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The consumption of dietary phytochemicals has been associated with several health benefits and relevant biological activities. It is postulated that
biotransformations of these compounds regulated by the microbiota, Phase /Il reactions, transport proteins, and deconjugating enzymes contribute
not only to their metabolic clearance but also, in some cases, to their bioactivation. A number of factors (age, genetics, sex, physiopathological
conditions, and the interplay with other dietary phytochemicals) modulating metabolic activities are important sources and contributors to the
interindividual variability observed in clinical studies evaluating the biological activities of phytochemicals. In this review, we discuss all the processes
that can affect the bioaccessibility and beneficial effects of these bioactive compounds. Herein, we argue that the role of these factors must be
further studied to correctly understand and predict the effects observed following the intake of phytochemicals. This is, in particular, with regard to
in vitro investigations, which have shown great inconsistency with preclinical and clinical studies. The complexity of in vivo metabolic activity and
biotransformation should therefore be considered in the interpretation of results in vitro and their translation to human physiopathology. Adv Nutr
2021;12:2172-2189.

Statement of significance: This is the first review article focused on the contribution of the microbiota, drug-metabolizing enzymes, and
transport proteins in the biological activity of dietary phytochemical metabolites.
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Introduction plant origin) or polyphenols (based on their chemical

Healthy dietary patterns in humans are characterized by the
regular consumption of fruits and vegetables. The contribu-
tion of plant foods to prevent or slow down chronic disease
(cardiovascular, cancer, cognitive decline) has been discussed
in several recent review articles in Advances in Nutrition
(1, 2). Plant foods are rich in a number of nonnutrient
chemicals also known as phytochemicals (because of their

2172

structure). Many are also designated as antioxidants due to
their in vitro and ex vivo free-radical-scavenging properties.
These antioxidant activities are relevant in plant physiology
and in the human gut, where they may reach concentrations
large enough to display this biological activity. Furthermore,
in general terms, dietary ingestion of plant polyphenols
modulates several other biological activities of interest
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to human health that are not explained simply by their
scavenging capacity such as the modulation of signaling
pathways (3).

The bioactivity of dietary phytochemicals has been in-
vestigated mainly in vitro and in some instances in animal
models. Nevertheless, most of these observed biological
effects are not substantiated when tested in human nutrition
randomized controlled trials. Several factors may contribute
to the unsuccessful translation of the biological effects
observed in preclinical studies to human studies. The present
review will not discuss all these contributing factors but will
focus on the fate of dietary phytochemicals in the human
body.

Firstly, regarding dose, one should distinguish between
doses compatible with human diet and supra dietary or
pharmacological doses. A well-known dietary phytochemi-
cal, resveratrol, mainly present in wine, was the topic of a
review entitled “How Much Wine Do You Have to Drink
to Stay Healthy?” (4), opening the discussion of whether
some health effects using supplements could be achieved
following a balanced diet. In fact, a former editor of The
Lancet wrote a letter entitled “Chateau Resveratrol,” where
he emphasized that the potential health benefits of wine, if
any, came from ethanol and not from the small amounts
of resveratrol (CAS 501-36-0) present in wine (5). In
this regard, mean concentrations of resveratrol in wine are
around 3 mg/L. Although the rate of absorption of resveratrol
is relatively good, its bioavailability after first past metabolism
is <1%. Larger doses of resveratrol in supplements, typically
containing between 250 and 500 mg, try to compensate for
the poor bioavailability of resveratrol when it is not present
in its natural hydroalcoholic matrix (wine) (6). In the case
of olive oil, containing simple phenols like hydroxytyrosol,
concentrations of the unaltered compound reaching the
systemic circulation are about 0.1 to 1% of the dose ingested
(7), with peak concentrations in the low nM range. On the
other hand, concentrations of hydroxytyrosol metabolites are
about 50 to 100 times higher depending on the dose and the
matrix used for its administration (8).

Higher doses are also founded in the pharmacolog-
ical principle that the higher the unaltered fraction of
the phytochemical in the body, the larger the biologi-
cal/pharmacological effect. Specifically for resveratrol, ad-
verse effects are presumed to be less relevant compared with a
synthetic molecule due to the natural origin of the molecule.
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However, several studies show that high amounts of appar-
ently beneficial compounds used as dietary supplements may
have deleterious health effects (e.g., vitamin C, 8-carotene, or
vitamin E) (9).

Most studies in humans show that circulating concentra-
tions of plant phytochemicals following dietary consumption
are negligible due to poor bioavailability, substantively lower
than those tested in vitro and in vivo in animal models. This
poor bioavailability is not only explained by poor absorption
but also by the fact that phytochemicals undergo multiple
physicochemical and enzymatic modifications starting in the
oral cavity (10) and further due to the actions of gastric juices,
the enzymatic activity of the gut microbiota, and an extensive
first pass metabolism in intestinal epithelial cells and in the
liver. In a recent report where the fate of extra-virgin olive
0il (EVOO) phytochemicals during gastrointestinal digestion
was investigated, the study highlighted the relevant changes
on the EVOO phenolic profile triggered by gastrointestinal
digestion. The authors suggest the need to account for actual
bioaccessibility values rather than just considering raw con-
centrations (11). Also, a recent review stressed the relevance
of biotransformations regulated by the gut microbiota (12).
In this review, we postulate that some of the microbiota
bioaccessible metabolites, or those generated in first pass
metabolism of the absorbed fraction, are biologically active.
This may be due to the chemical moieties previously
incorporated in Phase II metabolic reactions (by sulfation,
glucuronide conjugation, or methylation) being directly
or indirectly freed, giving rise to significant intracellular
concentrations of the unaltered ingested compound. Thus,
biological activities of phytochemicals could be enhanced by
metabolic processes rather than dependent upon concentra-
tions of the unaltered phytochemical in the body.

The contribution of drug-metabolizing enzymes in the
disposition and bioactivity of phytochemicals has seldom
been explored. We recently provided evidence that the
simple phenol tyrosol (CAS 501-94-0) is bioactivated in
humans to hydroxytyrosol (CAS 10,597-60-1), a potent
dietary antioxidant present in olive oil and wine, by Phase I
metabolic enzymes (13). This metabolic activation results in
biological effects, for example in endothelial function (14).
The resulting bioactivation of tyrosol is modulated by sex
and genetic variations in the activities of the isoenzymes of
cytochrome P450 (CYP, ie., CYP2A6 and CYP2D6) (14).
In the same context, we have described that the Val158Met
polymorphism in catechol-O-methyltransferase (COMT)
affects the efficiency of the methylation of hydroxytyrosol
to homovanillyl alcohol (CAS 2380-78-1), in so far as
the concentrations of homovanillyl alcohol were associated
with a lower risk of cardiovascular disease (CVD) and total
mortality in elderly individuals (15). Additionally, we have
presented evidence that other Phase II metabolites of tyrosol
and hydroxytyrosol could be involved in biological activities
elicited by these aforementioned simple phenols (16, 17).

