous study [32]. The reagents
of methanol, acetonitrile (ACN) and formic acid were purchased from Sigma-Aldrich.
Ultrapure water was obtained using a Milli-Q purification system (Millipore, Bedford,
MA, USA).

2.2. Animals and Diets

The studies were conducted following a protocol approved by the Animal Experimen-
tation Ethics Committee of the University of Barcelona, Spain (trial no. CEEA 124/16) and
Generalitat de Catalunya (no. 6435). Male Sprague Dawley rats (body weight 249 + 8 g)
were purchased from Envigo RMS Spain S.L. (Sant Feliu de Codines, Barcelona, Spain).
The animals were acclimatized in animal housing in an air-conditioned room at 22 42 °C
under a 12 h/12 h cycle of light and darkness and given free access to a commercial diet
(Teklad 2014, Envigo RMS Spain S.L.) and water for at least 10 days before the study. The
rats were fasted for over 12 h before the experiments but were allowed free access to water.

2.3. Tissue Distribution Experiments

Before the distribution experiment, the ROO (vehicle) was analyzed by LC-ESI-LTQ-
Orbitrap-MS to make sure it was free of phenolic compounds. The liquid-liquid extraction
of phenolic compounds of ROO was performed following the previously described pro-
cedures [33]. The chromatographic and mass spectrometer conditions were the same as
those used for the identification of metabolites (Section 2.3). After verifying that the ROO
was free of phenols, OLC was added to obtain a final concentration of 0.3 mg/mL. The
OLC concentration was chosen while taking into account both the OLC concentration in
commercial EVOO (~300 mg/kg) and the daily ingestion of EVOO recommended by the
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European Food Safety Authority of at least 5 mg of hydroxytyrosol and its derivatives per
20 g of olive oil [34].

The rats were divided into four groups—a control group (no administration) and three
dosed groups—to study the distribution of OLC at three different time points: 1, 2 and
4.5 h post-administration. On treatment day, the rats received the ROO containing OLC
by oral gavage (2.5 mL/300 g body weight). The volume for gavage administration was
established following a good practice guide for substance administration [35] and was
lower than the maximum volume of lipid vehicles per kg of rat body weight that prevented
elevated plasma corticosterone levels [36].

The rats were anesthetized with isoflurane (IsoFloR, Veterinaria Esteve, Barcelona,
Spain) and euthanized by exsanguination via cardiac puncture at 1, 2 or 4.5 h after ROO
ingestion. The control group was maintained under fasting conditions without olive oil
ingestion and then similarly euthanized. The blood was collected in EDTA tubes, and
plasma samples were obtained by centrifugation (3000 x g for 10 min at 4 °C) and stored
at —80 °C until analysis. Different tissues and organs (heart, liver, spleen, lungs, kidney,
brain, thyroid, stomach, small intestine and skin) were removed from the rats and placed in
pre-weighed tubes. The small intestine samples consisted of a pool of duodenum, jejunum
and ileum segments, but the main region used was the jejunum. The procedure was to
locate the plica duodenocolica [37] and, from there up to about 5 cm of the intestine before
reaching the cecum, to remove it from the animal. The collected tissues were washed with
physiological serum at 37 °C and placed between absorbent paper to remove the rest of the
serum. In the case of the intestine, the luminal contents were first removed by applying
pressure with the index finger and thumb, and then the lumen was washed by perfusing
with the physiological serum at 37 °C. It was then placed between absorbent paper to
remove the remains of the washings. In order to avoid compound oxidation, the collected
tissues were kept on ice at all times. Finally, the samples were weighed and stored at
—80 °C until analysis. For each group, four animals were used.

2.4. Liquid—Liquid Extraction for Bioanalysis

The tissues were homogenized with a small tissue disruptor (T 10 basic ULTRA-
TURRAX®, IKA laboratory technology, Staufen Germany) in a 1:1 ratio (w/v) with wa-
ter:ACN (1:1 (v/v) with 0.1% ascorbic acid). The samples were sonicated for 5 min in an ice
bath and shaken for 1 min (Vortex-Genie 2). Each homogenate was centrifuged for 10 min
(11,000x g at 4 °C). A volume of 100 uL of the upper layer was blended with cold ACN
containing 2% formic acid in a 1:3 ratio (v/v) in order to precipitate the proteins [38]. The
samples were homogenized for 1 min and kept at —20 °C for 20 min before centrifugation
(11,000x g at 4 °C for 10 min). Finally, 100 uL of supernatant was transferred to vials for
analysis. Three replicates were evaluated for each sample.

The plasma samples were thawed and centrifuged (11,000x g at 4 °C at 10 min).
Plasma (100 uL) was mixed with cold ACN containing 2% formic acid in a ratio of 1:5 (v/?)
to precipitate proteins, homogenized for 1 min and kept at —20 °C for 20 min. The samples
were then centrifuged (11,000 g at 4 °C for 10 min), and finally, 100 uL of each organic
phase was transferred to vials for analysis. Three replicates were evaluated for each sample.

2.5. LC-ESI-LTQ-Orbitrap-MS Equipment and Conditions

The LC system consisted of an Accela chromatograph (Thermo Scientific, Hemel
Hempstead, UK) with a quaternary pump, a photodiode array detector (PDA) and a
thermostated autosampler. The separations were carried out on an AcquityTM UPLC® BEH
Cis pre-column (2.1 x 5 mm, i.d., 1.7 um particle size) and an AcquityTM UPLC® BEH
Cjg column (2.1 x 100 mm, i.d., 1.7 pm particle size) (Waters Corporation®, Ireland). The
mobile phases consisted of HyO (A) and methanol (B), both with 0.05% of formic acid. The
elution was performed by means of an increasing linear gradient (v/v) of B (t (min), %B),
as follows: (0, 0); (2, 0); (6, 53.6); (8, 100); (9, 100); (9.1, 0); and (11, 0). The injection volume
was 5 uL, the flow rate was set to 0.6 mL/min, and the column temperature was 50 °C.

149



Antioxidants 2021, 10, 688

4. RESULTS

4of 14

An LTQ Orbitrap Velos mass spectrometer (Thermo Scientific, Hemel Hempstead, UK)
equipped with an ESI source in negative mode was used to obtain high-resolution mass
spectra for the identification of OLC and its derivatives. The operation parameters were
the following: source voltage = 4 kV and capillary temperature =275 °C (FT automatic gain
control (AGC) target 5-105 for MS mode and 5-104 for MSn mode). The sheath gas, auxiliary
gas and sweep gas were set at 20, 10 and 2 arbitrary units, respectively. All samples were
analyzed in Fourier transform mass spectrometry (FTMS) mode at a resolving power of
30,000 at 600 m/z, and data-dependent MS/MS events were acquired at a resolving power
of 15.000 at 600 m/z. The most intense ions detected during FTMS-MS triggered data-
dependent scanning. lons that were not intense enough for a data-dependent scan were
analyzed in MSn mode with the same orbitrap resolution (15,000 at 600 m/z). Precursors
were fragmented by collision-induced C-trap dissociation with normalized collision energy
(35 V) and an activation time of 10 ms. The mass range in FTMS mode was from 100 to
600 m/z. The system was controlled by XCalibur software v2.0.7 (ThermoFisher Scientific).

