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Abstract

Hydroxytyrosol and tyrosol are dietary phenolic compounds present in virgin olive oil and
wine. Both compounds are also endogenously synthesized in our body as byproducts of dopamine
and tyramine metabolisms, respectively. Over the last decades, research into hydroxytyrosol and
tyrosol has experienced an increasing interest due to the role that these compounds may play in the
prevention of certain pathologies (e.g. cardiovascular, metabolic, neurodegenerative diseases, and
cancer). The translation of promising in vitro and in vivo biological effects from preclinical studies to
the context of human disease prevention initially depends on whether the dose ingested becomes
available at the site of action. In this regard, information regarding the bioavailability and metabolic
disposition of hydroxytyrosol and tyrosol is of most importance to evaluate the impact they may
have on human health. In this review, we discuss and summarize the state of the art of the scientific
evidence regarding the processes of absorption, distribution, metabolism, and excretion of both
hydroxytyrosol and tyrosol. We also examine the impact of these compounds and their metabolites
on biological activity in terms of beneficial health effects. Finally, we evaluate the different analytical
approaches that have been developed to measure the plasma and urinary levels of hydroxytyrosol,

tyrosol and their metabolites.
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Introduction

Hydroxytyrosol [2-(3,4-dihydroxyphenyl)ethanol, HT] and tyrosol [2-(4-
hydroxyphenyl)ethanol, Tyr] (Figure 1) are simple phenolic compounds of natural origin that are also
synthesized in our body. In nature, they play a defensive role against pathogens and herbivores
(Ortega-Garcia and Peragon, 2010). The main dietary sources of HT and Tyr are olive oil (Bayram et
al., 2013; Servili et al., 2014) and wine (Pifieiro et al., 2011), while Tyr can be additionally found in

other alcoholic beverages such as beer (Almeida et al., 2006) and vermouth (Chen et al., 2014).

As phenolic compounds HT and Tyr are expected to have strong antioxidant activities
(Carrasco-Pancorbo et al., 2005) due to the potent redox properties of the phenolic hydroxyl groups
and the structural relationships in the chemical configuration of the molecules (Cheng et al., 2002).
Their biological activities in vivo, however, are mediated by mechanisms other than scavenging free
radicals (Forman et al., 2014).

Extra-virgin olive oil, the main dietary source of HT, has been shown to be cardioprotective in
humans by: (1) increasing HDL-cholesterol; (2) reducing oxidative damage to lipids; (3) decreasing
inflammation; (4) improving endothelial function; and (5) decreasing systolic blood pressure (Covas
et al., 2015). The Mediterranean Diet, including extra-virgin olive oil, has been reported to prevent
primary cardiovascular events (Estruch et al., 2013) and should be recommended to subjects at high
risk for cardiovascular disease (Chiva-Blanch et al., 2014). In addition, moderate alcohol
consumption, especially beverages rich in polyphenols such as wine, seems to confer cardiovascular
protective effects not only in individuals at risk of cardiovascular disease, but also in healthy subjects
(Chiva-Blanch et al., 2013).

In both olive oil and wine there has been debate concerning which components of these
foods should be credited with health benefits. While some authors consider that the benefits are
provided essentially by the fatty acid composition of olive oil (particularly oleic acid) and ethanol as a

principal active ingredient in wine (Sharp, 2003; Vissers et al., 2004), others believe that the

4

URL: http:/mc.manuscriptcentral.com/ldmr



©CoO~NOUTA,WNPE

Drug Metabolism Reviews

contribution of polyphenols is essential. A turning point in this controversy was the EUROLIVE clinical
trial. It showed for the first time the importance of olive oil polyphenols with respect to health
effects, particularly in protecting LDL oxidation, a hallmark in atherosclerosis progression (Covas et
al., 2006b). On the basis of this clinical study, in November 2011, the European Food Safety Authority
(EFSA) released a claim concerning the benefits of the daily ingestion of an olive oil rich in phenolic
compounds, such as virgin olive oil. The EFSA Panel considered that, in order to bear the claim, 5 mg
of HT and its derivatives (e.g. oleuropein and Tyr) in olive oil should be consumed daily. These
quantities, if provided by moderate amounts of olive oil, can be easily reached within the context of
a balanced diet (EFSA, 2011). The final conclusion has been that all the components (fatty acids,
ethanol, and phenolic compounds) are essential to understand the health benefits provided by these
foods.

HT and Tyr have been associated with other health claims concerning beneficial effects in
metabolic syndrome, cancer, and neurodegenerative diseases, although well designed and powered
clinical trials are required to substantiate them (Granados-Principal et al., 2010; Visioli and
Bernardini, 2011; Bernini et al., 2013; Bulotta et al., 2014; Rodriguez-Moraté et al., 2015).

It is noteworthy that the effect of any dietary compound is influenced by the active
bioavailable dose rather than the ingested one (Holst and Williamson, 2008). The present review will

focus on the bioavailability of HT and Tyr with a particular emphasis on their metabolic disposition.

Dietary sources of hydroxytyrosol and tyrosol

As stated earlier, olive oil and wine are the major dietary sources of HT and Tyr. In the case of
olive oil, its major components are fatty acids, of which the monounsaturated oleic acid represents
from 55 to 83% of the total fatty acids, polyunsaturated fatty acids from 4 to 20%, and saturated
fatty acids from 8 to 14%. The minor components constitute from 1 to 2% of the total content of an
olive oil. They are grouped into two types: (1) the unsaponifiable fraction which can be extracted

with solvents after the saponification of the olive oil and contains squalene and other triterpenes,
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sterols, tocopherols, and pigments; and (2) the soluble fraction which includes the phenolic acids,
phenolic alcohols, flavonoids, and the glycosides, secoiridoids and the hydrolytic derivatives,
anthocyanins, and hydroxycinnamic acid derivatives, which are the most studied and best-known

components in terms of their health benefits (Covas et al., 2006c).

Olea europaea is rich in several phenol-conjugated oleosidic secoiridoids and oleosides
present in olives and olive oil. Both HT and Tyr exist in the form of glycosides (known as HT-4-3-D-
glucoside and salidroside) and secoiridoids. Secoiridoids are characterized by the presence of elenolic
acid (in its glycosidic or aglyconic form) linked to HT and Tyr. In the olive, secoiridoids are generally
bound to glucose (known as oleuropein and ligstroside), during the process of crushing and
malaxation, however, f-glucosidases catalyze the deglycosylation that gives rise to their
corresponding aglycones (Bendini et al., 2007). Oleuropein and ligstroside aglycones can be further
hydrolyzed in the gut thus producing elenolic acid and the simple phenols HT and Tyr (Obied et al.,
2008). The esters of HT and Tyr with deacetoxy elenolic acid are also biologically active compounds

known as oleacin and oleocanthal, respectively (Karkoula et al., 2012)(Figure 2).

A number of factors including variety, olive fruit maturity, olive oil processing, and even
agronomic factors determine the final amount of phenolic compounds in virgin olive oil, typically
ranging between 100 and 600 mg/kg. About half of this amount corresponds to HT and its derivatives

(Tripoli et al., 2005).