The purpose of this review was to compile and evaluate
the contribution of the gut microbiota, drug-metabolizing
enzymes, and transport proteins to the biological activities
elicited by dietary phytochemicals. Additionally, this review
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explores the sources of interindividual variability in each of
the steps that phytochemicals undergo before eliciting their
biological effects, with special emphasis on genetic and sex
differences as sources of variability.

Current Status of Knowledge

Metabolic reactions regulated by enzymatic activities of
the gut microbiota

Metabolic biotransformations by the gut microbiota.

The human gut microbiota is a crucial component of dietary
metabolism, as it provides many essential biochemical
pathways that humans do not possess endogenously (18,
19). The metabolic capacity of the microbiota, distinct and
complementary to that of the liver and gut mucosa, has
proven to be greater than that of the host (18, 19) to the
extent that it is now considered as a separate virtual organ
(20, 21). In a similar way to the well-known effects that
stomach pH or gastric enzymes have on the stability and
bioavailability of phytochemicals, the microbiota also has
significant effects on the digestion of foods, and in the
profound biotransformation that nutrients and nonnutrient
compounds undergo after ingestion.

The first site of polyphenol absorption is generally
the small intestine [although some phytochemicals can be
absorbed in the stomach (22)], where, being present in
food matrices commonly conjugated to organic acids and
sugars, the polyphenols need to be hydrolyzed prior to
absorption. Some polyphenols may be hydrolyzed by the
action of lactase-phlorizin hydrolase (LPH) or cytosolic 8-
glucosidase (CBG). LPH, located in the brush border of the
epithelial cells, deglycosylates polyphenols, allowing them to
enter the enterocyte. CBG is found inside the enterocyte and
metabolizes the more polar glycosides carried inside the cells
by specific transporters (23, 24). However, glycosides that are
bound to sugars other than glucose (e.g., rhamnose) are not
substrates for these hydrolytic enzymes (25). Moreover, the
total uptake of dietary polyphenols in the small intestine,
in the form of aglycones and monomeric and dimeric
structures, is estimated to be ~10% (26, 27). Hence, a major
proportion of ingested polyphenols are transported to the
large intestine, where an efficient hydrolysis of conjugated
forms occurs, mediated by the enzymatic activity of the
colonic microbiota. The fate of the small fraction of the
compounds absorbed in the small intestine is strongly
influenced by the presence of the enzymes that catalyze Phase
I and II reactions, by those that hydrolyze the newly formed
metabolites, and by the transporter proteins that can promote
their entry into the blood circulation or their transport back
into the intestinal lumen. Many of these aspects will be dealt
with later in the following sections.

Gut microbiota and polyphenol bioavailability.

The colonic microbiota exerts a fundamental role in
determining the bioavailability of ingested phenolic
compounds via different enzymatic activities. The
transformations performed by the gut microbiota on
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polyphenol structures depend on their chemical structure,
amount, type and position of specific functional groups,
stereoisomerism, and polymerization degree.

Several studies including in vitro cultures using fecal
inoculum and intervention studies in animals and humans
have demonstrated that the gut microbiota can deconjugate
the majority of dietary polyphenols (28, 29). The most
abundant species of microorganism in the human gut
belong to the Firmicutes, Bacteroidetes, Actinobacteria, and
Proteobacteria phyla. All possess O-glycosidase activity (30).
They also possess C-glycosidase activity but hydrolysis of
C-glycosides is less efficient than that of O-glycosides, and
only some species of bacteria of the Firmicutes phylum can
perform this hydrolysis (31). Colonic microbiota also express
a-rhamnosidases (32), in addition to 8-glucosidases (33, 34),
glucuronidases, and esterases (31). Microbial organisms can
hydrolyze a wide range of conjugated compounds, resulting
in the free forms of the polyphenols and facilitating their
absorption. Once inside the enterocyte, the phytochemicals
can be locally metabolized into Phase I/II metabolites.
Conjugated and unconjugated phenolic compounds enter
the enterohepatic circulation and reach the liver, where they
undergo further biotransformations before being distributed
to target tissues (23). Part of the conjugated compounds are
excreted by the liver through enterohepatic recirculation, as
bile components into the intestine, where microbial enzymes
can regenerate deconjugated compounds that are available
for reabsorption (33).

Polyphenol metabolism by the gut microbiota.

Apart from assisting the intestinal absorption and bioavail-
ability of phenolic compounds, the microbiota may further
metabolize deconjugated products, giving rise to a pool
of unique microbial catabolites, known as postbiotics, in
addition to nonspecific degradation products. The evidence
suggests that postbiotics can exert beneficial health effects.
The relevance of the phenolic-derived postbiotics has been
focused on as a key step to better understand the link between
polyphenol consumption and the biological effects observed
(31). Once more, microbial transformations differ depending
on phenolic structure, polymerization degree, and spatial
configuration.

In the case of flavonoids (flavonols, flavones, flavanones,
and anthocyanidins), C-ring or A-ring (flavanols) cleavage
is the first and most common reaction that occurs in the
colon, giving rise to several products depending on the
breaking position in the ring (31, 33, 35). C-ring cleavage
is catalyzed by dioxygenases and some have been charac-
terized, such as quercetin 2,3-dioxygenase, producing 2-
(3,4-dihydroxybenzoyloxy)-4,6-dihydroxybenzoate (36-39).
Another example is the degradation of the A-ring, as in the
case of catechins, mediated by a complex reverse Claisen-
driven reaction (40). After ring fission, bacterial flavonoid
degradation follows a general pathway via demethylation and
dehydroxylation. Many nonspecific metabolites are formed,
such as various derivatives of phenylacetic, phenyl propionic,
and benzoic acids (31, 33, 41).



TABLE1 Examples of substrate-specific gut microbiota reactions and their interindividual variability
Parent compound Postbiotic Described metabotype Key strain described Food sources’ Reference
Daidzein (S)-equol Yes, only 30-50% of Coriobacteriaceae Soy and soy products (31,42)
individuals
Ellagic acid Urolithin A and Yes, Phenotype 0: Gordonibacter but Berries, chestnuts, (31,43, 44)
urolithin B nonproducers, other species may and walnuts
Phenotype A: also be involved
producers of urolithin
A, Phenotype B:
producers of urolithin
A, isourolithin A, and
urolithin B
Lignans Enterolactone No Bacteroides, Flaxseed, sesame and (31,45)
Clostridium, in minor
Eubacterium, and concentration:
Eggerthella lenta fruits, vegetables,
grains, and oilseeds
Xanthohumol and 8-prenylnaringenin Likely, observed in ex Eubacterium Beer and hop-derived (46,47)
isoanthohumol vivo studies but not products
sufficiently
demonstrated
Naringin, hesperidin, Aglycones Likely, observed high Bacteriodes and Fruit and citrus juices (48)
and neohesperidin naringenin, and low excreters but Eubacterium
hesperetin not sufficiently

demonstrated

TInformation regarding the food sources of the phenolic compounds was obtained from the database phenol-explorer.eu (49).