The OLC calibration curves were prepared in each isolated tissue matrix (heart, liver,
spleen, lung, kidney, brain, thyroid, stomach, small intestine and skin) and in plasma
(0.1-3 pg/mL). The concentrations of OLC metabolites were calculated using the peak area
of the standard OLC and expressed as OLC equivalents. All calibration curves presented
R2>0.98.

The elemental composition of each metabolite was selected according to the accurate
masses and the isotopic pattern (through the Formula Finder feature in XCalibur software
v2.0.7 and searched for in the Dictionary of Natural Products (Chapman & Hall/CRC)
and the MOTO database (http:/ /appliedbioinformatics.wur.nl/moto, accessed on 23 April
2021). MSn measurements were performed to obtain information on the fragment ions gen-
erated in the linear ion trap within the same analysis. Finally, metabolites were confirmed
by comparing MS/MS spectra, with fragments reported in the literature as the main tool
for the putative identification of OLC [20,24,29].

2.6. Statistical Analysis

Data are presented as the mean and standard deviation (SD). Statistical analysis was
performed using SAS (version 9.4). The assumption of normalization was checked with
standardized bias and standardized kurtosis. Statistical differences in the concentration
of metabolites and OLC at different post-administration times (1, 2 and 4.5 h) for each
compound and tissue were evaluated using one-way ANOVA, followed by the LSD post
hoc test. Differences were considered significant at p < 0.05.

3. Results and Discussion

OLC and its metabolites were not detected in the plasma and tissues of the control
group. In the groups receiving ROO, OLC was only detected in the stomach and small
intestine samples, with the maximum concentration (Cpax) being at 1 h of consumption
(p < 0.05) (Figure 1). In the stomach samples, the concentration decreased by 36% and 74%
at2 h and 4.5 h, respectively, which could be due to gastric emptying and the fact that OLC
decomposition increases with gastric residence time, although in the fasted (pH 1.5) and
fed (pH 2-3) conditions and normal physiological time frames (up to 4 h), some would
remain intact and enter the small intestine unhydrolyzed [39]. The concentration of the
OLC that reached the intestine decreased by 16% and 33% at 2 h and 4.5 h post-ingestion,
respectively (Figure 1), which can be attributed mainly to the intestinal metabolism and
less to intestinal absorption [29].
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Figure 1. OLC concentrations in the small intestine and stomach (nmol/g tissue), calculated as nmol
OLC equivalents. Results are expressed as the mean =+ standard deviation.

3.1. Metabolite Identification

Ten metabolites arising from phase I and phase II reactions were identified in the rat
plasma and tissues. Accurate and comprehensive identification by LC-ESI-LTQ-Orbitrap-
MS showed that the OLC metabolites were widely distributed in different tissues. The
corresponding molecular formulas, MS/MS fragments, mass measurement errors and
retention times are shown in the Supporting Information (51). In addition, an example of a
chromatogram for each metabolite and the parent compound is shown in Figure S1.

3.1.1. Phase I Metabolism

The first step in the digestion of dietary lipids in the stomach involves their dispersal
into finely divided emulsion particles, generating a lipid—-water interface [40]. Previous
studies have demonstrated that phenolic compounds are transferred to the aqueous or
oily phase according to their polarity [41]. In the case of OLC, its amphiphilic character-
istics result in a partition between the oily and aqueous phase, tending toward a higher
concentration in the latter (68.7%) due to its polar functional groups [42]. At the same
time, OLC can be partially modified in the acidic environment of the stomach, where
OLC was hydrolyzed into tyrosol (TY) and only detected in the stomach and intestinal
samples, with the highest concentrations observed at 1 h of intragastric administration
(Figure 2A). Reports on secoiridoid hydrolysis in the literature are contradictory. Thus,
whereas in vitro and in vivo studies described secoiridoid compounds undergoing a rapid
hydrolysis under gastric conditions, leading to an increase in hydroxytyrosol and TY con-
centrations [24,41], an in vitro digestion study observed good OLC stability in the gastric
phase [42]. According to our results, the hydrolysis of OLC can occur due to either acidic
conditions or the presence of nonlipolytic carboxylic ester hydrolases, which hydrolyze
carboxylic esters cleaved into an acid and an alcohol [43]. In our study, the observation of
TY in samples of the stomach and intestine but not the other organs can be attributed to its
metabolization by enzymes of the gastrointestinal mucosal epithelium before entering the
systemic circulation. However, TY metabolites were not detected, possibly because they
were at a very low concentration.
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Non-hydrolyzed OLC in the acidic conditions of the stomach can undergo different
phase I biotransformations. The metabolite OLC + H» was identified in the plasma,
stomach, intestine, liver, kidney and heart samples (Figure 2A), with a Ciax (the highest
concentration observed among the three evaluation sample times) in the plasma, liver and
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heart at 2 h of ROO intake (p < 0.05), in the stomach and small intestine at 1 h and in the
kidney at 4.5 h. In another study, small traces of OLC + H; were detected in human urine
at 2 h after a high intake of olive oil [20]. Recently, the same metabolite was identified
in the plasma and lumen samples in an intestinal perfusion study in rats [29], whereas it
was not found in a screening of secoiridoid metabolites in humans after an acute intake of
EVOO [24]. Recently, it was suggested that the reduction OLC is catalyzed by NADPH-
dependent aldo-keto reductases (AKR) located in the small intestine epithelium, and it
can occur because OLC contains an open dialdehydic form of the attached elenolic acid
molecule [29].

A hydroxylated metabolite, OLC + OH, was found in the plasma, stomach, intestine,
kidney and lungs (Figure 2B). The Cpay in the stomach and small intestine samples was
at 1 h, at 2 h in the plasma and at 4.5 h in the lungs and in the kidney (p < 0.05). Only
one previous study [29] has identified this metabolite in rat plasma and lumen samples,
while in another it was reported in human urine, although there were doubts about
whether it was in fact a hydroxytyrosol derivative such as oleacein [20]. In our study,
OLC + OH was not detected in the main metabolizing organ, the liver, where it would
have rapidly undergone other metabolic reactions, such as the addition of another OH
group, methylation or glucuronidation. Its presence in the plasma, lungs and the brain
could be due to enzymatic deconjugation, which occurs with glucuronidated metabolites
of quercetin [44] or hydroxytyrosol [45].

The only metabolite present in all the samples was the hydrated form of OLC (Figure 2C).
The Cppax in the stomach and small intestine was at 1 h, in the kidney at 4.5 h (p < 0.05), in
the brain and skin at 2 h and 4.5 h (the differences were insignificant) and in the plasma
and the rest of the tissues at 2 h post-ingestion. Other studies have reported this metabolite
in plasma [24,29].

A new OLC metabolite, OLC + OH + HyO, which was not previously reported in
either human or animal experiments [20,23-25,29], was identified in all tissues except
the stomach and small intestine (Figure 2B). The Cax in most of the samples was at 2 h
post-consumption of ROO, at 4.5 h in the kidney and at both 2 h and 4.5 h in the skin. This
metabolite could be formed from the hydroxylated and hydrated metabolites identified in
the stomach and small intestine following further metabolic reactions in the liver (+ OH
or + H;O). In our study, the presence of OLC + OH + H,O could be attributed to the
hepatic expression of CYP enzymes responsible for the majority of phase I-dependent
drug metabolism and for the metabolism of a huge variety of dietary constituents and
endogenous chemicals [46].