Wine is another source of HT in our diet (Di Tommaso et al., 1998; Fernandez-Mar et al.,
2012). Tyr and HT could be considered as secondary metabolites from the tyrosine formed by yeasts
during alcoholic fermentation. Furthermore, the synthesis of Tyr has been described as being directly
proportional to the quantity of amino acids present in the must (Bordiga et al., 2016). Concentrations
described in red wines (the mean of 30 Spanish wines) are 1 mg/L (0-5 mg/L) for HT and 31 mg/L (20—

40 mg/L) for Tyr (Pifieiro et al., 2011).
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In addition to these dietary sources, HT can be found in plants in the following secoiridoids:
(1) verbascoside (a caffeoyl phenylethanoid glycoside that is an ester formed with the
phenylethanoid HT, the phenylpropanoid caffeic acid and the sugar alpha-L-rhamnopyranosyl-(1->3)-
S-D-glucopyranose), (2) echinacoside (a caffeic acid glycoside from the phenylpropanoid class,
constituted from a trisaccharide consisting of two glucose and one rhamnose moiety glycosidically
linked to one caffeic acid and one HT residue at the centrally situated rhamnose), and (3) in several
forsythosides (caffeoyl phenylethanoid glycosides found in extracts of Forsythia suspensa, a

medicinal herb well belonging to the Oleacea family).

Endogenous sources of hydroxytyrosol and tyrosol

Endogenous formation of HT: Dopamine oxidative metabolism and its interaction with ethanol

Dopamine is initially metabolized by monoaminooxidase B (MAO-B) which gives rise to the
aldehyde metabolite 3,4-dihydroxyphenylacetaldehyde (DOPAL). DOPAL is further oxidized by
mitochondrial aldehyde dehydrogenase (ALDH) to the acid metabolite 3,4-dihydroxyphenylacetic
acid (DOPAC), which is the major metabolite of dopamine in biological matrices (oxidative pathway).
A minor metabolic pathway in dopamine metabolism is the reduction of DOPAL by aldose/aldehyde
reductases to 3,4-dihydroxyphenylethanol (DOPET), also known as HT (Hashimoto et al., 2004)
(Figure 3). DOPET is, therefore, simultaneously a dopamine metabolite and a dietary phenol with
antioxidant properties. MOPET (4-hydroxy-3-methoxyphenylethanol or HVAIlc) is the methylated
metabolite of HT (also present in olive oil), while homovanillic acid (HVA) is the main metabolite of
DOPAC. HT and HVAIc are present physiologically in low concentrations in biological matrices while
DOPAC and HVA are more abundant, and the latter is a typical biomarker of dopamine turnover in

clinical chemistry (Figure 3).
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On the other hand, ethanol ingested at moderate doses is metabolized to acetaldehyde by
hepatic oxidative metabolism in a reaction regulated by the low K., alcohol dehydrogenase (ADH). In
turn, acetaldehyde is converted to acetic acid (acetate) by acetaldehyde dehydrogenase (ALDH). Both
oxidation reactions are responsible for reduced nicotinamide adenine dinucleotide production

(NADH) (Vasdev et al., 2006).

Studies in animals showed an increase of DOPET formation due to the presence of ethanol
(Davis and Walsh, 1970; Davis et al., 1970). Furthermore, in another study with rat liver slices (Tank
and Weiner, 1979), the addition of ethanol changed the ratio DOPAC/DOPET from 10 to 0.25,
suggesting a shift in dopamine oxidative metabolism. The reductive environment created during
alcohol metabolism was thought to be responsible for the change in the aldehyde (DOPAL)
metabolism enhancing the formation of the alcohol derivative (DOPET or HT) instead of the acid one
(DOPAC) (Tank and Weiner, 1979). A shift similar to that previously described was reported for
serotonin, where the alcohol metabolite 5-hydroxytryptophol was preferably produced after ethanol

intake instead of the 5-hydroxyindolacetic acid (Davis et al., 1967).

Endogenous formation of Tyr: Tyramine oxidative metabolism and its interaction with ethanol

Tyramine (4-hydroxyphenylethylamine) is a monoamine compound derived from the
decarboxylation of the amino acid tyrosine through tyrosine decarboxylase. In a similar way to other
biogenic amines, tyramine is deaminated by MAO forming an aldehyde intermediate which can be
either oxidized by aldehyde dehydrogenase (generating 4-hydroxyphenylacetic acid) or reduced by

alcohol dehydrogenase (generating tyrosol) (Figure 4) (Panova et al., 1997).

Tyr formation from tyramine after ethanol administration was initially proposed by Tacker in
rats (Tacker et al., 1970). The animals were administered intraperitoneally with ethanol (2 g/kg)
followed by a labelled tyramine (tyramine-1-"*C) dose. The control group received intraperitoneal
tyramine but no ethanol. Urine was collected for up to 96 h following administration for metabolite
quantification, and results showed a 20-fold increase in tyrosol-**C after ethanol administration. In a
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similar way to that which occurs in dopamine metabolism, ethanol increases the subsequent
reduction of the previous aldehyde to the corresponding alcohol (4-hydroxyphenylethanol or Tyr)
and decreases its oxidation to the corresponding acid (4-hydroxyphenylacetic acid or 4-HPAA). An
increase in NADH/NAD ratio during ethanol metabolism, and a competitive inhibition of ALDH by
acetaldehyde, have been proposed as possible mechanisms for the observed shift in tyramine

oxidative metabolism (Tacker et al., 1970).

Human studies on the endogenous formation of hydroxytyrosol and its interaction with ethanol

intake

Within the context of bioavailability studies concerning phenolic compounds from wine and
grape products, the urinary pharmacokinetics of HT in volunteers that had ingested red wine was
compared to that after virgin olive oil ingestion. It was found that despite the 5 times higher dose of
HT in olive oil (1.7 mg for olive oil/in 25 mL vs. 0.35 mg for red wine/in 150 mL) urinary recoveries of
HT were higher after red wine administration. Moreover, these recoveries could not be explained by
the dose of administered red wine, as they were 200% times greater than expected. At the time, it
was hypothesized that an interaction between ethanol and dopamine metabolism could explain the

increase in HT levels (de la Torre R, 2006).

Furthermore, in an intervention trial intended to demonstrate the effects of a
Mediterranean-style diet on the primary prevention of cardiovascular disease, it was observed that
baseline HT urinary concentrations correlated not only with wine intake, but also with self-reported
ethanol consumption. This observation was obtained in a subsample of 1009 subjects from the

PREDIMED study (Schroder et al., 2009).

In vivo evidence of HT endogenous formation after ethanol intake in humans was obtained in

a double-blind, randomized, crossover, and controlled clinical trial designed to establish the
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contribution of the dose of ethanol on HT formation (DOPET-1 study). 24 healthy male volunteers
were distributed in three different cohorts and each one received two doses of ethanol or placebo.
Six different doses of ethanol (6, 12, 18, 24, 30, and 42 g) were tested and urinary excretion of HT
(from 0 to 6 hours after administration) was measured. HT excretion increased in relation to the
administered dose of ethanol. On average, each gram of ethanol augmented the log-HT by 0.026
units (95%-Cl: [0.02, 0.04]; p<0.001). HT was excreted in urine mainly as sulfate. The excretion of the
sulfated and the methylated (HVAIc) metabolites of HT also rose with the ethanol administered
dose, although this relationship was not found with HT glucuronides. The amount of free HT excreted
in urine was very low and apparently unrelated to ethanol dose. Moreover, in the same study, a
reduction in the ratio DOPAC/DOPET from placebo to the highest dose (42 g of ethanol) was
observed (from 14 to 3.6), compatible with the occurrence of the shift in the dopamine oxidative

metabolism to preferentially produce HT instead of DOPAC (Pérez-Mania et al., 2015a).