Conversely, the formation of certain postbiotics by the
gut microbiota is substrate specific. The most studied
polyphenols are those derived from isoflavones, ellagi-
tannins, or lignans (Table 1). The first example is the
catabolism of the isoflavone daidzein (CAS 486-66-8), which
undergoes sequential hydrogenation reactions to form dihy-
drodaidzein (CAS 17,238-05-0; 4',7-dihydroxyisoflavone),
tetrahydrodaidzein (4',7-dihydroxyisoflavan-4-ol), and the
unique biologically active metabolite (S)-equol (CAS 531-
95-3, 4'-methoxy-7-isoflavanol). An alternative metabolic
route produces O-desmethylangolensin (CAS 21,255-69-6)
(35, 50, 51). Only 30-50% of people contain this kind of
equol-producing bacteria and are able to convert daidzein to
(S)-equol (42).

Similarly, ellagitannins undergo lactone cleavage to pro-
duce ellagic acid, which is further catabolized by the
gut microbiota to form urolithins, dibenzopyran-6-one
derivatives with different hydroxyl substitutions (43, 44).
The metabolic pathway involves dehydration, driven by
decarboxylation and reduction reactions, hydrolysis, and
keto-enol tautomerism (35, 43, 52).

Another substrate-specific pathway is the catabolism of
lignans. They are metabolized to the bioactive products en-
terodiol (CAS 80,226-00-2) and enterolactone (CAS 78,473 -
71-9) through a complex metabolic pathway involving
several intermediary metabolites and a consortium of diverse
bacterial species able to catalyze these biotransformations
(45). To illustrate, pinoresinol (CAS 487-36-5) is subjected
to 4 distinct chemical reactions, 2 sequential benzyl ether
reductions, guaiacol demethylation, catechol dehydroxyla-
tion, and diol lactonization yielding the final products
(45, 53).

Indeed, there is a 2-way relation between microbiota
and polyphenols. Beyond the aforementioned role of the
gut microbiota catalyzing the metabolism of polyphenols,
the polyphenols and their metabolites themselves can also
modulate the microbiota composition exerting a “prebiotic
activity.” They can promote the growth of several microor-
ganisms by being a source of nutrients, in the case of
conjugated compounds, or by inhibiting the growth of others
acting as antimicrobials (54-57). In general, polyphenols
have been shown to influence the relative abundance of
different gut-inhabiting bacteria, reducing the number of
potential pathogens and enhancing the growth of beneficial
species (58).

Individual variability in the gut microbiota metabolism
and its biological relevance.

An individual’s microbiota composition is the result of
complex interactions between several extrinsic factors such
as diet, treatment with medications, physical activity, chronic
stress, alcohol consumption, and smoking, and intrinsic
factors such as host genetic background, age, race/ethnicity,
and sex, among others (30, 55). The intestinal microbiota is a
dynamic ecosystem that changes throughout life. Following
the initial colonization of gut bacteria at birth, the species
diversity increases equally in both sexes until adolescence,
when a significant difference between males and females
becomes evident (59, 60). In humans aged over 70 y, the
microbiota composition returns to being homogeneous be-
tween the sexes and depends mostly on changes in intestinal
physiological function (61, 62). Thus, sexual maturation and
sex hormones are considered to be major determinants of
sex differences in the gut microbiota (59, 63). In general,
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females have a higher ratio of bacterial cells to human cells
(64) and a higher intestinal microbial diversity than males
(65, 66). It is also worth considering that estrogens impact
on microbiota and conversely, the gut microbiota may itself
regulate circulating estrogens, as bacterial S-glucuronidases
deconjugate a variety of endogenous molecules including sex
hormones (67, 68).

At the species level, the human gut microbiota has been
divided into 3 enterotypes, classified in European individuals
by the variation in the levels of genera Bacteroides, Prevotella,
and Ruminococcus (69), with some differences in Asian
populations (70, 71).

As a result of this complex interplay of factors modulating
the gut microbiota, some microbial metabolites are not
present in individuals to the same extent, suggesting that
the transformation of the parent polyphenols into their
metabolites depends mostly on individual variation in the
colonic microbiota (72, 73). In relation to several specific
metabolites, “producer” and “nonproducer” individuals have
been identified, depending on the presence of particular
species or strains possessing the enzymatic machinery to
catalyze different reactions within the phenolic compound.
This concept has been defined by the term metabotype,
describing a phenotype characterized by the generation of
specific metabolites derived from the gut microbiota and the
specific metabolism of the polyphenol precursors (see Table
1). In this context, different studies have emphasized the
need to cluster individuals into metabotypes in an attempt to
explain, at least in part, the interindividual variability in the
health effects observed following dietary interventions rich
in phenolic compounds (31).

The heterogeneity in microbiota composition and
metabolic activity may explain why some individuals
metabolize one of the most active isoflavones, daidzein, to
S-equol (72). The reduced metabolite S-equol is produced
via a series of consecutive reduction reactions due to the
metabolic activities of bacterial species belonging mainly
to the Coriobacteriaceae family (72). Individuals unable
to produce S-equol do not possess the above-mentioned
microbial species, thus the catabolism of daidzein ends
with O-desmethylangolensin or other metabolites (74).
S-equol is more stable and easily absorbed than its precursor
daidzein (75). It also shows stronger estrogenic activity
than any other isoflavone or isoflavone-derived metabolite
(76, 77) and significant antioxidant activity, through the
enhancement of antioxidant cellular defenses (72). S-
equol has been shown to exert beneficial effects in the
protection against estrogen-dependent and aging-associated
processes, such as menopause, osteoporosis, CVD, and
cancer (31, 72). However, only individuals that possess
S-equol-producing microbes may fully benefit from daidzein
consumption.

A large interindividual variation has also been highlighted
in the metabolism of ellagic acid into urolithins. Individuals
can be classified into 3 metabotypes according to the
type and amount of urolithin produced following the
intake of ellagitannin and/or ellagic acid: nonproducers
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(metabotype 0), producers of urolithin A (CAS 1143-70-
00; 3,8-dihydroxy-urolithin) only (metabotype A), and
producers of urolithin A, isourolithin A (CAS 174,023-48-4;
3,9-dihydroxy-urolithin), and urolithin B (CAS 1139-83-9;
3-hydroxy-urolithin) ~ (metabotype B) (73). Some
Gordonibacter species have been identified as responsible for
this conversion, but other bacterial species may also catalyze
these transformations (78). Urolithins have exhibited
important biological activities and are considered to be
the actual bioactive molecule at a systemic level (79).
Urolithins are better absorbed in the intestine and reach
target tissues at a higher concentration than ellagic acid itself
(44). For instance, subjects with a metabotype A seem to
have a lower risk of developing chronic illnesses, as urolithin
A is the most active form among urolithins (73, 80).

