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Abstract A substantial and growing consumer demand
exists for plant-based functional foods that improve general
health and wellbeing. Amongst consumed phytochemicals,
the polyphenolic compounds tend to be the most bioactive.
Many commonly consumed polyphenols have been shown
to have specific and potent health-promoting activities
when assessed by high-throughput in vitro assays and when
administered to experimental animals by injection. How-
ever, very few have been shown to have any beneficial
effects in animals or man when orally consumed, because
of the poor bioavailability exhibited by most polyphenols
following the ingestion. Consumed polyphenols, like most
pharmaceuticals, are regarded as xenobiotics by the body
and must overcome many barriers, including extensive
enzymatic and chemical modification during digestion and
absorption, to reach their site(s) of action. This is especially
true for polyphenols targeting the brain, which is protected
by the tightly regulated blood—brain barrier. Interestingly,
many polyphenols are also known to specifically modify
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some of the metabolic and transport processes that govern
bioavailability. Therefore, the opportunity exists to
increase the bioactivity of beneficial polyphenols by
designing specific synergistic interactions with polyphenols
that improve their oral bioavailability. This hypothesis and
review paper will discuss some of the endogenous systems
that limit the bioavailability of ingested polyphenols to the
body and the brain, and the means by which bioavailability
may be improved by specifically designing synergies
between orally consumed polyphenols.

Keywords Bioavailability - Phases 1 and 2 metabolism -
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Introduction

Evidence from many studies has linked the intake of fruits
and vegetables, with a diverse array of health benefits. This,
alongside traditional plant-based medicines, has created a
significant market for plant-derived functional foods which
impart health benefits. This demand is further driven by an
increasing consumer awareness of health, the benefits of a
healthy diet, and the reluctance to depend on pharmacolog-
ical intervention. Classically, the science behind the creation
of functional foods has involved taking extracts with putative
health benefits, either from epidemiological data or tradi-
tional-medicine-based evidence, and subjecting these to
high-throughput assays on specific molecular targets in vitro.
Activity-guided fractionation is then used to identify bio-
active components that are purified, or enriched to form a
functional food product. Many functional foods are now
available which were designed in this way, but few have been
subjected to rigorous clinical trials and many are sold on the
basis of in vitro evidence only. For example, within the arena
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of functional foods that affect mood, true clinical efficacy has
only been shown for a handful of plant extracts, including
kava kava for anxiety [64] and Salvia officinalis for
improving mood and cognitive performance [34, 77].

Plant-based food are comprised of widely varied com-
pounds including, fibres, vitamins, minerals, ions, carbohy-
drates and polyphenols, all of which have some functionality
within the body. Increasingly however, it is the polyphenolic
compounds that are thought to be the most bioactive agents
within plant-based foods. These are categorised into several
classes, namely: hydroxybenzoic acids, hydroxycinnamic
acids, anthocyanins, proanthocyanidins, flavonols, flavones,
flavanols, flavanones, isoflavones, stilbenes and lignans [43].
By far, the major issue in the development of bioactive
polyphenols and food ingredients is their limited bioavail-
ability, and many excellent reviews have been written on this
[42, 43, 75]. Using high-throughput in vitro assays followed
by activity-guided fractionation however, does not take into
account in vivo bioavailability and can lead to both false-
positive- and false-negative interpretations. For example, if
the in vitro active compound within an extract is quickly
metabolised or has limited bioavailability to the target organ,
false-positive hits are found, and conversely, if the active
compounds are actually metabolites of the compound(s)
within a crude extract, then their bioactivity is not observed
in vitro. It is clearly unethical and unfeasible to use in vivo
models for high-throughput screening programmes and thus
an appreciation of the mechanisms involved in the bio-
availability of polyphenols is important. In general, the body
treats consumed polyphenols as xenobiotics, or foreign
substances, similar to most pharmaceuticals and these are
subjected to the same protective xenobiotic-metabolising-
and efflux mechanisms. This often results in major changes
in biological activity and usually greatly increased rates of
excretion from the body. Interestingly, many polyphenols
appear able to modulate the mechanisms that govern xeno-
biotic bioavailability and putative synergies may be
designed to increase the limited bioavailability and thus
bioactivity of some xenobiotics.

In this review and hypothesis paper, we will first discuss
the basic processes which govern the absorption, metabo-
lism and distribution of polyphenols. We will then discuss
some specific examples of synergies between polyphenols,
which increase bioavailability of the bioactive and suggest
future synergies which may be designed in the creation of
more efficacious functional foods.