A second study (Pérez-Mafia et al., 2015b) (DOPET-2) was conducted to assess the capacity of
wine, wine polyphenols, and alcohol to promote endogenous HT generation in humans. It was a
crossover, double-blind, randomized, and controlled clinical trial where red wine and vodka (15 g of
ethanol dose in both cases), dealcoholized red wine (DW), and placebo (water) were administered to
28 healthy male volunteers. Urinary HT excretion was measured for a period of O to 6h after
administration. Results showed that HT recovery after wine and DW was 420% and 161% the amount
ingested, respectively, indicating HT endogenous generation also after wine intake. The highest HT
excretion was observed after wine in comparison with the other beverages. In turn, excretion after
DW was higher than vodka and placebo, and that of vodka higher than placebo. As in the previous
study with ethanol (Pérez-Mafia et al.,, 2015a), HT was mainly excreted as sulfate after all the
beverages, while glucuronide and free form excretion was minor. HVA excretion was higher in
ethanol-free wine in comparison with wine, and the same happened for DOPAC although the
difference did not reach statistical significance. Additionally, the DOPAC/DOPET ratios after vodka
and wine administration, were 2.5-fold and 12.7-fold lesser, respectively, than after placebo. The
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results of this second trial were also compatible with the DOPET promoting formation of the ethanol

containing beverages.

Human studies on endogenous formation of Tyr and its interaction with ethanol intake

In humans, the first experimental evidence of Tyr formation after ethanol intake was
obtained in the DOPET 1 study where Tyr excretion was measured as a secondary outcome (Pérez-
Mafia et al., 2015a). Tyr urinary excretion in the collection period from 0 to 6 hours after ethanol
administration (from 6 to 42 g) rose with the ethanol administered dose. On average, each gram of

ethanol increased the log-Tyr by 0.051 units (95%-Cl: [0.04, 0.07]; p<0.001).

In the second clinical trial (DOPET 2) conducted in healthy volunteers (Pérez-Mafia et al.,
2015b) total Tyr excretion after vodka was around 2-fold greater than after placebo. On the other
hand, 4-HPAA excretion with DW was significantly higher than with wine while no differences were
found between vodka and placebo. The ratio 4-HPAA/Tyr was higher in DW in comparison with wine,
and the same happened for placebo in comparison with vodka. Results obtained were compatible
with the presence of a shift in tyramine metabolism from an oxidative to a reductive pathway due to

the presence of ethanol in both beverages, thus enhancing Tyr formation versus that of 4-HPAA.

Tyrosol as precursor of hydroxytyrosol

Despite the well-established, ethanol-induced endogenous formation of HT via interaction
with the dopamine oxidative metabolism, the amounts of this phenolic compound recovered in urine
after wine intake were very high and could not only have been due to this mechanism. In order to
study additional sources of HT, three different potential precursors of this compound were
considered: tyramine, tyrosol, and tyrosine. These compounds were selected because they are
present in wine and have a common 4-hydroxyphenylethyl moiety (Figure 5). The potential
conversion of these compounds into HT was evaluated following the individual administration of

each one in an animal model (rats, doses of 10 and 20 mg/kg). Additionally, the effect of ethanol by

11

URL: http:/mc.manuscriptcentral.com/ldmr

Page 12 of 54



Page 13 of 54

©CoO~NOUTA,WNPE

Drug Metabolism Reviews

itself, or combined with each compound, was also examined. Compounds were administered
intraperitoneally to 96 rats after previous ethanol (1g/kg) or saline administration. Urine was
collected from 0 to 4 hours after administration. The results of these experiments identified tyrosol
as a precursor of HT due to the fact that Tyr administration promoted HT urinary excretion in a dose-
dependent manner. Neither tyrosine nor tyramine were found to generate HT (Pérez-Mafia et al.,
2015b). Tyramine was shown to be a precursor of tyrosol formation as discussed previously. Neither
tyrosol nor HT was reported after administering ethanol alone, although both compounds were

observed if tyramine or tyrosol were combined with ethanol.

Recent studies using human liver microsomes have identified the involvement of cytochrome
P450 (CYP) in the conversion of Tyr into HT. Additional studies employing selective enzymatic
inhibitors and recombinant baculovirus expressing cDNA from human cytochrome P450 have
identified CYP2A6 and CYP2D6 as the two primary isoenzymes catalyzing this reaction (Rodriguez-

Moraté(2016)FoodChem).

Dual effect of ethanol on Tyr and HT levels

As has been previously mentioned, small amounts of Tyr and HT are endogenously generated
as byproducts of tyramine and dopamine metabolism. In this regard, ethanol by itself alters these
metabolic pathways so that a higher production of reduced metabolites (Tyr and HT) is produced at
the expense of the oxidized ones (4-hydroxyphenylacetic acid and DOPAC, respectively) (Figures 3

and 4).

When ethanol is administered with phenolic compounds it displays a dual role. On the one
hand, it has been proposed that ethanol present in red wine could promote the absorption of
flavonoids (Dragoni et al., 2006). In the case of Tyr, studies with rats show that the urinary recovery
of this phenolic compound is enhanced following ethanol administration, a fact that is compatible

with an increase in its bioavailability. Parallel studies in humans showed that Tyr and HT urinary

12

URL: http:/mc.manuscriptcentral.com/ldmr



©CoO~NOUTA,WNPE

Drug Metabolism Reviews

excretion levels were higher after they ingested alcohol-containing wine than after the same alcohol-
free wine (Pérez-Mafia et al.,, 2015b). Taken together, the previous data suggest that ethanol
increases the bioavailability of these phenolic compounds (known to be very low) by facilitating their

absorption.

On the other hand, in the particular case of the conversion of Tyr into HT, ethanol plays a
moderate inhibitory effect. Indeed, studies in rats demonstrate that the recoveries of HT following
Tyr administration are higher than those following the administration of Tyr and ethanol (Pérez-
Mafia et al., 2015b). In vitro studies with human liver microsomes also confirm that ethanol has an
inhibitory effect on HT formation from Tyr, probably due to an inhibitory effect on CYP

(RodriguezMorat6(2016)FoodChem).

It is worth mentioning that, according to the data published on human intervention studies,
the highest levels of urinary HT described so far were reached after the administration of wine with
ethanol. The most probable major mechanisms are: (1) an increase of Tyr (and HT) bioavailability due
to ethanol, (2) an endogenous CYP-catalyzed conversion of Tyr into HT (slightly inhibited by ethanol)
and, to a lesser extent, (3) an ethanol-induced rise in both Tyr and HT production following an

alteration in tyramine and dopamine oxidative metabolisms (Figure 6).