The gut microbiota composition seems to be the most
critical factor governing interindividual variability in the
production of enterodiol and enterolactone from dietary
lignans (81). Several bacteria involved in the different steps
of this transformation have been identified, which include
Bacteroides, Clostridium, Eubacterium, and Eggerthella lenta
(81), and their activity has been found to be strain specific
(82). Insufficient concentrations or the complete lack of
some of these bacterial species may greatly influence an
individual’s lignan metabolism (81). Enterolactone possesses
significant anticancerogenic activity, attributed to its antipro-
liferative, proapoptotic, anti-inflammatory, antiangiogenic,
and antimetastatic activities. A high concentration of circu-
lating enterolactone has been inversely correlated with the
incidence of different cancers (83).

Not all unique microbial catabolites have been character-
ized nor linked to a biological effect. In fact, a clear asso-
ciation between the production of specific phenolic-derived
microbial catabolite and health effects has been reported
for only a few phenolics. There is a great need to enrich
the characterization and to better understand the biological
significance of the complex pool of metabolites formed by the
microbiota. Individual variation in the composition of the
gut microbiota can affect polyphenol metabolism capacity
and thus explain partially, the interindividual variability in
health effects observed after the consumption of dietary
polyphenols.

Phase | reactions: cytochrome P450 regulated
Polyphenol biotransformation by cytochrome P450.
Regarding the metabolic disposition of polyphenols, Phase
II conjugation reactions are quantitatively the most common
because their chemical structure, which includes a number of
hydroxyl and phenol groupings, favors this type of reaction.
Even so, the participation of Phase I metabolism in the
clearance of polyphenols has to be considered. Phytochem-
icals act both as inhibitors of CYP-catalyzed reactions as
well as inductors via their interactions with receptors of
xenobiotics (e.g., AhR or PXR) (84, 85). These interactions
may directly affect the development of various diseases
such as cancer, CVDs, and diabetes and are relevant for
the interpretation of drug-phytochemical interactions and



TABLE 2 Phytochemical bioactivation by cytochrome P450 isoforms

Parent compound Active metabolite Reaction Isoforms involved Food sources’ Reference
Tyrosol Hydroxytyrosol 3-hydroxylation CYP2A6 CYP2D6 Olive oil, wine, and beer (13)
Trans-resveratrol Piceatannol 3-hydroxylation CYPIATCYPIA2 CYPIB] Grapes, wine (86)
Kaempferol Quercetin 3-hydroxylation CYPIA2 Tea, fruits, vegetables, and (87,88)
beans
Tamarixetin Quercetin 4'-demethylation CYPIA2CYP3A4 CYP2C9 Fruits, vegetables, and nuts (87)
Apigenin Luteolin 3-hydroxylation CYPIA2 CYP3A4 Fruits, plant-derived (87,88)
beverages, and
vegetables
Naringenin Eriodictyol 3"-hydroxylation CYPIA2 CYP3A4 Herbs and fruits (grapefruit, (87)
sour orange, tomato,
cocoa...)
Hesperetin/hesperidin Eriodictyol 4'-demethylation CYPIA2 Herbs and fruits (orange, (87)
lemon, tangerine, and
peppermint)
Genistein Orobol 3-hydroxylation CYPIA2 Soy products (89, 90)
Safrole 1"-hydroxysafrole 1"-hydroxylation CYPIA2 CYP2A6 CYP2C9 Spices (nutmeg, mace, 91)
CYP2C19 CYP2D6 cinnamon, anise, black
CYP2ET pepper, and sweet basil)

TInformation regarding the food sources of the phenolic compounds was obtained from the database phenol-explorereu (49).

drug effects (85). The contribution of phytochemicals to the
induction and inhibition of CYPs is not specifically covered
in this section but there are good reviews covering this
topic.

The most important group of Phase I reactions are
mediated by CYP enzymes and include oxidation, reduction,
and hydrolysis reactions. Phase I metabolism is primarily
located in the liver, but can also occur in the enterocytes,
kidneys, and lungs. CYPs are a superfamily of hemoproteins
responsible for the oxidative metabolism of a wide range
of xenobiotics (also known as xenometabolites) and are
involved in the metabolism of many endogenous compounds
including steroids, vitamins, and hormones (85, 92). A
total of 57 CYP isoforms have been described in humans,
nonetheless, a subset of isoforms belonging to the 1, 2, and
3 CYP families are responsible for the majority of the CYP-
mediated reactions (93, 94).

Initially, Phase I reactions were considered exclusively a
detoxification pathway to eliminate xenobiotics, producing
metabolites with decreased or null biological activity. This
is the case for phytochemicals such as caffeine (CAS 58-
08-2) and capsaicin (CAS 404-86-4) (95, 96). Nonethe-
less, the literature confirms the involvement of CYPs in
the bioactivation of certain dietary phytochemicals whose
metabolism through the CYP family yields more biologically
active metabolites or at least as active as the parent com-
pound (87). Table 2 summarizes examples of well-known
phenolic compounds that are bioactivated by means of CYP
isoforms. Indeed, the biotransformation catalyzed by CYP
within the flavonoids group of compounds, which all share
similar structures, can trigger the conversion of 1 type of
flavonoid into another, resulting in changes in their biological
activities (97). For instance, flavanones can be metabolized
into flavones, hydroxyflavanones, and isoflavones by CYPs,
with all of the corresponding metabolites showing relevant
biological activities (98). In the case of the polyphenol safrole

(CAS 94-59-7), the bioactivation by means of CYP enzymes
yields 1’-hydroxysafrole (CAS 5208-87-7), a metabolite that
can be further transformed into procarcinogenic metabolites
(91).

The study of phytochemical metabolism is complex and
not completely understood, and for this reason information
regarding the impact of Phase I transformations of many
compounds is still scarce, even in compounds frequently
studied for their potential biological effects. It would seem
that this is the case for the well-known and extensively
researched phenolic compound curcumin (CAS 458-37-7),
in which CYPs have been described to be the most likely
enzymes mediating its metabolism to hexahydrocurcuminol
(CAS 36,062-07-4) (99).

Individual variability in CYP metabolism of polyphenols
and its biological relevance.

The CYP family of enzymes shows high genetic variability in
the population. This is commonly caused by single nucleotide
polymorphisms (SNPs) and copy-number variations (CNV's)
including duplications and deletions. The functional enzy-
matic status of the variants can range from nonfunctional
to increased function, having an impact on the rate of the
reactions metabolized by the CYP enzyme. The discipline of
pharmacogenetics has made a great effort to standardize the
terminology and functional status of the resulting alleles and
phenotypes (94). Additionally, consortiums have released
evidence-based guidelines in order to translate CYP genetic
results into clinical practice, in many cases adapting drug
dosage to an individual’s genotype (100).