Absorption, metabolism and distribution of polyphenols
Polyphenols are mainly small organic molecules (molecu-

lar weight typically in the 200—800 Da range) with one or
more phenolic ring structure. To produce their beneficial
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effects, other than on the gastrointestinal (GI) tract itself,
these xenobiotic molecules must be absorbed into the body
after oral ingestion and be carried by the blood stream from
the absorption site to target tissues and organs. Biological
activity has been demonstrated for many of these poly-
phenols in numerous in vitro systems [75], but it is
apparent that the effective concentrations (>pM levels) in
vitro are at least an order of magnitude higher than those
(<1 pM) normally achieved in human plasma [43]. To
achieve sufficient concentrations at their site(s) of action,
consumed polyphenols must overcome a number of barri-
ers. First, they must dissolve in the fluids of the GI tract and
survive the low-pH environment encountered in the stom-
ach. They may also be subjected to degradation and
metabolism by intestinal enzymes, such as the glycosi-
dases, esterases, oxidases and hydrolases originating both
from the host and the myriad of microbiota that inhabit the
GI tract [71]. One group of gut enzymes, the monoamine
oxidase (MAO) enzymes, deaminate dietary monoamines
and are a potential target for the design of synergies as
discussed in “Modulation of gut MAO enzymes”.

Most of the GI microbiota resides in the large intestine
and the rate and extent of metabolism by bacteria will be
influenced by the amount of the polyphenol that reaches the
distal gut. Metabolism of polyphenols by GI enzymes may
be responsible for the destruction of their bioactivity, but
this is not always the case. For example, many plant
flavonoids exist in the O-glycoside form within the plant
and undergo hydrolysis to form their respective aglycons
[10, 82]. The latter are more lipophilic and more permeable
across the cell membrane than the parent glycoside, and
thus are more efficiently absorbed across the GI wall.
However, favourable absorption across the gut wall (usu-
ally by passive diffusion down a concentration gradient or
by an appropriate uptake transporter) does not always
equate with improved bioavailability. Once in the entero-
cyte, the polyphenol or other xenobiotic may be subjected
to various efflux pumps including the ATP-binding cassette
(ABC) transporters, P-glycoprotein (Pgp/ABCB1/MDR1),
multidrug resistance-associated protein 2 (MRP2/ABCC2)
and breast cancer resistance protein (BCRP/ABCG?2),
which actively transport the polyphenol (or its metabolites)
back into the GI lumen [30].

The ABC transporters are mostly found in biological
membrane barriers including the epithelial layers of the GI
tract, kidney, liver, placenta, blood-brain barrier (BBB),
testes and choroid plexus. These transporters are well
known for their ability to limit the bioavailability of
pharmaceutical agents and evidence suggests that several
clinically relevant food—drug interactions occur because of
the ability of some food components to either upregulate or
inhibit the efflux pumps, causing reduced drug bioavail-
ability and efficacy, or higher absorption and possible toxic
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side effects, respectively (reviewed in detail in [56]). These
are discussed in greater detail in “Polyphenols as trans-
porter substrates” below.

Possibly of greater importance as a defensive barrier
against these invading foreign molecules is the battery of
both phases 1 and 2 enzymes present in the enterocytes.
The phase 1 reactions include oxidation, reduction and
hydrolysis, which primarily serve to increase the hydro-
philicity of the molecule, and expose or add a functional
group (such as a hydroxyl group) to facilitate phase 2
conjugation reactions. Oxidation is the most predominant
reaction involved in the phase 1 metabolism of xenobiotics,
and is principally carried out by a family of closely related
isozymes known as the cytochrome P450-dependent
mixed-function oxidases (CYPs). In humans, CYPIA,
CYP2C, CYP2D and CYP3A are responsible for meta-
bolising the bulk of xenobiotics that enter the body via the
oral route [38]. CYP3A4/5 with its broad substrate speci-
ficity is particularly important in xenobiotic metabolism,
making up 70 and 30% of total CYPs in the intestines and
liver, respectively [94].