In the stomach, small intestine and liver [47,48], CYP functions act as a barrier against
drugs and chemical compounds, catalyzing and introducing an oxygen atom into substrate
molecules, which often results in dealkylated and hydroxylated metabolites [48].

3.1.2. Phase II Metabolism

OLC that escapes first-pass metabolism and the phase I metabolites can undergo other
biotransformations. Our results suggest that the hydroxylated (OLC + OH) and hydrated
(OLC + H,0) forms of OLC were subject to the addition of a methyl group (OLC + OH
+ CHj3 and OLC + H;O + CH3). Catechol-O-methyltransferases (COMT) are conjugating
enzymes that catalyze the transfer of a methyl group from S-adenosyl-L-methionine to
phenolic compounds with an O-diphenolic moiety. This reaction usually takes place at the
3“position of the compound, although a minor proportion of 4 -O-methylated product is
also possible [49]. OLC + OH + CHj; was the only conjugated metabolite detected in all
analyzed tissues (Figure 3A). The COMT enzymes are most active in the liver and kidneys
but are also active in the pylorus of the stomach and in the small intestine, especially the
duodenum and ileum [50], a behavior that would explain the presence of this conjugated
metabolite in our samples. In contrast, OLC + H,O + CHj3 was found in almost all samples,
except in the stomach and intestine, probably due to the high activity of COMT enzymes
in the liver. The Ciax of both conjugated OLC derivatives (OLC + OH + CHj3 and OLC +
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H,0 + CH3) in the plasma and most of the tissues (liver, spleen, hearts, lungs and thyroids)
were reached at 2 h after ROO ingestion (p < 0.05) and at 4.5 h in the kidney (p < 0.05). In
the skin, the Ciyax was reached at 2 h and with a similar concentration at 4.5 h (p > 0.05).
The only previous study to determine the intestinal metabolic profile of OLC did not detect
either of these metabolites [29], whereas other in vivo studies observed the same trend
found here [20,23-25].
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Figure 3. Phase Il metabolites in plasma (nmol/mL) and tissues (nmol/g tissue), calculated as nmol OLC equivalents.
(A): OLC + OH + CHj3 metabolite; (B): OLC + H,O + CHs and OLC + OH + glucuronidation metabolites; (C): OLC + H,O +
glucuronidation and OLC + OH + CHj3 + glucuronidation metabolites. Results are expressed as the mean =+ standard deviation.
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A frequent phase Il reaction is catalyzed by uridine-disphosphate glucuronosyl trans-
ferase (UGT), an enzyme located in the endoplasmic reticulum that mediates the transfer
of glucuronic acid from uridine diphosphate to lipophilic compounds [51]. It is known that
UGT interacts with structures that have one glucuronidation site and two hydrophobic
sites separated by 3 or 6.2 A of aliphatic hydroxyls, carboxylic acid and amines [52,53].
Although the liver is the main site of glucuronidation [54], there is clear evidence for
the expression of UGT in the stomach [54], and UGT1A8 and UGT1A10 are exclusively
expressed in the small intestine [53]. Figure 3 also shows the metabolites containing a
glucuronic acid. OLC + OH + glucu was only detected in the small intestine, where UGT
enzymes are expressed, and the liver (Figure 3B). The Cpax in the small intestine was at 1 h
after ROO intake, and in the liver, it was at 2h (p < 0.05). In contrast, OLC + H,O + glucu
was more widespread (Figure 3C), with a Cpax in the small intestine at 1 h of ROO intake,
at 2 h in the plasma, liver, heart and lungs and at 4.5 h in the kidney and brain (p < 0.05).
OLC + H,O + CHj3 or OLC + H,0 + glucu underwent further metabolization, resulting in
OLC + OH + CHj + glucu, which was found in the plasma, liver, spleen, lungs, thyroid
and brain (Figure 3C). The three phase II metabolites detected in our samples had not
been previously identified in rat tissues [25] or human urine [20,22,24] or plasma [23]. Ina
recent study on OLC absorption, only the OLC + H,O + glucu metabolite was identified in
plasma [29]. Nevertheless, the glucuronidation of OLC, which was not observed here, had
been detected in human urine after the intake of EVOO [20,24].

3.2. Brief Summary of OLC Metabolite Distribution by Tissue

Our results show that the OLC metabolites were widely distributed in all the tested
tissues, even in the brain and skin (Figures 2 and 3). The liver, small intestine and plasma
were the biological samples with the greatest variety of metabolites.

In the stomach samples, in addition to OLC, four metabolites from the phase I reactions
and one from the phase II reactions were detected (Figures 2 and 3). The presence of a TY
metabolite in the stomach indicates that OLC underwent a rapid hydrolysis under gastric
conditions. The Cy,« of all the metabolites was observed at 1 h of ROO intake.

Besides OLC, a wide range of its metabolites was found in the small intestine, where
concentrations were lower than in the stomach. It is well known that the small intestine
is the main site where xenobiotic absorption occurs [55,56], and the intestinal epithelial
membrane is the principle physiological barrier that chemicals must cross to enter the
bloodstream [57]. Phenolic compounds can be metabolized in the small intestine by
numerous pathways involving both phase I and phase Il reactions. Accordingly, four phase
I and three phase II derivatives were identified (Figures 2 and 3). For all the metabolites,
the Crhax was observed at 1 h of ROO intake. These results confirm that OLC is subjected
to a high intestinal metabolism, as previously reported [29].

According to the results obtained, the liver (in addition to the small intestine) rep-
resents the main metabolizing organ for OLC. For most of the metabolites detected in
the liver, the Cmax was at 2 h. Up to five phase II metabolites were found at high con-
centrations, in accordance with the functionality of this organ in xenobiotic and phenolic
compound metabolism. The results are consistent with those obtained in a tissue distribu-
tion study in rats after olive cake ingestion, in which the highest number and concentration
of metabolites were detected in the liver [25].

OLC was not found in the plasma, which could be explained by its relatively low
absorption (16%) and high intestinal metabolism [29]. In the latter study, OLC was detected
in mesenteric blood plasma, but the compound was administered directly to the small
intestine, thus avoiding passing through the stomach and the liver, where OLC hydrolysis
and metabolism can potentially take place, respectively. Although OLC was not detected
in the plasma, four phase I and four phase Il metabolites were identified in the plasma with
a Cpax at 2 h. This study demonstrates for the first time that OLC + OH + CHj is the main
circulating OLC metabolite in rats after OLC consumption, followed by OLC + H,0 + glucu.
The systemic exposure of these metabolites can reflect tissue exposure [58]. It is worth
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noting that most in vitro and in vivo studies or clinical trials determining the effects of OLC
have focused on the control and progression of different types of cancer, cardiovascular
diseases, neurodegeneration, anti-aging processes and immunoinflammatory diseases,
but the biological concentrations of OLC [6,59] and its major circulating metabolites were
not considered.

The potential protective effect of OLC againt Alzheimer’s disease has been investi-
gated in both in vitro and in vivo studies [13,14,60]. However, for the first time, it was
demonstrated that only the metabolites (Figures 2 and 3) were able to cross the blood-brain
barrier in rats—at the dose of OLC administered—and undergo brain uptake. The results
showed brain accumulation of the OLC + OH + CHj metabolite, suggesting that this
metabolite could be able to exert beneficial effects, specifically neuroprotective activity, by
the reduction of the oxidative stress at the neuronal level. However, in the last decade,
several studies have been focused on the evaluation of the potential health benefits of OLC,
and the data available about the biological relevance of its metabolites are still limited. Fu-
tures studies about the effective brain accumulation of the main biological OLC metabolites
are needed to determine their potential to protect neuronal cells.