Metabolic disposition of Hydroxytyrosol and Tyrosol

Bioavailability

As stated earlier, the most abundant phenols in olive oil are the nonpolar oleuropein- and
ligstroside-aglycones, their glycosylated secoiridoids, and the polar HT and Tyr. A preliminary
question when examining the bioavailability of these compounds would be whether non-polar
aglycones are bioavailable or merely precursors of HT and Tyr. There are two studies supporting the
latter. In research performed with Caco-2 cell monolayers and rat segments of jejunum and ileum,

HT and Tyr were absorbed and the object of several metabolic reactions at the intestinal epithelium
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level whilst oleuropein was rapidly degraded by the colonic microflora resulting in the formation of
HT (Corona et al., 2006). In humans, in a very well-designed study comparing the bioavailability of
oleuropein-glycoside (the secoiridoid) in ileostomy patients versus subjects with a colon, it was
concluded that oleuropein was recovered mainly as HT (Vissers et al., 2002). Therefore, at dietary
doses (although local biological effects of aglycones and secoiridoids in the intestinal tract should not
be discarded), the secoiridoids are essentially biotransformed by gut microflora thus giving rise to the
simple phenols HT and Tyr. When oleuropein was administered at non-dietary higher doses, a small
fraction of this compound was detected in body fluids as oleuropein metabolites/derivatives (Serra

et al., 2012; Garcia-Villalba et al., 2014).

The gender differences and their impact on HT bioavailability is another subject that requires
further consideration. Until the last decade of the 20th century, research on women was neglected
and results obtained in men were directly translated to women, both in medicine and in nutrition. In
particular, sex-gender differences appear in xenokinetics and xenodynamics of phenolic compounds.
Nonetheless, there is a lack of adequate sex-related studies (Campesi et al., 2014). Konstantinidou et
al. have reported gender differences in gene expression changes in human peripheral blood
mononuclear cells after virgin olive oil consumption, despite the low number of participants
(Konstantinidou et al., 2010). A study with olive leaf extracts administration in humans noted a large
interindividual variation in absorption and metabolism of phenolic compounds, possibly resulting
from differences in human enzymatic activity (De Bock et al., 2013a). Males may be more efficient at
conjugating oleuropein, which would explain their lower AUC for oleuropein but higher AUC for HT

metabolites (De Bock et al., 2013b).

Regarding all this information we have reviewed a PREDIMED study subsample (Estruch et
al., 2006) where total HT concentrations were measured in urine after a traditional Mediterranean
diet. Ethanol consumption has been taken into account by analyzing ethyl glucuronide as a biomarker

of alcohol usage. This normalization has been performed due to the fact that ethanol promotes HT
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endogenous generation in humans (Pérez-Mafia et al., 2015a) and significant differences in ethanol
consumption exist between men and women (Schréder et al., 2009). An analysis of covariance
(ANCOVA) was performed of total HT urine concentration of 341 male and 379 female adjusting for
ethyl glucuronide as a continuous variable and gender as categorical variable (Figure 7). It was
concluded that there were significant differences between gender (P<0.001) confirming thus the

gender dimorphism.

Absorption

Pioneering work by Manna et al using differentiated Caco-2 cell monolayers as a model
system examined for the first time the mechanisms of HT absorption. They concluded that HT
transport occurs via a bidirectional passive diffusion mechanism, and estimated that the molecule
was quantitatively absorbed at the intestinal level (Manna et al., 2000). The first study on absorption
in_rats was from the group of Visioli et al. who demonstrated that HT was dose-dependently
absorbed and excreted in urine mostly as a glucuronide conjugate (Visioli et al., 2001). Further
research in_humans confirmed the bioavailability of HT and Tyr after the administration of olive oil
(Caruso et al., 2001; Miré-Casas et al., 2001b; Miré-Casas et al., 2003a; Miré-Casas et al., 2003b) also
in a dose-dependent manner (Weinbrenner et al., 2004; Covas et al., 2006a). These preliminary
studies showed that while absorption of HT and Tyr was reasonably good, (Vissers et al., 2002),
bioavailability was extremely poor. This was due to an extensive first pass metabolism in the gut and
liver as concentrations of these phenolic compounds in urine were extremely low (about 5 to 10%
recovered in their free forms, respectively) (Caruso et al., 2001), and in plasma the free forms of HT

and Tyr were deemed undetectable (Miré-Casas et al., 2003a).

Studies in rat models also provided some additional clues on the bioavailability of HT and Tyr.
In the case of HT, 24h urinary recoveries using a tritiated analog demonstrated that while the dose

recovery was almost complete when administered with an oil matrix (94%) it was much lower in a
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water one (71%). The same figures were observed for Tyr: 75% versus 53% for both matrices,
respectively (Tuck et al., 2001). In a study comparing the bioavailability of HT in humans it was also
observed that recoveries were much higher after its administration as a natural component of olive
oil (44.2% of HT administered) than after its addition to refined olive oil (23% of HT administered) or
yogurt (5.8% of dose or approximately 13% of that recorded after virgin olive oil intake) (Visioli et al.,
2003). In non-dietary doses (2.5 mg/kg body weight) of purified HT (99.5%) administered in an
aqueous solution it has been estimated that bioavailability was 5% and absorption 9% (Gonzalez-

Santiago et al., 2010a).

Such observations lead to the conclusion that HT and Tyr absorption whilst quite good is
matrix-dependent. However, as explained below, bioavailability is poor due to an extensive
metabolism. Figures on the rates of absorption and bioavailability may vary among authors
depending on the analytical approach applied and the number of metabolites monitored (in turn
very much dependent on the availability of reference standards). Globally, some authors question to
what extent phenolic compounds such as HT and Tyr at dietary doses are responsible for any
biological effect (Vissers et al., 2004). Concentrations reached of free phenolic compounds (the ones
tested in vitro or ex vivo) are too low to provide any direct antioxidant effect. Nevertheless, the
potential biological activity of metabolites and the nutrigenomic effects on biological systems are
alternative explanations to our understanding of the health benefits associated with dietary

exposure to HT and Tyr (Konstantinidou et al., 2013).

Distribution

Once absorbed, HT is widely distributed throughout the organism. Pioneering studies in this
field were performed by D’Angelo et al., who administered an intravenous dose of 1.5 mg/kg of [*C]-
labeled HT to rats. The pharmacokinetic analysis indicated an extensive and fast uptake of this

antioxidant by different organs including skeletal muscle, kidneys, liver, lungs, heart, and brain
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(D'Angelo et al., 2001). The ability of HT 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.

Recently, further evidence supporting HT distribution has been published. In a study in rats,
the oral administration of increasing doses (1, 10, and 100 mg/kg) of this compound (given in a
refined olive oil matrix), demonstrated that HT accumulated in a dose-dependent manner not only in

urine and plasma, but also in the liver, kidney, and brain (Lépez de las Hazas et al., 2015).

In the two previously mentioned studies in rats, the kidneys and the liver were the organs

that presented higher uptakes of hydroxytyrosol and its metabolites.