The parent polyphenols (or their phase 1 metabolites)
that contain suitable functional groups (e.g., a hydroxyl
group) often undergo conjugation reactions with endoge-
nous compounds to yield more polar and water-soluble
compounds. The latter are usually ideal substrates for
active transport out of the cell, and eventually excretion
from the body. The principal conjugation reaction is the
formation of p-glucuronides catalysed by a family of
enzymes known as the uridine diphosphoglucuronosyl
transferases (UGTs), but conjugation with a sulpho moiety
(SO37) or glutathione also occurs, catalysed by various
sulphotransferases (SULTSs) and glutathione-S-transferases,
respectively. Less-polar conjugates may also be formed by
methylation, catalysed by catechol-O-methyl transferase.
These phase 2 conjugation reactions are particularly
important for polyphenols such as epi-gallocatechin-3-
gallate (EGCG), which is the most abundant catechin in
green tea. EGCG has numerous hydroxyl groups and
undergoes extensive phase 2 metabolism, including glu-
curonidation, sulphation and methylation [37, 88]. Several
recent studies using liquid chromatography—tandem mass
spectrometry (LC-MS/MS) have demonstrated that after
ingestion of flavonoids, phase 2 conjugates of the aglycon
such as glucuronides, sulphates and methylated metabolites
predominate in the blood circulation, rather than the ori-
ginal plant glycoside or aglycon [32, 93]. The extent to
which these metabolites contribute to the overall beneficial
effects of polyphenols in the body is largely unknown, and
needs further investigation. In studies with green tea
polyphenols, the metabolites mostly had reduced biological
activity, but in some systems the metabolites had the
equivalent or greater activity than the parent polyphenol

[37]. There is also evidence that the position of the glu-
curonide conjugate on the flavonoid can influence its bio-
logical activity [12, 33]. Certainly, these conjugated
metabolic products are ideal substrates for various active
transmembrane transport processes, in particular the
excretory processes of the liver and kidney.

Although the phase 1 and 2 metabolic enzymes are
found in the endothelial cells of the gut wall, by far the
greatest concentrations are found in the liver, where they
form a major barrier to the further distribution of the active
moiety to other organs, such as of the heart, kidney, lungs
and brain. The liver’s location and the portal venous blood
supply from the intestines make it well suited for the
protection of the body from possible toxic xenobiotics
contained in our diet. During this first passage through the
liver, many polyphenols will undergo substantial extraction
and metabolism (known as first-pass metabolism). The
resulting metabolic products are then exported back out of
the liver into the blood stream and carried to the kidney
where they are excreted in the urine. Alternatively,
metabolites such as glucuronide conjugates may be
exported in the bile and released into the gut lumen.
Thereafter, the metabolite conjugate may be excreted in the
faeces, or alternatively it may be further metabolised by
microbial enzymes, such as f-glucuronidase, which has the
ability to cleave off the glucuronide and reform the less-
polar aglycon, which may then be reabsorbed. This cycle is
known as enterohepatic recirculation and may result in a
longer exposure of the body to the polyphenol. Evidence
for such enterohepatic recirculation has been obtained for
the flavonoid baicalein 7-O-glucuronide with a rat model
[87], but whether a similar process occurs in humans for
some flavonoids is not known.

Presumably, if the polyphenol overcomes the defence
mechanisms of the gut and the liver, it will enter the sys-
temic circulation and be distributed by the bloodstream to
the other major organs of the body and possible site(s) of
action. In pharmacology, the term bioavailability is used to
indicate the relative amount of the ingested parent xeno-
biotic that reaches the main cardiovascular circulation
(Fig. 1). Bioavailability is usually measured by taking
peripheral blood samples over a period of time after
ingestion and analysing for xenobiotic concentration. It is
assumed that this blood concentration is an acceptable
index for the concentration or exposure at the site of action.
Polyphenols can pass with the ease through the pores of the
capillaries of organs such as the heart and lungs, but not the
brain. The brain capillaries are surrounded with a protec-
tive cellular sheath of glial cells (the so-called BBB)
resulting in permeability characteristics more closely
resembling those of tightly bound tissue cell walls. To gain
access to the brain, a polyphenol must be highly lipid-
soluble, or subject to uptake transport processes. In
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addition, the BBB contains a number of ABC transporter
efflux pumps, which are involved in reducing the pene-
tration of xenobiotics into the brain and protecting it [90].
It is apparent that there is a complex interplay between the
physicochemical properties of polyphenols and the pro-
cesses of metabolism and active transport that control their
extent of exposure to their bioactive site(s) in the body.
From experience with pharmaceuticals, it would appear
feasible to manipulate these processes to obtain an
improvement in bioavailability and greater exposure at the
site(s) of action, to produce greater health benefits from
appropriate polyphenols.

Designing synergies to improve the bioavailability
of polyphenols

In this section, we aim to illustrate different strategies that
may be useful in improving the bioavailability and hence
bioactivity of polyphenols, and to give examples of such
synergies where these are known. Given the tightness and
relative impermeability of the BBB to polyphenols, we
have mainly used examples of brain-active compounds to
illustrate the possible effects of increasing the bioavail-
ability of these plant-derived compounds.