The polymorphic trait of CYPs together with their role
in the metabolism of certain phenolic compounds leads
to the speculation that these individual differences could
render significant differences in the benefits obtained from
the consumption of these compounds (87). The impact of
polymorphisms in CYPIA2 has been studied in the context
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of caffeine and coffee intake. A meta-analysis concluded that
rapid caffeine metabolizers (having an increased CYP1A2
activity caused by the rs762551 polymorphism) show greater
coffee intake. This relation was more marked in young males
and Caucasians, but not observable in females, elderly, or
Asian populations (101). Polymorphisms in CYPIA2 also
have an impact on the effects of caffeine on blood pressure,
with a greater increase shown in slow caffeine metabolizers
(rs762551 polymorphism) (102). Another example of the
impact of polymorphic CYPs has been studied in the
context of the bioactivation of tyrosol into hydroxytyrosol by
CYP2A6 and CYP2D6. The rate of hydroxytyrosol formation
was associated with the genetic profile of these CYPs: the
carriers of nonfunctional and decreased function alleles were
less capable of bioactivating tyrosol to hydroxytyrosol (14,
103). Consistent with this, the polymorphisms in these CYPs
also had an impact on the magnitude of the cardioprotective
effects rendered by a tyrosol-rich intervention (14). Regard-
ing the polyphenol safrole, poor metabolizer phenotypes
could reduce the relative risk of the detrimental effects
derived from its consumption (91).

In the case of lignans, CYPs are not directly involved
in their degradation or bioactivation. The isoform CYP1B1
is involved in triggering the modulatory effect that lignans
exhibit on estrogen metabolism. CYP1B1 is involved in both
estrogen biosynthesis and metabolic clearance. Metabolism
favors the formation of compounds with weaker estrogenic
activity. High exposures to estrogenic compounds are as-
sociated with osteoporosis and hormone-sensitive cancers
such as breast cancer. On the contrary, high lignan exposures
exhibit a protective effect. Genetic variation in CYP1B1
modulated the effect of a lignan-rich intervention on the
estrogen metabolic profile (104, 105). The presence of
alleles associated with a greater CYP1B1 activity triggered a
significant increased formation of metabolites with weaker
estrogenic activity (104).

The CYP family contributes to sex differences observed
in the pharmacokinetics of a wide range of compounds.
It is likely that most of these differences are influenced
by sex hormone production and hormonal changes due to
oral contraceptive consumption, pregnancy, and menopause
(106, 107). Certain CYP isoforms show a sex dimorphism
in their mRNA expression, resulting in distinct protein
concentrations. Overall, this results in a sexual dimorphism
in the metabolic rate of CYP-associated reactions. CYP3A4
expression is higher in women, yielding a higher clearance
in the reactions mediated by this enzyme (93, 106-109).
On the contrary, men exhibit higher expression of CYP1A2,
CYP2E1 (93, 106-109), and higher CYP2D6 activity for
certain substrates (109). In the case of CYP2A®6, a functional
difference has been observed between sexes, however, it is
attributed to an inducible effect of estrogens on CYP2A6
transcription, resulting in a higher activity of the enzyme in
premenopausal women compared with men (110).

The sexual dimorphism in CYP enzymes has an im-
pact on the metabolism of some of the aforementioned
phytochemicals. In the case of caffeine, sex differences and
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oral contraceptive use explained part of the interindividual
variation observed in caffeine metabolism, independent of
CYPIA2 genotype. Within women, oral contraceptive users
were associated with decreased caffeine metabolism (111).
In the case of tyrosol to hydroxytyrosol conversion, lower
hydroxytyrosol formation has been observed in women
following an equal dose of wine (103).

Finally, it is important to mention that certain phytochem-
icals can alter the activity of specific CYPs, thus adding a
further degree of complexity. These alterations can be the
result of induction/inhibition of CYP activity triggered by the
phytochemical or direct competition for the same substrate-
binding site (85). Therefore, the simultaneous consumption
of therapeutic drugs and certain phytochemicals can alter
the pharmacokinetics of drugs and hence, increase the risk
of unwanted side effects. As a matter of example of the
relevance of these interactions, well-known and serious
consequences have been described with the coadministration
of therapeutic drugs with St John’s wort or grapefruit due to
their induction and inhibition of CYP3A4, respectively. For
further information refer to other relevant reviews (85, 112).

Overall, Phase I drug-metabolizing enzymes play an
important role on the biological activities fostered by phyto-
chemicals. Extensive CYP genetic variation, together with sex
differences, could be important modifiers of the health effects
attributed to their exposure and explain part of the variability
observed in phytochemical-rich interventions.

Phase Il metabolic reactions

Phase II enzymes metabolize dietary phenolic compounds
giving rise to conjugated metabolites. The 3 main Phase
II reactions involved in the metabolism of dietary phe-
nols are sulfation, glucuronidation, and methylation, which
are catalyzed by sulfotransferases (SULTs), uridine 5'-
diphosphate-glucuronosyltransferases (UGTs), and COMT,
respectively. Phenolic compounds can also undergo alter-
native Phase II reactions such as acetylation (catalyzed by
N-acetyltransferase), glutathione conjugation (catalyzed by
glutathione-S-transferase), conjugation with amino acids, or
bis-conjugations (Figure 1), but the quantitative contribution
of the latter reactions is generally lower. The metabolic
pathway of each compound depends on their affinity towards
each Phase II metabolic enzyme, as well as on the quantity
of expression and location of the enzyme. For instance,
hydroxycinnamic acids are essentially sulfated (mainly by
SULT1Al) and, to a lesser extent, glucuronidated (by
UGT1A9) (113), whereas flavonoids are both sulfated and
glucuronidated, but the rates of glucuronidation are faster
than those of sulfation (114). The simple phenol hydroxyty-
rosol can be both sulfated and glucuronidated, glucuronides
being more predominant at lower doses, and sulfates being
the major metabolites found following high doses (115). Also,
the polarity of the matrix (i.e., hydroalcoholic compared with
fatty) influences the rate of Phase II metabolite formation.
In the case of wine consumption, hydroxytyrosol sulfates are
predominantly formed and in the case of olive oil, glucuro-
conjugates are the most relevant metabolites (116). A crucial
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question regarding the potential biological activity of Phase
IT metabolites is to establish whether they act directly as
conjugates or if they first undergo hydrolysis in the intra-
and/or extracellular environment by deconjugating enzymes
(15, 117). Table 3 outlines a list of Phase II reactions
leading to metabolites with a described biological activity.
It is worth mentioning that the conjugation patterns for
Phase II reactions can be significantly different between
human and animal models, and even between different
rodent models (e.g., rats compared with mice). In an
elegant example, Ottaviani et al. measured the metabolites of
epicatechin following the oral administration of [2-'*C](—)-
epicatechin in humans, rats, and mice. The authors found
that the metabolic profile was very different between the 3
species, evidencing the relevance of interspecies metabolic
differences (118).

Sulfation.

SULTSs are cytosolic enzymes widely expressed in the liver,
but also present in other tissues like the small intestine,
brain, adrenal glands, kidneys, lungs, skin, breast, and
blood (platelets) (117, 119). They catalyze the transfer of
the sulfonate group (SO37) from the cosubstrate donor 3'-
phosphoadenosine 5'-phosphosulfate (PAPS) to an acceptor

molecule (hydroxyl, amino, or sulthydryl groups) generating
a sulfate conjugate. Sulfation is an important pathway
for the in vivo metabolism of exogenous (e.g., drugs,
dietary compounds, and food additives) and endogenous
compounds (e.g., steroid and thyroid hormones, bile salts,
and monoamine neurotransmitters) (117, 120). Generally,
sulfation decreases the biological activity of these molecules
but in some cases, it can result in bioactivation and increase
biological activity. This has been studied for drugs (e.g., the
antidepressant minoxidil) and xenobiotics [e.g., mutagenic-
ity of aromatic hydroxylamines and benzylic alcohols (121)]
and also in dietary antioxidants (hydroxytyrosol sulfate)
(122, 123).