Metabolism

The number of HT metabolites reported in the bibliography has increased during recent
years. So far, more than 10 metabolites have been described. These include O-methylated forms
(Caruso et al., 2001), aldehydes and acids formed via oxidation of the aliphatic alcohol (D'Angelo et
al., 2001), sulfates (Tuck et al., 2002), glucuronides (Khymenets et al., 2011), and acetylated and
sulfated derivatives (Rubid et al., 2012) as well as an N-acetylcysteine derivative (Kotronoulas et al.,
2013). In the case of the latter, it was identified in a recent study in rats in which the dose-dependent
metabolic disposition of HT was investigated at three different doses (1, 10, and 100 mg/kg). In this
study, the potential detection of HT mercapturates (N-acetyl-5-S-cysteinyl-HT) resulting from the
autoxidation of HT and adduct formation with glutathione was evaluated in urine. Following HT
administration, dose-dependent variations in recovery of all the metabolites evaluated were
observed. At the lowest dose of 1 mg/kg, the glucuronidation pathway was the most relevant (25-
30%), with lower recoveries for sulfation (14%), while at the highest dose of 100 mg/kg, sulfation was
the most prevalent (75%). The mercapturate conjugate of HT was formed in a dose-dependent

manner (Kotronoulas et al., 2013).
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Regarding the enzymes involved in HT metabolism, we can differentiate between two major
families. The enzymes implicated in HT phase | metabolism are non-microsomal alcohol and
aldehyde dehydrogenases, both located in the cytosol. The corresponding metabolites are DOPAL
and DOPAC which are non-specific as they are not only metabolites of dietary HT, but also of
dopamine. On the other hand, the enzymes involved in HT phase Il reactions are sulfotransferases
(SULT), uridine 5'-diphosphoglucuronosyl transferases (UGTs), catechol-O-methyltransferases
(COMT), and acetyltransferases. A metabolite resulting from methylation and glucuronidation has
also been identified, although this represents a minor metabolic pathway (Miré-Casas et al., 2003a;

Khymenets et al., 2011). A general representation of HT metabolites is depicted in Figure 8.

Biological activity of metabolites

General considerations

To date, practically all the studies have been focused on assessing the biological activities of
parent phenolic compounds, HT and Tyr and, as a result, a considerable amount of data has
accumulated (for detailed information refer to (Visioli et al., 1998; Visioli et al., 2002; Granados-
Principal et al., 2010; Gil-lzquierdo et al., 2014; Rodriguez-Moraté et al., 2015)), but practically
nothing is known about the activity of their principal metabolites. As previously stated, the
concentrations of HT and Tyr themselves in biological fluids are extremely low compared to their
metabolites (Miré-Casas et al.,, 2001b; Miré-Casas et al., 2003a; Gonzalez-Santiago et al., 2010b;
Kotronoulas et al.,, 2013; Pastor et al., 2016) . There is, therefore, good reason to take into
consideration the participation of metabolites, along with their parent compounds, with respect to

the beneficial effects reported for dietary consumed HT and Tyr.

In spite of the increasing knowledge about the metabolism of HT and Tyr, there is sparse data
regarding the activity of their major metabolites, phase Il conjugates. This is mainly due to the lack of

a good description of their disposition and adequate reference compounds. Recently, the
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chemical/biological synthesis of some of the metabolites, including glucuronides (Khymenets et al.,
2006; Lucas et al., 2009) and sulfates (Gomes et al., 2015), has been reported. The availability of
these products (either through in-house or customized synthesis) has facilitated accessibility to
standards. This fact has had a positive impact on HT and Tyr bioavailability and disposition research,
which is reflected in the latest achievements and increased activity in this research field (Deiana et
al., 2011; Giordano et al., 2015; Atzeri et al., 2016). Within this framework, the bioactivity of dietary
HT and Tyr has been reevaluated with current, greater knowledge about their metabolite

bioavailability and evaluation as bioactive compounds.

When HT research first commenced, the obstacle caused by the unavailability of standards
was overcome by preparing the HPLC-extracts in urine metabolites within a metabolic study on the
bioavailability of tritium labelled HT in rats (Tuck et al., 2002). The extracts were characterized and
the structures of identified phase Il metabolites of HT (monoglucuronides, monosulfates, and several
methylated conjugates) were assessed using mass spectrometry and nuclear magnetic spectroscopy
techniques (Tuck et al., 2002). Moreover, an indirect identification was performed using enzyme-
specific hydrolysis (Tuck et al., 2001). The authors compared the scavenging properties of the rat
urine HPLC extracts of identified metabolites using the radical 2,2-diphenyl-1-picrylhydrazyl (DPPH
test). They observed that the most potent scavenger was HT-3-O-glucuronide followed by parent HT
and its methylated metabolites homovanillic acid (HVA) and homovanillyl alcohol (HVAIc), whereas

the extract of HT monosulfate was almost devoid of activity.

Such conclusions had far reaching effects since at that time the glucuronide metabolites of
HT were believed to be principal metabolites available within human body in response to HT
intervention (Visioli et al.,, 2001; Covas et al., 2003; Mird-Casas et al., 2003a; Mird-Casas et al.,
2003b), and the radical scavenging activities were considered to be essential to exhibit direct

biological activity according to the free-radical theory of aging/age-related diseases (Harman, 1956;
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Rahman, 2007). Consequently, it was anticipated that the glucuronide metabolites would be

responsible for a number of in vivo health benefits of dietary HT.

Activity of glucuronide metabolites

To corroborate the previous assumption, the antioxidant activities of HT glucuronides were
reconsidered within a range of concentrations compatible with their dietary consumption
(Khymenets et al., 2010). Firstly, the biocatalytic synthesis and purification of the monoglucuronide
conjugates of HT, Tyr, and HVAIc using porcine liver microsomes was developed and scaled up to
obtain analytically pure products in mg-range (Khymenets et al., 2006). Secondly, to estimate the
biologically relevant range of glucuronide metabolite concentrations of HT (3’-O- and 4’-O-
glucuronides), Tyr, and HVAIc (both 4°-O-glucuronide) and their core compounds, a direct LC-MS/MS
approach was developed. The synthesized and reference compounds were applied to human urine
samples after an intervention study with a dietary dose of virgin olive oil (Khymenets et al., 2011).
Finally, because free radical activities play a central role in atherogenic LDL oxidation (Witztum,
1994), phenolic compounds and their glucuronides were assessed for their radical-scavenging
capacities using chemical DPPH assay (hydrogen donation abilities). In addition, they were evaluated
for their abilities to inhibit in vitro Cu-mediated LDL oxidation at the concentration ranges observed
in human biological fluids (range, 0.01-10 uM) after dietary virgin olive oil consumption (Khymenets
et al., 2010). In these assays, none of the glucuronides displayed significant antioxidant activities in
both experiments at the tested concentrations in contrast to some of their parent compounds. To
some extent HVAlIc, and especially HT, were shown to be strong radical scavengers in agreement with

earlier reports (Briante et al., 2003; Roche et al., 2005).

Such results were in line with a previous theoretical study in which phase Il metabolites
glucuronides (and also sulfates) were predicted to lose the antiradical activity characteristic of their
parent compound (Nenadis et al., 2005). Subsequently, these mechanistic and in vitro tests showed

that glucuronide metabolites do not contribute with direct antioxidant effects to the modulation that
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had been observed in human oxidative status (e.g. previously reported impacts on lipid and LDL

oxidation (Fité et al., 2005) or serum antioxidant capacity (Fito et al., 2002)).