Modulation of gut bacterial metabolism

Metabolism of dietary polyphenols by gut bacteria may
constitute a significant barrier to their bioavailability.
Chlorogenic acid, for example, is a very commonly con-
sumed polyphenol present at relatively high levels in coffee
and fruits, with the average person consuming up to
380 mg per day [66]. Bouayed et al. showed that 20 mg/kg
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Fig. 1 Schematic representation of the major processes governing
polyphenol bioavailability in mammals
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chlorogenic acid injected intraperitoneally into mice was as
potent an anxiolytic as 1 mg/kg diazepam (Valium™").
Furthermore, its activity could be blocked by co-injection
of the benzodiazepine receptor antagonist flumazenil,
indicating that chlorogenic acid acts via the benzodiazepine
binding site of the GABA-A receptor in vivo [5]. Thus, one
might wonder why apples, coffee, prunes and cherries, all
of which contain significant amounts of chlorogenic acid,
are not known as anxiolytic agents. This is most likely due
to the limited bioavailability of chlorogenic acid through
the GI tract. Chlorogenic acid is a phenolic acid ester of
quinic and caffeic acids, but only very limited amounts are
found in plasma after the consumption of polyphenol-rich
meals [50]. Most consumed chlorogenic acid is hydrolysed
into the non-anxiolytic caffeic and quinic acids by the
activity of bacterial cinnamoyl esterases in the colon, as
well as esterase activity of host origin [1]. The resulting
phenolic acids are relatively well absorbed via both active
and passive transport processes, but are devoid of any
benzodiazepine agonist activity.

Because gut esterase enzymes of both bacterial and host
origin appear to be the primary mechanisms in the deac-
tivation of chlorogenic acid, their inhibition may allow
chlorogenic acid to remain in the GI tract for longer and
thus be absorbed to a greater degree by passive diffusion.
Esterase inhibitors, and specifically acetylcholinesterase
inhibitors, are the primary target in the search for func-
tional phytochemicals which may alleviate some of the
symptoms of Alzheimer’s disease and the cognitive decline
associated with ageing. Hence, many potent and relatively
non-toxic esterase inhibitors have been identified within
the plant kingdom [55]. Given the target organ for this
activity is the gut, the bioavailability of the orally con-
sumed esterase inhibitors should be relatively unhindered.

A good example of a designed synergy to prevent bac-
terial degradation of a beneficial compound in pharmaco-
therapy is that of the broad spectrum antibiotic
Augmentin™. This antibiotic works on the principle of a
sacrificial or “suicide compound”. The primary antibiotic
is amoxicillin, which has a f-lactam structure and is a
substrate for the gut bacterial f-lactamase enzyme, which
inactivates it. The other ingredient within Augmentin™ is
clavulanic acid which also has a f-lactam structure and is
also a substrate for the fi-lactamase. The key to this syn-
ergy is that clavulanic acid is the preferred substrate for the
bacterial f-lactamase binding irreversibly, and thereby
inactivating the f-lactamase. This allows amoxicillin to
escape degradation and be absorbed to impart its antibiotic
properties. This mechanism also allows antibiotic activity
against f-lactamase expressing, and thus amoxicillin-
resistant, bacteria (see [73] for review).

We were unable to find a polyphenol example of this
type of designed synergy using sacrificial compounds. It is
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clear, however, that this type of synergy works well in
pharmacotherapy and it should be possible to apply such a
strategy to improve the bioavailability of a beneficial poly-
phenol which is degraded by gut enzymes of bacterial or
host origin.

Modulation of gut MAO enzymes

A good example of a designed synergy between polyphe-
nols leading to increased bioavailability and bioactivity
through the inhibition of GI metabolic processes is pro-
vided by the traditional medicine Ayahuasca. This prepa-
ration has hallucinogenic properties and is used in
shamanistic and religious rituals by South American
Amazon peoples. It comprises two plants, each containing
specific bioactives. First, the leaves of Psychotria viridis
are used. These contain the substituted tryptamines N, N-
dimethyltryptamine and 5-methoxy-dimethyltryptamine,
both of which are serotonergic (SHT-2A) agonists with
potent hallucinogenic properties [23]. Consumed alone,
these monoamine compounds are susceptible to deamina-
tion by gut-derived MAO-A enzyme and their bioactivity is
lost. However, when this extract is combined with the bark
of Banisteriopsis caapi, a plant containing the powerful
and reversible MAO inhibitors harmine and harmaline, the
substituted tryptamines are protected from deamination by
MAO-A and a powerful hallucinogenic experience, lasting
up to 3 days, results [48].