SULTSs display a wide interindividual variability, and this
is partially explained by genetic variants. In humans there
are 4 different SULT families (SULT1, SULT2, SULT4, and
SULT6) and 14 different subtypes of human cytosolic SULTs
(119). Additionally, SULT subfamilies can have genetic
variants (SNPs and CVNs) that lead to different allozymes
with different sulfation capacities. A well-known example is
SULT1A1, whose genetic variants (caused mainly by SNPs)
lead to 3 different alleles (*1, *2, and *3), which differ
in frequency across different ethnicities, and affect SULT
activity, the metabolism of phytochemicals, and the efficacy
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TABLE 3 Selected examples of Phase Il metabolic reactions of phytochemicals leading to bioactive metabolites

Parent compound Active metabolite(s) Reaction Food sources’ Reference
Hydroxytyrosol and Hydroxytyrosol 3-O-sulfate; Sulfation, Olive oil, olives, wine, (15,122,123)
tyrosol hydroxytyrosol 3-O-glucuronide; glucuronidation, and beers
tyrosol 4-O-sulfate; tyrosol methylation
4-O-glucuronide; homovanillyl
alcohol
Resveratrol Resveratrol-3-O-glucuronide; Glucuronidation and Grapes, wine (124)
resveratrol-3-O-sulfate; sulfation
resveratrol-4’-O-sulfate; dihydro-
resveratrol-3-O-glucuronide
Quercetin Quercetin 3-O-sulfate; quercetin Sulfation and Cocoa, berries, apples, (125-128)
3-O-glucuronide; glucuronidation onions
isorhamnetin-3-glucuronide
Epicatechin Epicatechin sulfate; epicatechin Sulfation and Tea, cocoa, wine, fruits, (125)
glucuronide glucuronidation beans
(+)-Catechin Catechin sulfate; catechin Sulfation and Tea, cocoa, wine, fruits, (126)
glucuronide glucuronidation beans
Daidzein Daidzein 4’-sulfate Sulfation Soy and soy products (129)

TInformation regarding the food sources of the phenolic compounds was obtained from the database phenol-explorereu (49)

of drugs (130). The differential catalytic activity of the
SULT1AL1 allozymes has been studied in vitro with dietary
flavonoids [e.g., chrysin (CAS 480-40-0), genistein (CAS
446-72-0), quercetin (CAS 117-39-5)] and the catalytic
activity depends on the allozyme (Vi *1 > *2 > *3)
(131). Additional experiments with the dietary phenols
apigenin (CAS 520-36-5), epicatechin (CAS 13,392-26-2),
and resveratrol confirmed that allele-specific differences in
SULT are common (132). Nevertheless, despite our current
knowledge of SULT genetic variations and their potential
impact on health, SULT polymorphisms are not commonly
studied in nutritional interventions (133).

Besides genetic variation, SULT activity can be inhibited
by the exposure of certain drugs, dietary phenols, and food
additives (117, 119). Indeed, according to in vitro studies,
many common dietary phenols are potent SULT inhibitors:
quercetin, green tea catechins, and the food additives
vanillin (CAS 121-33-5) and tartrazine (CAS 12,225-21-
7) (117). Additional in vitro studies with SULT recombinant
proteins have shown that grapefruit juice, orange juice, and
teas (green, black, oolong) and their phenolic compounds
(quercetin and epigallocatechin gallate) are inhibitors of
SULT1AL1 and/or SULT1A3. In light of these observations,
the authors hypothesized that SULT inhibition could increase
pB2-agonist bioavailability, as they are known substrates
of SULT1A3 (133). Orange juice and red wine contain
phytochemicals known to inhibit SULT. This inhibition has
been hypothesized to interfere with normal catecholamine
deactivation, leading to deleterious health effects caused by
high catecholamine concentrations (134, 135).

Taken together, current evidence from in vitro and
preclinical studies supports the fact that dietary phenols
can modify the biological activity of both endogenous
and exogenous compounds by competing as substrates
and/or inhibiting SULT (119). Interestingly, the recent FDA
guidelines (January 2020) for industry to study clinical drug
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interaction have included the recommendation to conduct
in vitro studies to find out if investigational drugs are me-
tabolized by SULTs (136). Unfortunately, there are a lack of
clinical trials evaluating the biological and pharmacological
consequences of the inhibition of SULT induced by dietary
phytochemicals, and further research is required to better
understand the health consequences derived from diet-
induced SULT inhibition.

Glucuronidation.

UGTs are microsomal enzymes primarily expressed in the
liver, but also present in the intestine, kidneys, heart, thymus,
spleen, olfactory epithelium, brain, adrenal glands, and
lungs (137). UGTs catalyze the transfer of a uronic acid
(i.e., glucuronic acid) from uridine diphosphoglucuronic
acid to exogenous (e.g., carcinogens, dietary compounds,
and drugs) and endogenous compounds (e.g., bilirubin or
hormones) (137). This reaction, known as glucuronidation,
takes place in the endoplasmic reticulum (ER) and is one
of the most quantitatively important Phase II reactions.
As glucuronidation results in an increased solubility, it
is generally considered a detoxification pathway and a
major barrier that limits oral bioavailability (138, 139).
Nevertheless, it is noteworthy that there are examples of
compounds retaining activity after glucuronidation (e.g.,
daidzein or genistein) and even examples of bioactivation
where the glucuronide is more potent than the unconju-
gated compound (e.g., morphine, codeine, or ezetimibe)
(139).

The glucuronidation capacity varies significantly (from
3-fold to >100-fold, depending on the compound) be-
tween humans, and this can be explained by genetic and
environmental factors (138). In a similar way to SULTSs,
UGTs are also genetically variable, changing regulation and
expression. UGTs are divided into 4 subfamilies based on
their amino acid sequence identity: UGT1, UGT2, UGTS3,



and UGTS8. Many genetic polymorphic variants have been
reported for UGTIA and UGT2B genes. As an example, the
relevance of UGT1A6 and UGT1AL1 genetic polymorphisms
on cis- and trans-resveratrol glucuronidation was studied
in 51 genotyped human liver microsomes. Interestingly,
<5-fold variability was observed in trans-resveratrol (CAS
501-36-0) glucuronidation and cis-resveratrol (CAS 61,434-
67-1) glucuronidation depending on UGTIA6 genotype
(140). Also, as occurs with SULTs, epidemiological studies
have found associations among UGT polymorphisms and
the exposure of cancer-related dietary chemicals, but these
relations are not fully understood (140). However, a few
studies have shown the clinical significance of these polymor-
phisms (139). Although feasible, major challenges for this
are: 1) that most members of the UGT family are genetically
polymorphic, 2) that the relation between genotype and
phenotype is still an area of research, and 3) that UGTs
have distinct but sometimes overlapping substrate specificity
towards dietary phytochemicals.