Based on the number and high concentration of OLC metabolites detected in the lungs,
this organ is an important site of extrahepatic OLC metabolism. It is well known that the
lungs contain drug-metabolizing enzymes, with low levels of monooxidases, transferases
and esterases found in the endothelial cells, which may contribute to the elimination of
drugs and xenobiotics [60,61]. A wide range of OLC derivatives (six) were also found
in the heart, more than in the spleen and thyroids (5). In all these samples, OLC + OH
+ CHj3 was the main metabolite detected. Various drug-metabolizing enzymes are also
expressed by macrophages and lymphocytes present in the white pulp region of the spleen,
explaining the presence of metabolites in this tissue. More information about the metabolite
functionality in the spleen is required [25], although a role of the spleen in lipid metabolism
has been reported [62].

The wide range of metabolites detected in the kidney indicates that renal excretion
is a major pathway of elimination for OLC metabolites in rats. In addition, accumu-
lating evidence indicates that specific CYP, UGT and possibly other drug-metabolizing
enzymes contribute to renal drug and chemical metabolic clearance, thereby modulating
intrarenal exposure to these compounds, as well as regulating the activity of physiological
mediators [63].

Even though the skin was the tissue where the fewest metabolites arrived, this study
also contributes to providing a new perspective for understanding how the mechanism
through EVOO phenolic compounds acts in the body.

The tindings found in this study suppose a breakthrough in the research to understand
the positive correlation of olive oil phenolic compound consumption and the prevention
and improvement of some diseases. Nevertheless, further experiments are required to
investigate the effect of the main circulating metabolites on the functions of the target
tissues, such as those in the brain, heart, skin and spleen.

4. Conclusions and Remarks

There is still a lack of information on the distribution and accumulation of olive oil
phenolic compounds in the body. In this study, the distribution and accumulation of
OLC metabolites in rat tissues was studied for the first time. The results demonstrate that
under gastric conditions, OLC was hydrolyzed to TY, 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 sufficient
concentrations to exert beneficial effects. The main circulating metabolites arising from
phase II reactions were OLC + OH + CH3 and OLC + H,O + glucu, suggesting that these
metabolites are likely to significantly contribute to the beneficial health effects associated
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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.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article /10
.3390/antiox10050688/s1, Table S1. Identification of OLC and its metabolites in plasma and tissues
through LTQ-Orbitrap-MS. Figure S1. Extracted ion chromatograms of the OLC and its identified
metabolites in different tissues.
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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 + CHj3 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 + CHj3
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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Abstract: The purpose of this work was to study the distribution of oleacein (OLEA) and its metab-
olites 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.
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 cardio-
vascular disease prevention. Also noteworthy are the high levels of hydroxytyrosol (OH-TY) and
OLEA + CHs found in the small intestine, liver, and plasma, and the detection of nine OLEA metab-
olites, 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. These results shed further light on the metabolism and tissue
distribution of OLEA and contribute to understanding the mechanisms underlying its effect in hu-
man health.

Keywords: Biotransformation; extra virgin olive oil; hydroxytyrosol; phenolic compound; secoir-
idoid,

1. Introduction

Oleacein (OLEA), also termed 3,4-DHPEA-EDA, plays a significant role in the organ-
oleptic qualities of extra virgin olive oil (EVOO), and its antioxidant properties improve
the oil shelf life [1,2]. One of the most abundant compounds in EVOO, the concentrations
of this secoiridoid can reach up to 1834 = 110 mg/kg [3,4]. OLEA is also reported to have
biological and pharmacological activities with wide-ranging health benefits. In 2011, a
study showed that OLEA may offer far more protection against reactive oxygen/nitrogen
species-induced injury of human biomolecules than its parent compound oleuropein [5].
It offers protection against cardiovascular diseases, decreasing the risk of atherosclerosis
[6-8], ischemic stroke [9] and hypertension [10]. Anti-cancer effects have also been re-
ported, including antiproliferative and apoptosis-inducing activity in leukemia cells [11]
and reduction of viability and migration of non-melanoma skin cancer cells [12]. An in
vitro study found that OLEA has significant anti-tumor activity by promoting cell cycle
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arrest and apoptosis [13]. Moreover, OLEA has been associated with healthy aging in both
in vitro and in vivo studies [14]. Anti-inflammatory properties give OLEA a protective
role against several metabolic abnormalities, including dyslipidemia, insulin resistance
[15,16], and glucose intolerance.

Despite the numerous studies on the biological activity of OLEA (referencia), its tis-
sue distribution is not well documented. To date, only one study has focused on elucidat-
ing the absorption of OLEA, through simultaneous sampling from the luminal perfusate
and mesenteric blood, and its metabolism during enterocytic transfer in the ileum [17]. In
addition, the stability of OLEA under low pH conditions and permeability in Caco-2 cells
and in isolated rat intestine has been studied [18] as well as its fecal microbial metabolism
in vivo [19]. The distribution and accumulation of EVOO polyphenols [20] and oleocan-
thal [21] has also been determined in rat tissues. The health-enhancing properties of OLEA
cannot be fully understood without further analysis of its absorption, tissue distribution,
metabolism, and excretion.

In this context, we carried out a qualitative and quantitative evaluation of OLEA and
its metabolites in a range of biological samples taken from rats at different times (0, 1, 2
and 4.5 h) after the administration of refined olive oil (ROO) containing OLEA. For the
first time, OLEA and its metabolites were studied in organs of the digestive system (stom-
ach, small intestine, and liver), excretory tissue (kidney), and several target tissues (brain,
lungs, heart, spleen, thyroids, and skin).

2. Materials and Methods

2.1. Chemicals and reagents

The reference standard OLEA (= 90%) was purchased from Toronto Research Chem-
icals (North York, ON, Canada) and hydroxytyrosol (OH-TY) was obtained from Extra-
synthese (Genay, France). The reagents methanol, acetonitrile (ACN) and formic acid
were acquired from AppliChem, Panreac Quimica SLU (Barcelona, Spain). Ultrapure wa-
ter was obtained using a Milli-Q purification system (Millipore, Bedford, MA, USA).

2.2. Animals

In this study, male Sprague-Dawley rats (body weight 227 + 11 g) were obtained from
Envigo RMS Spain SL (Sant Feliu de Codines, Barcelona, Spain). The animals were accli-
mated for at least 1 week before the initiation of dosing with free access to food and water.
They were kept at 22 + 2 °C in an air-conditioned room on a 12-h light-12-h dark cycle.
Before the experiments, the animals were fasted overnight with water available ad libi-
tum. The experiments were performed in compliance with the Animal Experimentation
Ethics Committee of the University of Barcelona, Spain and were approved by the Gener-
alitat de Catalunya (trial no. CEEA 124/16 and no. 6435, respectively).

2.3. Refined olive oil

Before the experiment, the ROO (used as a vehicle to dissolve OLEA for intragastric
administration) was analyzed by LC-ESI-LTQ-Orbitrap-MS to make sure it was free of
phenolic compounds. The liquid-liquid extraction of phenolic compounds in the ROO
was performed following previously described procedures [22]. The chromatographic
and mass spectrometer conditions were the same as used for the identification of metab-
olites (Section 2.6). After the absence of phenolic compounds was confirmed, the OLEA
was added to obtain a final concentration of 0.3 mg/mL. This concentration was chosen
based on its concentration in commercial EVOO (around 300 mg/kg) and the daily inges-
tion recommended by the European Food Safety Authority of at least 5 mg of hydroxyty-
rosol and its derivatives per 20 g of olive oil [23].