This paradigm could be translated for the creation of
synergistic functional foods. For example, chocolate is
known to contain relatively small amounts of the mono-
amine phenylethylamine, which is also susceptible to
deamination and thus deactivation by visceral MAO
enzymes. Many commonly consumed plants have been
shown to possess MAO inhibitory activity, including red
wine, grapes, avocados and blackcurrants [4, 24].

Unfortunately, MAO inhibitors have deleterious side
effects and are becoming less popular in psychiatry
because of what is known as the “cheese reaction”. Dietary
tyramine, derived from fermented tyrosine and present in
foods including aged cheeses, processed meat products and
some fruits, can induce a hypertensive crisis and related
migraines in sensitive people. The consumption of phar-
maceutical irreversible MAO inhibitors can precipitate this
effect by preventing the deamination of dietary tyramine
within the GI tract. This side effect can be prevented by the
use of reversible MAO-A inhibitors, able to be displaced
from MAO-A by tyramine, or the use of selective MAO-B
inhibitors which leave the visceral MAO-A free to deam-
inate dietary tyramine (see [91] for review). Patients who
do not have the freedom to choose such MAO inhibitors
are recommended to follow an MAO-I-diet, and avoid the
consumption of the tyramine-rich foods [20]. Examples of

both reversible MAO-A inhibitors and selective MAO-B
inhibitors are known within the plant kingdom [24]. For
example, quercetin is a relatively ubiquitous polyphenol
found in many edible plants and has been shown to be a
reasonably potent and selective MAO-A inhibitor with an
ICsp of 10 nM [8]. Although quercetin in the aglycone
form has limited bioavailability in humans [13, 21], its
presence in the gut may be sufficient to inhibit gut-derived
MAO-A in the creation of a designed synergy with a die-
tary monoamine.

Modulation of the ABC transporter activity
by polyphenols

As discussed above, the ABC transporter family of ATP-
driven efflux pumps are responsible for limiting the bio-
availability of many xenobiotics and are widespread
throughout the body, being especially highly expressed in
the epithelia of the gut, placenta and BBB. Figure 2 below
shows a pictorial representation of the known members of
the ABC transporters and how they orientate in the gut
epithelia.

Cancer cells tend to overexpress the ABC transporters,
conferring greater resistance to chemotherapy agents
because these drugs are specifically exported from the
cancer cell. This is especially true if a patient is relapsing
after a chemotherapy treatment because the remaining
cancer cells are being selected for resistance, generally due
to the increased expression of the ABC transporters [49].
Many pharmaceutical ABC transporter inhibitors are able
to decrease drug efflux from cancer cells in vitro, but most
tend to have serious and deleterious side effects in vivo,
and none is currently approved for inclusion into chemo-
therapy treatments [19]. The search therefore continues for
transporter inhibitors from foods, and especially polyphe-
nol sources, which are expected to have significantly fewer
adverse side effects.

Polyphenols have been shown to modulate the activity
of some of the ABC transporters and this effect is believed
to be partly responsible for some clinically significant
plant—drug interactions. For example, extracts from St
John’s Wort (SJW) have been shown to upregulate the
expression of intestinal Pgp, that may subsequently reduce
the bioavailability of pharmaceuticals that are substrates
for this pump. An example of this effect is provided by the
antiviral drugs indinavir and saquinavir that are used in the
treatment of acquired immune deficiency syndrome (AIDS)
[61] and are known Pgp substrates. Treatment with SJW is
able to reduce plasma levels of these drugs by up to 57% in
healthy human volunteers, which could potentially lead to
subtherapeutic levels and selective pressure for the creation
of resistant viral particles in AIDS patients [62]. Recent
work by Molnar et al. [49] has shown that a wide range of
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Fig. 2 ABC transporter
localisation in gut epithelial
cells. P-glycoprotein (Pgp/
MDR1), MRP2 and BCRP are
localised in the apical
membrane, effluxing
compounds back in to the gut
lumen; whereas MRP1, 3 and 5
are localised in the basolateral
membranes pumping substrates
in to the blood stream. MRP4 is
present in both the apical and
basolateral membranes of gut
epithelia [6]

Apical side

Basolateral side

naturally occurring lipophilic phytochemicals (diterpenes,
triterpines and carotenoids) were able to inhibit human Pgp
in vitro at the low pg/ml range, whereas other combina-
tions had positive synergistic activity. Using purified
polyphenols on Pgp overexpressing cells in vitro, Patel
et al. [59] showed that quercetin, hypericin and kaempferol
were able to increase the cellular uptake of ritonavir by
five- to eightfold. It is also interesting to note that in vitro
assays or short-term exposure to these polyphenols in vivo
appears to inhibit the action of efflux pumps and increase
substrate bioavailability, whilst chronic exposure in healthy
volunteers actually increases the expression of Pgp and,
hence, reduces the bioavailability of efflux pump substrate
drugs [14, 27].