In contrast to the previously mentioned reports, another study (Deiana et al., 2011) reported
that HT glucuronide metabolites, specifically the mix of 3-O-8-D- and 4’-O-f-D-glucuronidated
isoforms, were able to protect renal cells (LLC-PK1 cells as a culture model) against H,0,-induced lipid
peroxidation-related membrane oxidative damage by reducing malondialdehyde production and
modifying the profile of the major oxidizable membrane lipids, unsaturated fatty acids, and
cholesterol. Nonetheless, glucuronide metabolites acted to lesser extent than parent HT. On the
other hand, in marked contrast to HT, its glucuronides were shown to have no effect on H,0,-
induced cell death through their interaction with intracellular oxidative stress cell survival signaling
pathways (phosphorylation state of the kinases ERK 1/2 and Akt/PKB was evaluated). No release of
free HT through either hydrolytic or enzymatic cleavage of the glucuronide metabolites both in the
medium and in the cells was confirmed by specific tests. The authors suggested that increased
polarity/hydrophilicity due to glucuroconjugation had limited the access of these phase Il
metabolites of HT to the cell (no detectable uptake of HT glucuronides in LLC-PK1 cells was reported).
Therefore, in contrast to parent HT, its phase Il metabolites were unable to interact with intracellular
signaling pathways. It was hypothesized that the protection of renal cells by glucuronide metabolites
was probably achieved through a direct scavenging of initiating aqueous radicals which originated
from the reaction with H,0,, both in the reaction medium and near the membrane surface. On the
other hand, HT was thought to also potentially act at an intra-cellular level (Deiana et al., 2008;

Deiana et al., 2011).

Based on these data, further experiments should be designed to reveal the mechanism of
this scavenging, and thus confirm whether it is relevant for in vivo protection against H,0,-mediated

pathological processes where the lipid peroxidation process plays a central role.
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In a different study, HT glucuronides, but not HVAIc glucuronide, were also shown to protect
red blood cells (RBC) from in vitro H,0,-induced oxidative injury at low concentrations (Paiva-Martins
et al.,, 2013). At higher concentrations, however, the effect of protection for HT glucuronides
remained practically the same as at low doses. The authors postulated that some sort of saturation
of glucuronide specific RBC transporters could have occurred, limiting the availability of glucuronides
inside RBC, or/and the glucuronides may have undergone a restricted hydrolysis to liberate active HT,
which could then be absorbed by the cells. However, no experimental data supported this
hypothesis. Recently, it has been shown that RBC can play a significant role in the bioavailability of
circulating HT metabolites, and that in situ deconjugation of HT metabolites into free form could take
place in rat RBC according to the intracellular pharmacokinetics of detected metabolites and free HT.
The authors, therefore, suggested that there could be a mechanism of protection against cell

oxidative damage in RBCs by HT metabolites (Rubio et al., 2014).

Based on the accumulative data with respect to the correlation between HT consumption
and in vivo antioxidant/anti-inflammatory effects (Bogani et al., 2007), indirect mechanisms involving
HT main metabolites in this relationship were investigated. Among them, tissue/organ specific
glucuronide deconjugation (Kauffman, 1987; Sperker et al., 1997; De Graaf et al., 2002) should be
considered as one of the most interesting hypothesis, especially when supported by numerous
fundamental studies performed on various flavonoid glucuronides (O'Leary et al., 2001; Bartholomé

et al,, 2010; Lu et al., 2014).

Activity of sulfate metabolites

Recent HT bioavailability data demonstrated that sulfated metabolites appear to be the most
abundant among the HT phase Il metabolites (Gonzéalez-Santiago et al., 2010b; Kotronoulas et al.,
2013; Pérez-Mania et al., 2015b), thus drawing attention to sulfoconjugated forms. Interestingly, a

recent report evaluating the antioxidant effect of HT and Tyr sulfate metabolites in intestinal cells
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(Caco-2) found that HT and Tyr sulfates displayed an efficiency in protecting cells comparable to that

of the parent compounds (Atzeri et al., 2016).

Beyond direct antioxidant mechanisms

Along with the modulation of oxidative status, the non-antioxidant activities of metabolites
are also of great interest since such events have been reported in several dietary intervention studies
(Marrugat et al., 2004; Covas et al., 2006b). Among them, impact on gene expression should be
considered as it has been shown to be dose-dependently modulated by phenolic compounds
(Konstantinidou et al., 2013). In a recent report, the effect of the 3-O- and 4-O-glucuronides of HT on
the prevention of endoplasmic reticulum (ER) stress (a process mediated by the unfolded protein
response and relevant for atherosclerosis development) has been examined in vitro (Giordano et al.,
2015). Glucuronides were demonstrated to prevent chemically induced ER stress. It is noteworthy
that the mechanisms involved in this effect do not match those involved for HT, thus stressing the
concept that biological activities elicited by metabolites do not necessarily mimic those of the parent
compound. Another recent study (Catalan et al., 2015) also examined a set of phase Il HT
metabolites, generated in the course of Caco-2 cell metabolism and purified as a complex fraction for
their biological activity. The co-incubation of HT and the set of Caco-2 cell derived metabolites with
human aortic endothelial cells (HAEC) indicate that both treatments significantly reduced the TNF-a
induced secretion of cell adhesion molecules such as E-selectin, P-selectin, ICAM-1, and VCAM-1.
However, only the HT metabolite fraction reduced further excretion of MCP-1 chemokine. On the
basis of these results, the authors suggest that phase Il metabolites, along with parent HT, might
exert an endothelial dysfunction protection, a key factor in the pathogenesis of atherosclerosis, via

modulation of cellular signaling. However, the mechanism of such action awaits further studies.

So far, only a few studies have been conducted to evaluate the bioactivities of phase Il
metabolites of HT, and these were mainly focused on glucuronides or mixtures of Phase Il

metabolites. In vitro experiments with phase Il metabolites (Deiana et al., 2011; Paiva-Martins et al.,
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2013; Catalan et al., 2015; Giordano et al., 2015) suggest that they could be involved in some health
promoting activities via mechanisms of action that differ from the parent compound. In addition to
glucuronides, other major phase Il metabolites of HT (among them recently acknowledged HT
sulfates and specifically 3'-O-sulfate (Gonzalez-Santiago et al., 2010a; Kotronoulas et al., 2013; Atzeri
et al., 2016)), phase Il metabolites of its methylated conjugates (Turner et al., 2005) and oxidized
metabolites (D'Angelo et al., 2001; Gonzalez-Santiago et al., 2010b), as well as reduced and
glucuronoconjugated forms of aglycones (Pinto et al., 2011), should be also tested for their biological

activities.

Analysis of hydroxytyrosol, tyrosol and their metabolites in biological matrices

The selection of the appropriate method of quantifying the concentration of HT, Tyr and their
metabolites is critical to obtain reliable information about their bioavailability and metabolism. As
already explained, these phenolic compounds undergo extensive metabolism and, consequently,

they are found in biological samples at very low concentrations.

Total hydroxytyrosol and tyrosol analysis (hydrolytic treatments)

HT and Tyr are recognized and handled by the human body as xenobiotic compounds. As a
consequence, after (and during) their absorption, they undergo extensive first-pass and phase I/II
metabolism that results in considerable conjugation (>90%) (Miro-Casas et al., 2003a). For this
reason, measuring only the free forms of HT and Tyr is not representative of their intake and

metabolism.