2.4. Dosage information
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The rats were divided into three different groups according to the time of euthanasia: 94
1h(n=4),2h (n=>5)and 4.5 h (n=4). At 0 h, ROO loaded with OLEA was supplied to the 95
rats (2.5 mL/300 g body weight) by intragastric administration. Additionally, a control 96
group of rats was maintained under fasting conditions without olive oil ingestion and 97
then similarly euthanized. The gavage volume was established following a good practice 98
guide for substance administration [24] and was lower than the maximum volume of lipid 99
vehicles per kg of rat body weight that prevents elevated plasma corticosterone levels [25]. 100

The rats were anesthetized with isoflurane (IsoFlo, veterinaria Esteve, Barcelona, 101
Spain) and euthanized by exsanguinations at the aforementioned time points after the 102
ROO ingestion. Blood samples were collected in EDTA tubes, centrifuged to obtain the 103
plasma (3000 x g, 10 min at 4 °C), and stored at —80 °C until analysis. The gastrointestinal 104
tract (including stomach and small intestine), liver, kidney, heart, lungs, spleen, brain, 105
thyroids, and skin were removed from rats at the designated time points. All tissues were 106
washed with saline solution (NaCl 0.9%) and dried with filter paper. In the case of the 107
intestine, the portion removed was 15 cm from 2 cm posterior to the pyloric sphincter, and 108
the intestine was also washed internally by perfusing the isotonic saline solution several 109
times. Rat tissues were accurately weighed and stored at 80 °C until analysis. 110

2.5. Sample pre-treatment for OLEA metabolite analysis 111

For extraction, all samples were slowly thawed in ice. To avoid compound oxidation, 112
the samples were handled in a room with filtered light and kept on ice throughout. The 113
clean-up of the biological matrix (protein precipitation) was performed using a previously 114
developed method [21]. 115

2.5.1. Plasma 116

Plasma samples were centrifuged for 10 min (11000 x g, 4°C). Briefly, 100 pL of each 117
sample was deproteinized with ice-cold ACN acidified with formic acid (2%) ina 1:5 (v/v) 118
ratio. The samples were then homogenized for 1 min and kept at -20 °C for 20 min. After 119
that, samples were centrifuged (11000 x g, 4°C, 10 min) and finally, 100 pL of each organic 120
phase was transferred to vials for analysis. 121

2.5.2. Tissues 122

A small tissue disruptor (T 10 basic ULTRA-TURRAX®, IKA laboratory technology, 123
Staufen Germany) was used to homogenize the tissues in a 1:1 ratio (w/v) with water:ACN 124
(1:1 (v/v) with 0.1% ascorbic acid). The samples were then sonicated for 5 min in an ice 125
bath, shaken for 1 min (Vortex-Genie 2) and centrifuged for 10 min (11000 x g, 4°C). To 126
precipitate the proteins, a volume of 100 uL of the upper layer was blended with cold 127
ACN acidified with formic acid (2%) in a 1:3 (v/v) ratio. After that, the samples were ho- 128
mogenized for 1 min and kept at -20 °C for 20 min. Finally, the samples were centrifuged 129
for 10 min (11000 = g, 4°C) and 100 pL of supernatant was transferred to vials for analysis. 130

2.6. Instruments and analytical conditions 131

The metabolic profile was determined by analyzing the samples with LC-ESI-LTQ- 132
Orbitrap-MS. The equipment was an Accela chromatograph (Thermo Scientific, Hemel 133
Hempstead, UK) with a quaternary pump, a photodiode array detector (PDA) and a ther- 134
mostated autosampler coupled with a LTQ Orbitrap Velos mass spectrometer (Thermo 135
Scientific, Hemel Hempstead, UK) equipped with an ESI source in negative mode. 136

Chromatographic separation was performed using an AcquityTM UPLC® BEH Cis 137
Pre-Column (2.1 x 5 mm, i.d,, 1.7 um particle size) and an AcquityTM UPLC® BEH Cis 138
Column (2.1 x 100 mm, i.d., 1.7 pm particle size) (Waters Corporation®, Ireland) main- 139
tained at 50 °C. The mobile phases consisted of methanol (A) and H:0 (B), both with 0.1% 140
of formic acid. The elution was performed by means of an increasing linear gradient (v/v) 141
of B (t (min), %B), as follows: (0, 100); (2, 100); (6, 46.4); (8, 0); (9, 0); (9.1, 100); (11, 100). The 142
injection volume and the flow rate were set to 5 pL and 0.6 mL/min, respectively. 143
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The instrumental conditions for the LTQ Orbitrap Velos mass spectrometer were the 144
same as reported in our previous study [17]. The identification of OLEA and OH-TY was 145
achieved using their respective commercially available standards. The identification of 146
the other metabolites was based on chromatographic elution time, chemical composition, 147
and MS/MS fragmentation pattern, also as performed previously [17]. 148

For quantification purposes, the calibration curves were prepared with OLEA in 149
plasma and each blank isolated tissue (brain, heart, kidney, liver, lung, small intestine, 150
spleen, stomach, skin, and thyroid) in concentrations of 0.1 to 3 pg/mL. All calibration 151
curves presented R? > 0.97. The concentrations of all OLEA metabolites were calculated 152
using the peak area of the parent molecule and were expressed as nmol OLEA equiva- 153
lents. 154

2.7. Data analysis 155

All statistical analyses were performed with Statgraphics Centurion XVI software 156
(Statpoint Technologies Inc., Warrenton, VA, USA). Data are presented as mean and 157
standard deviation (SD). The assumption of normalization was checked with standard- 158
ized Bias and standardized Kurtosis. Statistical differences in the concentration of metab- 159
olites and OLEA at different post-administration times (1, 2 and 4.5 h) for each compound 160
and tissue were evaluated using a one-way ANOVA, followed by the LSD post-hoc 161

test. Differences were considered statistically significant at p < 0.05. 162
3. Results 163
3.1. Pre-systemic metabolism 164

The concentrations of OLEA and its derivatives in the stomach, small intestine and 165
liver expressed as nmol/g tissue are presented in Table 1. The highest concentration (Cmax) 166
of OLEA in the stomach (8.73 + 0.29 nmol/g tissue) was found at 1 h after acute ingestion 167
of ROO, and it had significantly decreased by 16% at 2 h and by 34% at 4.5 h (p < 0.05). 168
One explanation for this reduction is gastric emptying, as OLEA was observed in the small 169
intestine at 1 h post-ingestion. Another possible cause is the acidic environment of the 170
stomach and/or the presence of nonlipolytic carboxylester hydrolases, which can contrib- 171
ute to a hydrolysis of OLEA, resulting in OH-TY and elenolic acid (EA) [26]. Contradictory 172
results about the gastric stability of OLEA have been reported. In a recent in vivo study 173
with rats by Pinto et al. [18], OLEA was found to undergo a complete degradation in the 174
gastric region, and only a partial hydrolysis after incubation at pH 2.0 (releasing OH-TY), 175
with about 67% of OLEA remaining after 4 h. A partial hydrolysis was also observed in 176
our study, as the amount of OLEA reaching the small intestine was lower than in the 177
stomach at the same time point (Table 1). The Cmax of OLEA in the small intestine was 178
reached after 1 h of ROO intake, decreasing successively thereafter (by 25% and 77% at2 179
h and 4.5 h, respectively) (p < 0.05). This reduction is mainly attributable to its good per- 180
meability through the intestinal epithelium, as reported recently [17], and transport to the 181
liver (where notably OLEA was detected only at 1 h post-ingestion). The low concentra- 182
tion of OLEA in the liver vs. the small intestine is explained by the partial intestinal me- 183
tabolism of OLEA during the absorption [17]. 184