Polyphenols as ABC transporter substrates

Apart from modulating ABC transporter function, poly-
phenols can also act as substrates for these efflux pumps,
and this property can severely limit their bioavailability.
Work by Youdim et al. [89] using an in vivo BBB per-
meability model showed that the common flavonoid quer-
cetin has very little access through the BBB. Co-
administration of quercetin with the Pgp inhibitor PSC833
had no effect on its entry, but co-administration with the
BCRP inhibitor GF120918 caused a 20-fold increase in
quercetin entry into the brain. These data clearly demon-
strate that quercetin is able to enter BBB epithelia, likely
by passive diffusion mediated by its hydrophobicity, but is
then recognised and specifically exported out of these cells
by the BCRP efflux transporter. Likewise, quercetin has
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very limited bioavailability through gut epithelia and
regardless of the amount consumed orally, plasma con-
centrations of quercetin rarely exceed 1 pM. Although not
specifically proven, this is likely to be at least in part due to
BCRP expression in gut epithelia (see [56] for review).

Similarly, the grape polyphenol resveratrol has rela-
tively low oral bioavailability that has recently been shown
to be due in part, to the action of the BCRP efflux pump.
Transgenic mice deficient in BCRP exhibit greatly
increased plasma bioavailability of resveratrol and its
metabolites mediated by an enhanced absorption through
gut epithelia [80]. Interestingly, not all of the ABC trans-
porters efflux xenobiotics back into the gut lumen after oral
consumption (see [6] for review and Fig. 2). For example,
the MRP3 transporter pumps xenobiotics into the basolat-
eral side (or blood side) of gut epithelia. Resveratrol is a
substrate for this pump, and MRP3-deficient mice have
been shown to have significantly decreased plasma levels
of resveratrol and its metabolites following the oral con-
sumption [80].

A putative synergy may therefore be designed between a
polyphenol ABC transporter inhibitor and a beneficial
polyphenol that has been shown to be a substrate for a
particular efflux pump. For example, quercetin bioavail-
ability may be greatly increased when co-consumed with a
polyphenol BCRP inhibitor-like apigenin, hesperetin or
naringenin [6]. Furthermore, polyphenols which can
increase the function or expression of MRP3 activity, thus
increasing substrate movement into plasma, may further
add to this synergistic interaction. This approach is likely
to be more successful when used acutely and short term, as
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chronic exposure to some polyphenol efflux pump inhibi-
tors may actually increase transporter expression over time
[14, 27].

Similarly, the beneficial green tea component EGCG and
its methyl metabolites have low oral bioavailability, which
is thought to be partly due to the actions of the MRP efflux
pumps [29, 79]. Co-consumption with a polyphenol MRP2
inhibitor may greatly increase the oral bioavailability of
EGCQG, and putatively, its beneficial activity on human
health. Furthermore, if the efflux pump inhibitors them-
selves have reasonable oral bioavailability, they may also
facilitate the increased penetration through the BBB [90].
For example, quercetin is a weak ligand of the benzodiaz-
epine site of the GABA-A receptor [70] and thus might have
anxiolytic activity if it were able to reach its site of action in
the brain. The co-consumption of a product rich in quer-
cetin, with a bioavailable BCRP inhibitor may increase
quercetin’s entry into the brain and hence unleash novel
bioactivity from a very commonly consumed polyphenol.