Following this observation, some authors adopted the strategy of hydrolyzing the conjugated
metabolites in order to obtain an indirect measurement of them. An initial option taken was the

enzymatic hydrolysis with f-glucuronidase, used in rat urine (Visioli et al., 2001; Del Boccio et al.,

2003) and rat plasma (Del Boccio et al., 2003; Bazoti et al., 2010). Another possibility is the use of a

chemical (acidic) hydrolysis of the samples. This has been widely employed in human urine (Visioli et
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al., 2000; Miroé-Casas et al., 2001a; Miré-Casas et al., 2001b) and rat plasma (Bai et al., 1998; Ruiz-
Gutierrez et al., 2000; Rodriguez-Gutiérrez et al., 2011). Following both hydrolytic procedures, an
indirect estimation of HT and Tyr conjugated forms was made possible by measuring the released
free forms of HT and Tyr. In the previous studies, the results were generally given as total amounts of
HT and Tyr. It is worth mentioning the study in which the same plasma and urine samples were
hydrolyzed using chemical or enzymatic hydrolysis, enabling a comparison between both hydrolytic
methods. In both plasma and urine, enzymatic hydrolysis was able to identify only around 65% of the
HT detected using acidic hydrolysis (Miré-Casas et al., 2003a). No data have been published
concerning the use of combined hydrolytic methods. The difference between the results obtained
with both methods lies on the fact that f-glucuronidase mainly quantitatively hydrolyzes the
glucuronide conjugates. The sulfatase activity of the enzyme preparation is too weak to hydrolyze
guantitatively sulfate conjugates whereas chemical hydrolysis allows the determination of other

conjugated metabolites (e.g. sulfates or conjugated with glutathione).

Consequently, the resulting concentrations measured in these studies was a better approach
than measuring only the free forms although it was not representative of all the HT and Tyr
metabolites. Indeed, for none of the previous strategies was hydrolysis complete, and in both cases it
was mainly limited to the measurement of glucuronides and free forms, leaving the other forms
practically unbroken. For this reason, the real total content of HT and Tyr was underestimated. In
addition, hydrolysis did not account for the principal O-methylated metabolites of HT and Tyr such as
HVAIc or HVA. Some authors solved this last underestimation by measuring HVAIc (Miré-Casas et al.,

2003a), whereas others included the analysis of HT-acetate, HVAIc, and HVA (Bazoti et al., 2010).

Analysis of hydroxytyrosol, tyrosol and their main metabolites (non-hydrolytic treatments)

Since the methods including hydrolysis failed to provide further information about the
metabolism of HT and Tyr, another strategy was taken. The following step was the measurement of

the concentrations of free and conjugated forms of HT and Tyr in biological samples as far as
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reference substances were available. This information may be relevant since, as already explained, it
has been reported that the metabolites can exert a beneficial effect (Tuck et al., 2002; Atzeri et al.,
2016) and the profile may be dose-dependent (Kotronoulas et al., 2013). The new approach
presented an analytical challenge due to (1) the low concentrations of the different metabolites in
biological matrices and (2) the wide array of compounds with varying polarities and chemical
behaviors. Hence, an analytical procedure may be appropriate for the extraction and recovery of one

compound but detrimental for another.

In 2006, the first direct (non-hydrolytic) method to analyze HT metabolites was described in
human LDL samples (de la Torre-Carbot et al., 2006). The metabolites measured were HT
monoglucuronide and monosulfate, Tyr glucuronide and sulfate, and HVA sulfate. In 2009, the group
of Sudrez et al. analyzed sulfates and glucuronides of Tyr and HT in human plasma samples (Suarez et
al., 2009). In 2010, Khymenets et al. used a similar method in human urine samples including the
analysis of HT and Tyr glucuronides. Subsequent studies reported an analysis of human plasma after
phenol-enriched olive oil quantifying the free forms, HT sulfate, HT acetate sulfate, HVA, and HVA
sulfate (Rubid et al., 2012). Finally, in 2013, Kotronoulas et al. reported an analytical method for the
determination of HT, Tyr and metabolites in rat urine. In this study, a total of 9 compounds were
monitored and thioether adducts of HT with glutathione were reported for the first time

(Kotronoulas et al., 2013).

One of the main drawbacks in these analytical methods was the lack of appropriate
standards of the metabolites, which hindered the quantification of these compounds. Several
research groups used calibration curves of the free forms to quantify the concentrations of the
metabolites (de la Torre-Carbot et al.,, 2006; Suarez et al., 2009; Rubid et al.,, 2012). Due to the
different polarity and chemical behavior among the free forms and conjugates, the former may not
be extracted and eluted at the same rate as the latter. The quantification of HT metabolites using

non appropriate calibration curves might increase the risk of systematic inaccuracies in the obtained
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results. Another issue that hampers the proper quantification of HT and its metabolites is the use of

internal standards with a chemical structure that markedly differs from the analyte of interest.

In order to overcome these challenges, Khymenets et al., firstly synthesized standards of HT
and Tyr glucuronides. Secondly, the authors designed and synthesized a custom-made internal
standard containing a glucuronic acid moiety in its structure [3-(4’-Hydroxyphenyl)propanol 4’-O-%-
D-glucuronide] (Khymenets et al., 2006). The use of this strategy provided a reliable quantification of
HT and Tyr glucuronides (Khymenets et al., 2010). Recent studies followed the previous approach
and included additional metabolites (e.g. sulfates and N-acetylcysteine derivatives) (Kotronoulas et

al., 2013; Pérez-Mafiia et al., 2015b).

Extraction procedures

A crucial part of the method is the extraction of the phenols from the biological matrix
following hydrolysis. Most of the described methods performed either a liquid-liquid extraction (LLE)
(Miré-Casas et al., 2001b; Del Boccio et al., 2003) or a solid-phase extraction (SPE) (Ruiz-Gutierrez et
al., 2000; Miré-Casas et al., 2001a; de la Torre-Carbot et al., 2006; Bazoti et al., 2010; Khymenets et
al.,, 2011; Rodriguez-Gutiérrez et al., 2011; Orozco-Solano et al., 2012; Dominguez-Perles et al.,
2015). The SPE procedure has become more usual nowadays due to the fact that it provides cleaner
extracts, and reduces the matrix effect, at the same time it increases the selectivity and

reproducibility of the analysis.

Sudrez et al. introduced the use of microelution plates in human plasma samples. The
authors compared an SPE method with the microelution plate one. In the SPE, there was a higher
suppression of the signal due to an increased matrix effect. The use of microelution plates was faster

and allowed for a lower sample volume load. (Suérez et al., 2009).
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Instrumentation

The first developed analytical methods aiming to detect and measure HT concentrations in
biological matrices used high-performance liquid chromatography with ultraviolet detection (HPLC-
UV) (Ruiz-Gutierrez et al., 2000; D'Angelo et al., 2001). The low molecular weights of HT and Tyr (154
and 138 g/mol, respectively), and the presence of hydroxyl groups in their chemical structures,
allows these compounds to be derivatized and subsequently analyzed by gas chromatography
coupled to mass spectrometry (GC/MS). In comparison with HPLC-UV, this technique has the
advantage of presenting a higher selectivity and sensitivity. Consequently, GC/MS has been widely
used in the analysis of HT and Tyr (Bai et al., 1998; Visioli et al., 2000; Miré-Casas et al., 2001b; Visioli
et al., 2001). The use of liquid chromatography coupled to mass spectrometry (LC/MS) offers the
possibility of accurately quantifying the levels of HT and Tyr. Finally, LC coupled to triple quadrupole
mass spectrometers (LC-MS/MS) results in an increase in sensitivity and allows the direct
measurement of phase Il HT and Tyr metabolites (e.g. glucuronides, sulfates), thus overcoming the
above-mentioned partial recoveries of the hydrolytic procedures (Del Boccio et al., 2003; de la Torre-
Carbot et al., 2006; Khymenets et al., 2011; Orozco-Solano et al., 2012; Kotronoulas et al., 2013;

Serra et al., 2013; Dominguez-Perles et al., 2015; Pérez-Mania et al., 2015b).