Besides genetic variation, several in vitro studies have
shown that UGTs can be inhibited by dietary compounds. For
instance, UGT2B17 (the key enzyme involved in testosterone
glucuronidation) is modulated by green tea, white tea (141,
142), and red wine constituents (143). UGTs can also be in-
hibited by dietary anthocyanins like cyanidin (CAS 13,306-
05-3) or delphinidin (CAS 8012-95-1) (144). Two questions
remain to be answered in the field of glucuronidation of
dietary antioxidants. Firstly, to what extent do glucuronides
retain the biological activity of the parent compound in vivo?
Secondly, what is the in vivo relevance of S-glucuronidase
(the enzyme that carries out deglucuronidation)? This is
further discussed below.

Methylation.
Methyltransferases have received special attention due to
their role in reducing disease risk (112). COMT is one of
the most relevant methyltransferases expressed in almost
all mammalian tissues. In humans, the highest COMT
expression levels are found in the liver, followed by the
kidneys, stomach, and intestine (145). This enzyme cat-
alyzes O-methylation by transferring a methyl-group from
S-adenosyl-Lmethionine (SAM) to one of the hydroxyl
moieties of a catechol-containing substrate (146). We now
know that it catalyzes the O-methylation of a great variety
of endogenous (e.g., catecholamines, estrogens, melanin
intermediates) and exogenous compounds (e.g., drugs and
phytochemicals) (146). In a similar way to SULTs and
UGTs, COMT is considered a detoxifying enzyme that
reduces the formation of potentially mutagenic metabolites,
protecting DNA from oxidative stress (146). COMT plays an
important role in deactivating biologically active catechols
and a decreased COMT activity has been related to the risk
of CVDs, neurodegenerative diseases, and estrogen-induced
hormonal cancers (145).

There are important interindividual differences in COMT
activity. Sex is known to play a role, as males exhibit higher

COMT expression in the liver compared with females (146-
148). Genetics also contributes to these differences. Several
polymorphisms have been reported in the COMT gene but
the most studied and clinically relevant is the COMT rs4680
polymorphism, resulting in a Val'*Met substitution (149).
The substitution significantly reduces COMT activity, and
determines the high-, intermediate-, and low-activity phe-
notypes (146). Since COMT deactivates catecholamines, the
relevance of this polymorphism has been widely studied in
brain-related disorders like mood disorders, schizophrenia,
and substance dependence (149, 150).

Besides genetic variation, dietary flavonoids are both sub-
strates and potent inhibitors of COMT (151). Indeed, COMT
catalyzes the O-methylation of various phytochemicals such
as tea flavanols [catechin (CAS 7295-85-4), epicatechin,
epigallocatechin (CAS 970-74-1), epigallocatechin gallate
(CAS 989-51-5)], flavonols [quercetin (CAS 117-39-5) and
fisetin (CAS 528-48-3)], flavones [luteolin (CAS 491-70-
3)], and phenolic compounds (hydroxytyrosol). Interestingly,
flavonoids are good substrates for COMT and they have
higher metabolic rates than most endogenous substrates
(146).

Despite the general concept that COMT inactivates and
decreases the biological activity of compounds, some in
vitro and in vivo studies indicate that the corresponding O-
methylated analogs maintain or even increase the biological
activity of the parent compounds. For example, studies in
human HepG2 cells found that the antiproliferative activity
of the flavonols, fisetin and quercetin, was decreased in
the presence of the COMT inhibitor entacapone, and that
the O-methylated metabolites had higher antiproliferative
effects (152). Also, a clinical trial on the beneficial effects of
following the Mediterranean diet [PREDIMED (PREvencién
con Dleta MEDiterranea) study] investigated the relation
between hydroxytyrosol and its O-methylated metabolite,
homovanillyl alcohol, on CVDs and total mortality. In-
terestingly, urinary concentrations of homovanillyl alcohol
were associated with a significantly lower total mortality
and CVD risk (15). Taken together, COMT-catalyzed O-
methylation of dietary phenolic catechols results in the
formation of active metabolites. Evaluating the in vivo
bioactivity of the methylated metabolites of phytochemicals
and the clinical impact of COMT polymorphisms are 2
interesting research areas that can provide us with key aspects
to better understand the health benefits of dietary phenols.

Deconjugating enzymes influence Phase-Il metabolite
activity

Deconjugating enzymes (e.g., sulfatases and glucuronidases)
convert conjugated metabolites into unconjugated forms.
They have, thus, a direct (although rarely explored in
clinical trials) impact on the biological activity of phyto-
chemicals and their metabolites. Deconjugation is mediated
by glucuronidases (mainly by isoforms of the enzyme S-
glucuronidase) and by sulfatase enzymes, steroid sulfatase
(STS) and, above all, arylsulfatases (ARS). Sulfatases and S-
glucuronidase are ubiquitously expressed, but the latter is
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usually found at higher concentrations in the small intestine,
in the liver, and in tissues containing inflammatory cells such
as lymphocytes, Kupfter cells (liver), and/or macrophages
(153-155).

Once in the bloodstream, metabolites may first undergo
extracellular deconjugation by enzymes in the endothelial
cell wall and intracellularly in RBCs, which may play a pivotal
role in the distribution and bioaccessibility of circulating
phenols and their metabolites (156-158). Deconjugation by
B-glucuronidase can then occur intracellularly in several
tissues (e.g., liver and small intestine) because of the location
of this enzyme in the lysosomes and in the microsomal
fraction (155, 159, 160). It can also occur extracellularly, since
B-glucuronidase was also found in the wall of intestinal cells
(161). Furthermore, it may also take place via extracellular
B-glucuronidase released by neutrophils and macrophages
stressed with proinflammatory agents, and by bone marrow
(161, 162). Although ARS-A and B are water-soluble en-
zymes, STS has a hydrophobic domain and is an integral
membrane protein of the ER (163).

One of the best examples of the relevance of Phase I
metabolites and the role of deconjugating enzymes in the
biological effects elicited by phytochemicals is known as
the “flavonoid paradox.” Quercetin, one of the most widely
studied flavonoids, is extensively metabolized into methy-
lated, glucuronidated, and sulfated conjugates. Glucuronides
are then slowly hydrolyzed at the vascular level, yielding
the parent aglycone which accumulates in tissues. Thus,
quercetin conjugation is reversible and, at least regarding
its vasodilator and antihypertensive effects, the conjugation-
deconjugation cycle appears to be an absolute requirement.
As such, glucuronides deliver free quercetin and its methy-
lated form to tissues (164, 165, 124).