Inhibition of phases 1 and 2 enzymes by polyphenols

The human body is continually exposed to innumerable
foreign chemicals, toxins, and phytochemicals through our
diet, which, if absorbed, can have a profound influence on
our capacity to metabolise xenobiotics, either by inducing
the synthesis of more enzyme, or by inhibiting the activity
of these enzymes. With regard to polyphenols interacting
with these enzymes, probably the best-known example was
the discovery in 1991 that the co-administration of certain
drugs with grapefruit juice could markedly increase drug
bioavailability, often resulting in significant toxicity [2].
Further studies indicated that the main mechanism for this
interaction was inhibition of intestinal CYP3A4 by com-
ponents of grapefruit juice [11]. Of these, the flavonoid
naringin and its aglycon metabolite, naringenin have been
identified as the most likely inhibitors, but they may not be
the sole contributors to this effect. Other flavonoids found
in grapefruit juice, such as quercetin, kaemphenol and
furanocoumarins have also been shown to cause inhibition
of the CYPs in vitro [11, 67, 95]. More recently, evidence
is mounting that grapefruit juice can also influence trans-
porter functions, namely by inhibiting the intestinal efflux
pump Pgp, and this may play a role in the enhanced oral
bioavailability of some drugs [54]. However, as both the
CYPs and Pgp share substrate specificity and have over-
lapping tissue distribution, it is often difficult to differen-
tiate between the two mechanisms [94], and indeed both
appear to play complementary roles in limiting the body’s
exposure to dietary xenobiotics. The best characterised
drug—grapefruit juice interactions are those with CYP3A4
substrate drugs with high first-pass metabolism (see [96]
for review), including the anxiolytic benzodiazepine family

of drugs [22]. Inhibition of CYP3A4 can lead to reduced
drug metabolism and greatly increased drug bioavailability,
leading to unwanted side effects. For example, the co-
consumption of a single serve of grapefruit juice with the
benzodiazepine midazolam, increases the area under
plasma concentration—time curve (exposure) of midazolam
by a factor of 1.65 [22]. Pharmaceuticals that are known to
be contraindicated with grapefruit juice contain a warning
on their label that grapefruit juice is to be avoided. Func-
tional foods that rely on this effect of grapefruit juice must
clearly advertise the fact that their product contains
grapefruit juice to prevent unwanted drug interactions.
Although the modulation of CYPs and Pgp by grapefruit
juice is the most studied polyphenol—drug interaction, many
other polyphenols have been reported to be potent inhibitors
of CYPs (mainly from in vitro studies), with possible
implications on human therapeutics [67, 95]. For example,
the catechins from green tea, the organosulphur compounds
such as diallyl sulphide from garlic, galangin found in
honey, sylimarin from milk thistle and other flavonoids,
such as diosmetin and luteolin, have all been reported to be
inhibitors of various CYPs [7, 65, 67, 95]. There is limited
evidence to demonstrate that such in vitro interactions
translate to significant in vivo interactions in humans. One
study in healthy volunteers who received daidzein, the
principal isoflavone in soy bean (200 mg twice daily for
10 days) demonstrated a significant increase in the bio-
availability of theophylline, which was thought to be due to
the inhibition of CYP1A2, a major enzyme involved in
theophylline metabolism [60]. Choi et al. [9] showed that
the co-consumption of the immunosuppressant drug
cyclosporine with 5 mg/kg quercetin increased cyclospor-
ine bioavailability by up to 147% in healthy young volun-
teers and speculated that this was mediated by an inhibition
of the principal metaboliser of cyclosporine, CYP3A4.
Similarly, a recent study in rats [51] demonstrated a three-
fold increase in the oral bioavailability of biochanin A when
co-administered with quercetin and EGCG, and speculated
that both inhibition of phase 2 metabolism (conjugation by
UGT and SULT) and ABC efflux transporters may have
contributed to this effect. As noted earlier, polyphenols such
as quercetin and EGCG with available functional groups are
primarily metabolised by conjugation and it is to be
expected that competitive inhibition with other xenobiotic
substrates would occur. However, to the best of our
knowledge, there are no studies demonstrating inhibition of
UGTs or SULTSs by polyphenols resulting in clinically
relevant pharmacokinetic changes in humans. There are a
number of reports indicating that various flavonoids, such as
hexamethoxyflavone, tangeretin and silybin are potent
inhibitors of UGTSs in vitro, with ICsy values <1 pM [72,
83, 84]. Similarly, a number of flavonoids (fisetin, galangin,
quercetin, myricetin, chrysin, kaempferol, apigenin and

@ Springer



82

Genes Nutr (2010) 5:75-87

genistein) have been identified in vitro as potent inhibitors
of various SULTSs [15, 26, 52], but as with the UGTs, it is
not known whether such in vitro interactions translate into
significant in vivo effects.

In terms of useful synergies between polyphenols whose
bioavailability is limited by phases 1 and 2 enzymes in the
creation of a functional food, a study by Fuhr et al. [18]
showed that the plasma maximum concentration (Ci,ax)
and half-life of caffeine, which is metabolised by both
CYP1A2 and 3A4, could be increased by 23 and 31%,
respectively, by the co-consumption with grapefruit juice.
However in another similar study, no significant changes in
pharmacokinetic parameters were observed and it was
suggested that the primary metabolism of caffeine is
mediated by CYP1A2, which is not potently affected by
grapefruit juice components [40].