Analysis of free hydroxytyrosol in human plasma

Most of the previously mentioned methods, although suitable to determine the plasma or
urinary concentrations of HT (and also Tyr) metabolites in humans, do not allow the measuring of
low amounts of free HT that remain unaltered in human blood following the intake of olive oil. The
metabolism that this phenolic compound undergoes is so extensive that the concentrations of free
HT in body fluids were considered almost undetectable until recently (De la Torre, 2008).

HT plasma levels have been measured in some studies in which pure HT was administered to
rats (Ruiz-Gutierrez et al., 2000) and humans (Gonzdlez-Santiago et al., 2010a). However, the
nutraceutical doses of HT administered in these studies were significantly higher than dietetic ones.

28

URL: http:/mc.manuscriptcentral.com/ldmr



©CoO~NOUTA,WNPE

Drug Metabolism Reviews

The sensitivity of the methods employed, although appropriate to detect free HT in plasma after
non-dietetic doses, does not allow the identification of the low concentrations of free HT that follow
olive oil or red wine intake.

The free (non-conjugated) fraction of HT and Tyr was previously reported in human urine
following olive oil intake (Miré-Casas et al., 2001b; Weinbrenner et al., 2004). The percentages of HT
and Tyr free forms represented 6 and 14%, respectively, of the amounts recovered after hydrolytic
treatment. However, the real percentages of the free forms might be even lower considering that
hydrolysis did not release all the conjugates. Subsequent studies by the same authors concluded
that, in the case of plasma, the percentage of free HT is less than 2%, compared to the conjugated
forms. In fact, they were not able to detect the free forms of Tyr and HT (Mird-Casas et al., 2003a).

Recently, the first direct method to measure free HT in human plasma has been reported
(Pastor et al., 2016). The analytical method is based on the selective derivatization of the catechol
group with benzylamine in the presence of an oxidant to form a fluorescent benzoxazole. Following
this derivatization, HT is highly ionizable and stable and is detected by LC-MS/MS at a high sensitivity
(LOD, 0.3 ng/mL) and specificity. Once validated, the method was applied to the analysis of free HT in
human plasma after olive oil intake. According to the authors (Pastor et al., 2016), the low amounts
of free HT present in plasma after dietary doses (0.3% of the dose administered) cannot explain a
direct in vivo antioxidant activity of HT but could be the result of secondary mechanisms (e.g.
transcriptomic effects or the activity of metabolites)(Konstantinidou et al., 2013; Catalan et al., 2015;

Giordano et al., 2015).

Concluding remarks

During the last 20 years, the research on Tyr and HT has experienced an exponential increase
due to the remarkable biological activities that these phenolic compounds display (PubMed search
results by year: from 8 in 1995 to 130 in 2015). These include antioxidant, anti-inflammatory,

cardioprotective, antitumor, antimicrobial, antidiabetic, and neuroprotective properties (Granados-
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Principal et al., 2010; Fernandez-Mar et al., 2012; Rodriguez-Morat¢ et al., 2015). Nowadays, it is well
known that, after ingestion, both compounds are absorbed, metabolized into a wide multiplicity of
phase | and Il metabolites, distributed throughout the body, and excreted in urine (mainly in the
form of sulfates and glucuronides). A great deal of progress has been made in relation to the
analytical methods that detect and quantify Tyr, HT and their metabolites in biological matrices. Two
key points have been crucial to achieve this progress: the use of LC-MS/MS, and the accessibility to
pure standards of phase Il metabolites. One of the examples that underscores the contribution of
chemical synthesis and tandem mass spectrometry deals with sulfates. We now know that HT and
Tyr sulfates may play a more important role than previously thought, as they are the predominant
metabolites in plasma (Suarez et al., 2009) and urine (Pérez-Mafia et al., 2015b), and they exert

biological actions by themselves (Atzeri et al., 2016).

The understanding of Tyr and HT complex metabolism has been hampered by several facts.
These include (1) the endogenous generation of both phenolic compounds as products of tyramine
and dopamine metabolism, respectively; (2) the increased endogenous generation of HT and Tyr by
ethanol, (3) the ethanol-mediated increase in Tyr and HT absorption, and (4) the recently reported
CYP-mediated endogenous conversion of Tyr to HT. This last observation opens the way to an
interesting research field: the evaluation of health benefits associated with Tyr-containing foods (e.g.

olive oil, wine) in the light of CYP genetic polymorphisms.

According to the results from HT pharmacokinetic studies following the intake of virgin olive
oil, the amounts of the unaltered drug that reach plasma are too low to exert in vivo direct
antioxidant activities. Therefore the strong antioxidant activities reported in vitro are of limited
relevance in vivo. The discrepancy between the in vitro and in vivo results highlights the importance
that the concentrations tested in vitro should include the conjugated forms (besides free forms) and
be compatible with those attainable in vivo after the intake of realistic doses of HT- and Tyr-

containing foods. Indeed, most of the reported activities of HT and Tyr are focused on the free forms
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whereas only a few recent reports have evaluated the activity of the metabolites. Consequently, it is
to be hoped that future studies on HT and Tyr biological activities will give more weight to the phase

I/Il metabolites.

Despite the recent advances in HT and Tyr metabolisms, the specific mechanism of action of
these compounds deserves further study. According to the present data, it seems that the
conjugated forms display biological activities related to the free forms, but probably through
different mechanisms of actions. The possibility of deconjugation represents an additional challenge
when trying to credit a particular biological effect to a metabolite. Besides the typical direct
antioxidant capacity, phytochemicals are thought to contribute to beneficial effects through
mechanisms independent of such capacity (e.g. by interaction with nuclear receptors or by
stimulating cell signaling pathways that result in increased expression of genes) (Virgili and Marino,

2008).

Another interesting field that remains to be explored in more detail is the assessment of the
microbial metabolism of HT and Tyr. During the last decade, the number of original articles related to
gut microbiota has grown exponentially. For the moment, a couple of in vitro studies (Corona et al.,
2006; Mosele et al., 2014) and one study in rats (Lin et al., 2013) have evaluated the microbiota-
mediated metabolism of olive oil phenolic compounds. Additional studies are needed to elucidate

the bacterial metabolites of these compounds and their corresponding impact on biological activities.

Finally, according to toxicity studies, HT is considered a safe compound. When it was tested
at concentrations that exceed those attainable after dietary intake, it was found to be non-genotoxic
and non-mutagenic (Aufion-Calles et al., 2013a; Aufion-Calles et al., 2013b). This lack of toxicity raises
the possibility of using this compound as a nutraceutical, as a strategy to administer higher doses
than those attainable with diet. In fact, functional olive oils (enriched with their own phenolic
compounds) (Farras et al., 2015; Valls et al., 2015) and phenolic-rich olive leaf extracts (De Bock et

al., 2013b; Garcia-Villalba et al., 2014; Lockyer et al., 2015) have been administered in clinical trials.
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Moreover, pure HT has also been administered in a couple of human studies (Gonzalez-Santiago et
al., 2010a; Crespo et al., 2015). It is expected that future scientific reports in general, and clinical
trials in particular, will allow the determining of the extent to which the promising profile of Tyr and

HT can be translated into in vivo beneficial health effects.
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