Several studies have shown that the activation of de-
conjugating enzymes is related to cell homeostasis, patho-
logical conditions, and to the different tissues exposed to
metabolites. A pioneering work of Shimoi et al. showed that
luteolin monoglucuronide is converted to its free aglycone
during inflammation using human neutrophils stimulated
with ionomycin/cytochalasin B and rats treated with LPS
(166). In addition, a higher 8-glucuronidase activity was also
found in the livers of hepatocarcinogenic rats with respect to
the livers of healthy rats, corroborating the hypothesis that 8-
glucuronidases as well as sulfatases are specifically activated
in inflammatory tissues as well as in a low pH environment,
required for enzyme activation, and typical of developing
cancers (153, 163, 167).

Concerning deconjugating enzymes, Gratz et al. (168)
found a substantial interindividual variability of -
glucuronidase in plasma and verified the association of
B-glucuronidase activity with age, sex, and BMI. Differences
in the expression of different isoforms of sulfatase enzymes
such as aryl-sulfatases and STSs were also observed
comparing breast tumoral cells with normal cells (169).
In tumor samples, an increased ARS-A expression was
found compared with control tissue, whereas no differences
were observed regarding the expression levels of ARS-B.
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Furthermore, STS mRNA expression was significantly
higher in control cells compared with tumor tissue
samples.

Moreover, Gimenez Bastida et al. showed that resveratrol
derivatives do not undergo deconjugation in breast cancer
cells, but they enter the cells via ATP-binding cassette
(ABC) transporters and are biologically active on their own
(124). In the literature, however, it is generally assumed that
deconjugation of phenolic metabolites may promote their
entry into cells and may be required before they can exert
biological effects. Moreover, although deconjugated before
entering the cells, metabolites can be reconjugated inside the
cell, acting together with their free forms (17, 123).

Taken together, these findings suggest that polymor-
phisms of deconjugating enzymes likely promote interindi-
vidual differences in polyphenol metabolite efficacy in vivo
and are therefore of relevance in the context of metabolite
availability for target tissues.

Transporter proteins influence metabolite
bioavailability and biological activity

As stated earlier, a major issue which is currently debated
is how and to what extent the metabolites of dietary
phenolic compounds are bioaccessible to tissues and directly
or indirectly involved in the biological effects attributed
to the ingested free forms in vivo. A crucial step is that
Phase I/II metabolites and their free forms must leave
enterocytes or hepatocytes to be distributed to target tissues.
Once the metabolites are formed, their bioaccessibility is
primarily related to the transporters that regulate their
concentration inside and outside of the target cells (170) (see
Figure 2).

The efflux of flavonoids and their metabolites is usually
regulated by ABC transporters, which are ubiquitous integral
membrane proteins that transport various ligands across
the membrane (171). Members of ABC transporters such
as P-glycoprotein 1 (PGP), multidrug resistance protein 2
(MRP2), and breast cancer resistance protein (BCRP) are
widely expressed in all tissues and are known to be involved
in the efflux of simple phenols as well as their glucuronides
and sulfate conjugates. These Phase II metabolites are, in
fact, too hydrophilic to diffuse across the cell membrane
compared with their parent compounds, and can only leave
cells via active transportation (172, 173).

Some polyphenols, like quercetin, competitively inhibit
PGP, MRP1, and BCRP, affecting their activity (174), but
it is unknown whether conjugated metabolites can also
inhibit these transporters. In any case, the efflux of sulfate
and glucuronide metabolites seems to be conjugate specific.
Indeed, it has been shown that sulfate conjugates prefer-
entially efflux back to the apical side of Caco-2/TC7 cell
monolayers, whereas glucuronides were mostly transported
to the basolateral side (175). In particular, it has been seen
that the efflux of resveratrol sulfate is regulated by MRP2,
whereas MRP3 (which islocated in the basolateral membrane
of enterocytes) and MRP4 have been found to selectively
transport resveratrol glucuronide (164, 176). There is some
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evidence that sulfate and glucuronide metabolites, applied
to apical and basolateral sides of the cells, are not able to
permeate in either direction, suggesting conjugates cannot
recross the cell monolayer once released to the exterior (175).
All these findings may imply that, in the gut (especially the
small intestine), sulfate conjugates are more likely to remain
in the gut lumen relative to glucuronides, where they may act
locally, be excreted in the feces, or be further metabolized by
the gut microbiota.

Polymorphisms in ABC transporters have been identified.
Genetic variations in its protein-coding gene, ABCBI, and
their interethnic frequency differences, are expected to
have an impact on the exposure of polyphenols in human
populations (177). For instance, polymorphisms associated
with reduced expression and function of MRP3 and MRP4
transporters are thought to induce intracellular accumula-
tion of metabolites and decrease ATP-dependent bile acid
sulfates/glucuronides export, whereas a reduced expression
of PGP may lead to higher concentrations of metabolites in
the blood circulation (166).

In humans, there are also other classes of influx/efflux
transporters that modulate the cellular uptake of phytochem-
icals and drugs by moving substrates against a gradient.
These uptake transporters include organic anion transport-
ing proteins (OATPs), organic cation transporters (OCTs),
concentrative nucleoside transporters (CNT), dipeptide
transporters (PEPT), and monocarboxylate transporters
(MCT) (178). It is not fully understood whether these
transporters can mediate the uptake of conjugate metabo-
lites as well as free forms, the former being more polar
and not able to cross the cell membrane via passive
diffusion.

The evaluation of individual variations in tissue dis-
tribution and differences in function caused by the ge-
netic variation of transporters involved in metabolite ef-
flux is of relevance to further study the health benefits
of polyphenols. For instance, the uptake of resveratrol
and its sulfates into targeted tissues is closely related to
the expression of specific OATP isoforms (165). There-
fore, individuals with low or no detectable expression
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of OATP1BI1, OATP1B3, and OATP2B1 may show de-
creased response rates or even no response to resveratrol
interventions. One relevant in vitro study showed that
resveratrol-3-0O-4-8-O-disulfate was transported, with low-
ered affinity, by OATP1B1 and OATP1B3 isoforms, whereas
resveratrol-3-O-sulfate (CAS 858,127-11-4) was exclusively
transported by OATP1B3 (165). Interestingly, no up-
take of resveratrol-3-O-glucuronide (CAS 387,372-17-0)
or resveratrol-4’' 8-O-glucuronide (CAS 387,372-20-5) was
observed.

Conclusions

In conclusion, the present review highlights the relevance
of the microbiota, Phase I/II reactions, transport proteins,
and deconjugating enzymes on the final activity elicited
by dietary phytochemicals, contributing in some cases, to
their bioactivation (Figure 3). Therefore, their role must
be further studied to correctly understand and predict the
effects observed following their intake. Clinical research
on the biological activities of dietary phytochemicals has
shown high variability in results and highlighted important
discrepancies between in vitro and preclinical studies. The
microbiota, drug-metabolizing enzymes, and cell trans-
porters are critical aspects that are prone to wide interindi-
vidual variability and could thus be underlying contributors
to the heterogenicity of the results obtained in clinical
studies. Age, genetics, sex, physiopathological conditions,
and the interplay with other dietary phytochemicals are
important sources of interindividual variability that must
be considered when studying the health effects of these
compounds.
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