The metabolites OH-TY and EA released in the stomach were transported to the small 185
intestine, where they were absorbed, similar amounts being found in the liver. Both com- 186
pounds are weak basic organic aromatic molecules with very low molecular weights (<250 187
g/mol) and moderate lipophilicity (logP ~ 0.9), which favors their absorption through pas- 188
sive mechanisms [26,27]; their detection in plasma confirmed their absorption (Table 2). 189
Current data suggest OH-TY is the only biologically active derivative of OLEA [28,29], so 190
the detection of free OH-TY in the liver is noteworthy, pointing to its potential application 191
in the prevention of certain hepatic and renal diseases. Our results are in line with other 192
studies that demonstrate that OH-TY can reach target tissues [27]. 193
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As shown in Table 1, the metabolite arising from the hydrogenation of OLEA (OLEA 194
+ H») was detected in the stomach and small intestine, with the Cmax in both tissues at2h 195
(p < 0.05). In previous studies, this metabolite was not identified in the stomach, small 19
intestine or liver [19,20], although it has been detected in human urine [30] and rat plasma 197
[17]. The hydrogenation of an aldehyde could be attributed to aldo-keto reductases 198
(AKRs) that primarily reduce aldehydes and ketones to primary and secondary alcohols, 199
respectively [31]. In our study, the absence of the hydrogenated metabolite in the liver 200
could be attributed to other biotransformations once it reaches this tissue, such as glucu- 201
ronidation. It is well known that conjugation reactions lead to the formation of a covalent 202
bond joining a functional group in the parent compound or phase I metabolite [32]. 203

The metabolite OLEA + H20 was detected in the stomach, small intestine, and liver 204
samples. The Cmax in the two first tissues was reached at 1 h, and in the liver at2h (p < 205
0.05), reflecting the time required for absorption and transport. These results support 206
those described by Garcia-Villalba et al. (2010) [30] and Lopez Yerena et al. (2021) [17], 207
who identified this metabolite in human urine and rat plasma, respectively. However, in 208
other studies of secoiridoid metabolism, this metabolite has not been quantified [18— 209
20,33]. 210

Regarding OLEA derivatives arising from conjugation reactions, a methylated me- 211
tabolite (OLEA + CHs) was detected in the stomach, small intestine, and the liver, with 212
higher concentrations in the latter two organs. In the liver, it was the metabolite with the 213
highest concentration. The catechol-O-methyltransferase (COMT) enzymes, most active 214
in the liver and kidneys, but also in the pylorus of the stomach and in the small intestine 215
[34], are responsible for the methylation of available OLEA. Glycoconjugated metabolites, 216
on the other hand, require the activity of uridine-disphosphate glucuronosyl transferases 217
(UGT). Although these enzymes are present in the stomach [35] and UGT1A8 and 218
UGT1A10 are exclusively expressed in the small intestine [36], the liver is the main site of 219
glucuronidation [35], which could explain why we found metabolites with a glucuronide 220
acid only in the liver and not in the stomach and small intestine. Regarding metabolites 221
not derived from hydrolysis reactions, their concentrations were very low (or even absent) 222
in the stomach and increased in the intestine and liver, in accordance with the higher qual- 223
itative and quantitative enzyme endowment of these organs. These metabolites were also 224
detected in the intestinal lumen and ileal tissue by Lopez-Yerena [17]. The fact that we did =~ 225
not find the metabolites OLEA+ H20 + CHs, OLEA + Hz + glucu and OLEA + H2O+ CHs + 226
glucu in the small intestine (Table 1), yet they were detected in the aforementioned study 227
(at very low concentrations), can be mainly attributed to methodological differences (in 228
situ vs. oral administration). 229

Table 1. Concentration of OLEA and phase I and phase II metabolites in the stomach, small intes- 230

tine, and liver, expressed as nmol OLEA equivalents/g tissue. Results are shown as the mean + 231
standard deviation. 232
Metabolite Time (h) Stomach Small Intestine Liver
1 8.73+0.290  224+0.14 0.28 £0.02
OLEA 2 7.39+0.25>  1.69 + (.25 n.d.
45 5.77+0.54c  0.51+0.10¢ n.d.
1 13.37+1.272 4.71+0.322 3.34 £ 0.08>
OH-TY 2 7.81+0.69°  3.79 +0.29v 3.83£0.212
4.5 5.23+0.37 2.70£0.21¢ 2.51 £0.07¢
1 753+0.56> 1.81+0.052 1.07 = 0.06>
EA 2 4.07£0.36> 0.67 + 0.08> 1.34 +£0.082
4.5 1.81+0.13¢ 0.16 = 0.02¢ 0.76 + 0.02¢
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1 1.34+0.01= 531+0.48 n.d.
OLEA + H: 2 0.82+0.01>  3.01 +0.35" n.d.
45 0.81+0.01> 2.16+0.10¢ n.d.
1 1.90+0.18 1.29+0.142 0.33 £0.020
OLEA + H:0 2 1.66+0.122  0.96 + 0.06> 0.77 +0.01»
4.5 0.80£0.03>  0.53 +0.01¢ 0.26 £ 0.04¢
1 046 +0.05>  3.69+0.192 3.88 +0.45>
OLEA + CHs 2 041+0.01=  2.99+0.46° 5.79 + 0.362
4.5 026 £0.00°  2.26+0.22¢ 1.90 + 0.24¢
1 n.d. n.d. 1.37 £0.120
OLEA + H20 + CHs 2 nd. n.d. 1.78 +0.072
4.5 n.d. n.d. 1.10 £ 0.07¢
1 n.d. n.d. 0.77 £ 0.05>
OLEA + Hz + glucu 2 n.d. n.d. 1.18 £ 0.062
4.5 n.d. n.d. 0.46 + 0.05¢
1 nd. n.d. 0.38 £0.03>
OLEA+H20 + CHs + glucu 2 n.d. n.d. 0.69 +0.042
4.5 n.d. n.d. 0.26 £ 0.01¢
Different letters in each metabolite and tissue indicate significant differences in concentration be- 233
tween 1, 2 and 4.5 h (p <0.05). n.d. not detected 234
3.2. Plasma 235

Table 2 shows the concentration of OLEA and its phase I and Il metabolites detected 236
in rat plasma after the intragastric administration of OLEA in ROO. As can be observed, 237
OLEA reached the systemic circulation unchanged, being found in the plasma at all three 238
sampling times. The highest concentration was at 1 h post-ROO intake (1.37 + 0.20 239
nmol/mL), and some remained at 4.5 h (0.67 + 0.10 nmol/mL). Our results are in accord- 240
ance with those of Silva et al., [33] who identified unmetabolized OLEA in human plasma 241
after EVOO intake. Recently, OLEA was also detected in mesenteric rat plasma after in 242
situ perfusion of the small intestine [17]; this method avoided the pass through the stom- 243
ach where hydrolysis can potentially take place, but the OLEA would still have to pass 244
through the liver to reach the systemic circulation. In contrast with the present results, 245
OLEA was not identified in human plasma after olive oil intake [30], or in rat plasma after 246
the administration of a phenolic extract from olive cake [20] or a diet supplemented with 247
OLEA [19]. The presence of OLEA in plasma at all sample times, unlike in the liver, where 248
it was only detected at 1 h, could be due to an in situ deconjugation in red blood cells, as 249
suggested for sulphates and glucuronidates of OH-TY [37]. 250

The metabolites circulating in plasma at the highest concentrations were methylated 251
OLEA (OLEA+ CHs) and OH-TY. The Cmax of methylated OLEA was highest at 2 h post- 252
ingestion of ROO (3.50 + 0.18 ng/mL), representing 25% of the total metabolites identified 253
at this time point (p < 0.05). The second most abundant, OH-TY, represented 20, 22% and 254
17% of the total metabolites at 1, 2 and 4.5 h, respectively. Our results are similar to those 255
of Serra et al. (2012) [20], who linked the high percentage of total phenyl alcohol metabo- 256
lites (e.g.,, OH-TY and tyrosol) in plasma with the high content of OLEA in the adminis- 257
tered olive cake extract, which acted as a source of OH-TY. The detection of free OH-TY 258
in plasma may shed light on the health benefits of the phenolic content of EVOO. Interest 259
in OH-TY has grown since 2012, when the European Food Safety Agency (EFSA) Panel on 260
Dietetic Products, Nutrition, and Allergies (NDA) established a cause-and-effect 261
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relationship between the consumption of olive oil polyphenols and protection of LDL par- 262
ticles from oxidative damage [28]. Based on this scientific opinion, “Olive oil polyphenols 263
contribute to the protection of blood lipids from oxidative stress” was included in the list 264
of authorized health claims in the European Union [29], being the only relating polyphe- 265
nols with health. 266

Other metabolites arising from phase I (EA, OLEA + H2 and OLEA + H20) and phase 267
II reactions (OLEA + H20 + CHs, OLEA + Hz + glucu, OLEA + H2O + glucu, OLEA + H20 268
+ CHs + glucu) were also detected in plasma samples. For all metabolites, the Cmax was 269
reached at 2 h after ROO consumption. In another study, OLEA + H20 + CHs + glucu was 270

also identified in human plasma [33]. 271
Table 2. Mean concentration of OLEA and its phase I and phase II metabolites + standard devia- 272
tion in plasma. Results are expressed as nmol OLEA equivalents/g tissue. 273
Time (h)
Metabolites (nmol/mL)
1 2 45

OLEA 1.37 £0.202 0.65£0.07° 0.67 +0.10®

OH-TY 2.11+0.10° 3.02 +0.16 1.62+0.14¢

EA 0.43 +0.03> 0.76 + 0.042 0.16 + 0.02¢

OLEA + H: 0.87 +0.02" 1.08 +0.022 0.87 +0.02°

OLEA + H20 0.91 +0.03> 1.14 +0.022 0.84 + 0.02¢

OLEA + CHs 2.52+0.24> 3.50 +£0.18° 2.80 +0.220

OLEA + H20 + CHs 1.04 £0.01» 1.35+0.05 0.91 £ 0.02¢

OLEA + Hz + glucu 0.88 +0.04> 1.10 + 0.04 0.71 + 0.02¢

OLEA + H20 + glucu 1.26 +0.03> 1.44 +0.042 1.03 + 0.03¢

OLEA + H20 + CHs + glucu 0.57 +0.01> 0.65+0.01= 0.50 = 0.01>
Different letters in each metabolite and tissue indicate significant differences in concentration be- 274
tween 1,2 and 4.5 h (p <0.05). 275
3.3. Accumulation and distribution of OLEA derivatives in rat tissues 276

To date, only two studies have focused on the metabolism and distribution of se- 277
coiridoids, including OLEA, in target tissues of rats [19,20]. The vehicles they used to ad- 278
minister the phenolic compounds (pellets containing a secoiridoid extract and a phenolic 279
extract from olive cake dispersed in water, respectively) could be seen as a drawback 280
when attempting to elucidate the health effects of EVOO. In our study, ROO was chosen 281
as the vehicle to better simulate the conditions of EVOO consumption. In addition, the 282
metabolite profile was determined by UPLC coupled with high-resolution mass spectrom- 283
etry (HRMS), using Orbitrap technology to overcome the limitations of the low-resolution 284
MS techniques (triple quadrupole) of the two previous studies [19,20,38]. The main results 285
are shown in Table 3. 286

3.3.1. Heart 287

The heart was the only organ where unmetabolized OLEA was detected without sig- 288
nificant differences in concentration between the time points (p > 0.05) (0.44 + 0.07, 0.45+ 289
0.04 and 0.44 + 0.06 nmol/g tissue, at 1, 2 and 4.5 h, respectively). The effect of OLEA on 290
the progression of different types of cardiovascular diseases has been studied in vitro. 291
These include biological effects such as the ability to regulate low-density lipoprotein 292
(LDL) oxidation and myeloperoxidase (MPO) activity, to reduce the expression of adhe- 293
sion molecules through angiotensin I production, and to confer protection to erythrocytes 294
from oxidative hemolysis [5-9]. Although the concentrations detected in the heart (£ 0.5 295
nmol/g tissue) were very low compared with the results of in vitro studies (50 and 100 296
mM [6] and 10-20 mM [7]), this is the first demonstration that OLEA is able to reach the 297
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heart, where it may exert a beneficial effect. However, more studies are necessary to de- 298
termine if the concentration detected in our study would be sufficient for OLEA to playa 299
preventive and curative role against cardiovascular injury. In addition to OLEA, seven 300
metabolites were also detected (Table 3). 301

3.3.2. Spleen, lungs and thyroids 302

Seven metabolites in the spleen and lungs and six in thyroids were detected (Table 303
3), all with a Cmaxat 2 h after ROO ingestion. The activity of metabolizing enzymes in the 304
endothelial cells of lungs [39,40] and their expression in macrophages and lymphocytes 305
in the white pulp region of the spleen [20] could explain the presence of these metabolites 306
in these tissues. 307

3.3.3. Brain 308

The main metabolites found in the brain were from phase Il reactions. The only phase 309
1 metabolite quantified was the hydrated form of OLEA vs five conjugated metabolites 310
detected in greater number and concentration. After 1 h of ROO ingestion, the main me- 311
tabolites identified were OLEA + CH3, OLEA + H: + glucu, and OLEA + H20O + glucu. 312
Neurodegenerative diseases normally begin in the elderly, caused by a significant accu- 313
mulation of reactive oxygen species in the brain due to unknown causes. In neurodegen- 314
eration, mitochondrial dysfunction, neuroinflammation, and in some pathologies, protein 315
aggregation and neuronal death culminate in brain dysfunction [41]. Recently, Gutiérrez- 316
Miranda et al. [42] suggested that OLEA may provide protective effects against autoim- 317
mune encephalomyelitis by reducing leukocyte infiltration into the central nervous sys- 318
tem, preventing the formation of inflammatory mediators, and inhibiting the elevation of 319
the oxidative stress status. According to the results of our study, in which free OLEA was 320
not detected in the brain, more research is needed to determine the bioactivity of the main 321
metabolites at the physiological concentrations achieved after regular consumption of 322
EVOQO, or the potential intracellular deconjugation of the metabolites in the target tissue. 323

3.3.4. Kidneys 324

As shown in Table 3, only conjugated metabolites were detected in the kidneys, 325
which is the only organ where the highest concentration of metabolites was found at 4.5 326
h post-ROO consumption (p <0.05). As kidneys are an elimination organ, hydrophilic me- 327
tabolites are likely to accumulate there for excretion. At 4.5h, the main metabolite identi- 328
fied was OLEA + Hz20 + glucu, with a Cmax of 0.91 + 0.05 nmol/g tissue. The wide range of 329
metabolites detected indicates that renal excretion is a major pathway of OLEA metabolite 330
elimination in rats. The presence of metabolites in the kidneys could also be attributed to 331
the activity of metabolic enzymes (CYP and UGT). By regulating renal drug and chemical 332
metabolic clearance, they modulate intra-renal exposure to compounds as well as the ac- 333
tivity of physiological mediators [43]. In 2010, Garcia-Villalba et al. [30] identified the same 334
metabolites in human urine 2 h after the intake of olive oil. 335

3.3.5. Skin 336

The skin is the least studied tissue in distribution studies after a phenolic compound 337
ingestion. In a recent study of oleocanthal distribution, four metabolites were detected in 338
the skin [21], whereas we identified only OLEA + CHa. The concentration of this metabo- 339
lite increased over time: 0.09 + 0.01, 0.15 £+ 0.02 and 0.25 + 0.02 nmol/g tissue at 1, 2 and 4.5 340
h, respectively, achieving a Cmax at 4.5 h post-ingestion (results not included in the table). 341
The skin is a relatively poorly perfused tissue compared to well-perfused tissues like the 342
lungs, heart and thyroid gland, so it absorbs compounds less rapidly [44]. Despite the 343
detection of only one metabolite in the skin, this finding may help to shed new light on 344
the mechanisms underlying EVOO phenolic compound activity in the body, specifically 345
in the area of skin disorder prevention. 346

347
348
349
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Table 3. Mean + standard deviation of tissue concentration of metabolites, expressed as nmol OLEA equivalents/g tissue, following

the acute intake of OLEA (0.3 mg/mL) in ROO.

Compounds Time (h) Heart Spleen Thyroids Lungs Brain Kidney

1 0.44 £ 0.072 n.d. n.d. n.d. n.d. n.d.
OLEA 2 0.45 +0.04 n.d. n.d. n.d. n.d. n.d.

4.5 0.44 + 0.06 n.d. n.d. n.d. n.d. n.d.

1 0.17+0.02> 0.30+0.05c 0.10+0.01¢ 0.49 +0.04¢ n.d. n.d.
OLEA + H: 2 0.30+0.04> 0.54+0.03* 024+0.01* 0.70+0.05* n.d. n.d.

4.5 0.18+0.01> 0.34+0.02> 0.12+0.01> 0.52+0.01" n.d. n.d.

1 0.07+0.01> 0.42+0.03> 0.12+0.02> 0.49+0.02> 0.13+0.03° n.d.
OLEA +H:0 2 0.17+0.022 0.61+0.07> 0.24+0.022 1.02+0.122 0.22+0.022 n.d.

4.5 0.07+0.01°> 0.42+0.02> 0.13+0.03> 042+0.05 0.10+0.01° n.d.

1 0.20+0.02> 0.31+0.03> 0.21+0.02> 0.35+0.03> 0.32+0.03> 0.17+0.01°
OLEA + CHas 2 0.36+0.03* 0.39+0.04+ 0.31+0.022 0.45+0.04> 0.52+0.042 0.20+0.02>

4.5 025+0.03> 0.27+0.03> 024+0.01> 0314002 030+0.03" 0.34+0.04°

1 0.11+0.01> 0.18+0.03c 0.14+0.01> 0.62+0.06> 0.17+0.02°> 0.13+0.02¢
OLEA +H0+CHs 2 0.18£0.03= 0.68+0.03« 0.22+0.03= 0.84+0.04= 035+0.022 0.23+0.03°

4.5 0.08+0.01c¢ 0.44+0.04> 0.09+0.09c 048+0.04c 0.15+0.02°> 0.43+0.06*

1 0.13+0.02* 0.08+0.01> 0.17+0.02*> 0.24+0.01> 0.28+0.03> 0.10+0.02¢
OLEA + Ha+ glucu 2 0.20+0.01= 0.18+0.01= 0.28+0.01» 0.37+0.01= 0.40+0.03* 0.35+0.13"

4.5 0.11+0.01> 0.08+0.01> 0.07+0.01¢  0.11£0.02< 0.09+0.02¢ 0.64 +0.03

1 0.42+0.07> 0.30+£0.03> 021+0.02% 032+0.02> 0.28+0.03> 0.20+0.03°
OLEA + H:O+ glucu 2 043+0.06° 043+0.03* 035+0.05° 045+003 041+0.03* 0.25+0.04°

4.5 0.17+0.02> 0.13+0.02<  0.01+0.02¢ 0.15+0.02< 0.10+0.02< 0.91 + 0.05°

1 0.05+0.00¢ 0.11+0.02> n.d. 0.06 £0.01>  0.04+0.00> 0.05+0.00¢
OLEA + H:O 2 0.20+0.01° 0.42+0.042 n.d. 0.10+0.02= 0.08 +0.01= 0.14 +0.02°

+CHs+ glucu i
4.5 0.13+0.01> 0.05+ 0.00¢ n.d. 0.04 +0.01* 0.05+0.01> 0.40+0.022

Different letters in each metabolite and tissue indicate significant differences in concentration between 1, 2 and 4.5 h (p <0.05). n.d.

not detected

4, Conclusions

In this work, the distribution of OLEA and derived metabolites in rat plasma and ten
organs/tissues was investigated using an LC-ESI-LTQ-Orbitrap-MS system. After a single
oral administration of refined olive oil (by gastric gavage), OLEA was found to be hydro-
lyzed in the stomach. Unmetabolized 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.

Also noteworthy are the high levels of OH-TY and OLEA + CHs found in the small
intestine, liver, and plasma, and the detection of nine OLEA metabolites, five of them aris-
ing from phase II reactions. The liver, heart, spleen, and lungs were the target tissues
where the metabolites were most detected. 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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S. 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 ®! 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 ['7*|, 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

93941 Regarding to technological factors,

determining factors in the composition of the olive fruit [
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 [°>°. The crushing is a determinant factor in the release and activation of
endogenous enzymes (B-glycosidases and oxidoreductases) and the malaxation in the modulation
of the enzymatic activity 281, 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 [/,

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 31,
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

631001 T provide a new perspective for understanding the mechanism through

plasma and urine [
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 + CH3z and OLC + H,O +
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

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 (P.r), low apparent permeability coefficient (Payp) 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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6. CONCLUSIONS

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.

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.

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.

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.
2.

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

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 Il reactions were
OLC + OH + CH; and OLC + H>0O + glucu, suggesting that these metabolites are likely
to significantly contribute to the beneficial health effects associated with the regular
consumption of olive products.

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.

The liver, heart, spleen, and lungs were the target tissues for OLEA metabolites because
were the organs with the highest levels.

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.
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