Induction of phases 1 and 2 enzymes by polyphenols

Inhibitory interactions, such as those with grapefruit juice,
often result in an exaggerated drug response or even sig-
nificant toxicity, and thus are usually more easily recog-
nised. However, induction of these same enzymes by
xenobiotics, leading to reduced efficacy or therapeutic
failure, is less easy to detect. Induction results in a more
efficient metabolism and usually reduced bioavailability of
compounds that experience significant first-pass metabo-
lism. The best known and most studied induction interac-
tion by polyphenols is that of STW, a medicinal herb which
is widely used to treat depression. A number of case reports
and clinical studies have indicated that STW can precipitate
clinically significant and dangerous interactions with cer-
tain drugs. For example, co-administration with the
immunosuppressant cyclosporin resulted in a significant
reduction in cyclosporin bioavailability, causing therapeu-
tic failure and graft rejection [3, 69]. Studies have indicated
that the major mechanism underpinning this interaction is
induction of CYP3A4, which is the major CYP involved in
the phase 1 metabolism of more than 50% of all the drug/
medicines consumed [95]. In addition, SJW has been
demonstrated to increase the expression of Pgp (as well as
other transporters), which may contribute to its interactions
with structurally diverse drugs [44]. This induction process
is thought to be mediated by hyperforin (a phloroglucinol
derivative found in SJW) activating the pregnane X
receptor [53]. The latter is a nuclear receptor that regulates
the transcription of genes mainly involved in xenobiotic
metabolism (e.g., CYPs and UGTs) and disposition (active
transporters). However SJW, like most herbal products,
contains a large array of biologically active polyphenols
(e.g., flavonoids, flavonol glycosides, napthodianthrones
and phenylpropanes) with both inhibitory and inductive
activity. This may result in confusing and contradictory
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results depending on the test system used, species, tissue,
dose, route and duration of administration, and the source
of the SJW. For example, in vitro studies have also indi-
cated that hyperforin is a potent inhibitor of CYP3A4, 2C9
and 2D6 [57]. Other SJW components, such as quercetin
and I3, II8-biapigenin have also been reported to inhibit
various CYPs [57]. Despite these results, most clinical
studies have now confirmed that the administration of STW
for a period of at least 2 weeks significantly reduced
plasma concentrations of a large variety of drugs, including
oral contraceptives, warfarin, cyclosporin, tacrolimus,
verapamil, fexofenadine and SN-38 (the active metabolite
of the anticancer drug irinotecan) indicating that the
induction of CYPs and perhaps Pgp is the most important
reaction from a clinical perspective [44, 53].

Apart from SJW, there are a few reported examples of
metabolism-related enzyme induction by polyphenols
causing a clinically significant effect. Oral administration
of a garlic preparation for 3 weeks resulted in a decreased
bioavailability of the protease inhibitor saquinavir in
healthy subjects [63]. The underlying mechanism was
thought to be induction of CYPs, as in vitro studies indi-
cated that the organosulphur compounds from garlic
caused induction of CYP1A and 2B, but inhibited CYP2E1
[86] (see [58] for review). Further, tobacco smoke contains
polycyclic aromatic hydrocarbons that are known to induce
CYP1A2, and the CYP1A2 substrate caffeine is more
rapidly cleared in a population of smokers than in non-
smokers [92]. These examples illustrate the problems
associated with the extrapolation of possible polyphenol-
drug interactions from both in vitro and animal models to
humans.

Although induction of phases 1 and 2 metabolic enzymes
is usually associated with reduced bioactivity of their sub-
strates, in some instances the metabolite has greater bio-
activity than the parent. For example, recent in vitro
evidence has shown that phloridzin glucuronide is signifi-
cantly more potent at protecting human SH-SY5Y neuro-
blastoma cells from hydrogen peroxide-mediated cell death
than the parent molecule phloridzin [74]. Similarly Suri
et al. [76] showed that quercetin 3-glucuronide was sig-
nificantly more potent than quercetin in an in vitro model of
inflammation using human neutrophils. Therefore, in this
respect the induction of metabolising enzymes leading to
greater plasma levels of polyphenolic metabolites may also
increase the bioactivity of a functional food ingredient.

Inter-individual variation in polyphenol metabolism
and transport

The metabolising enzymes and the efflux transporters in
the gut and liver also represent a major factor responsible
for the wide variation in a population’s response to drugs,
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toxins and polyphenols. For example, 10- to 100-fold and
30-fold variations have been reported for CYP3A4 activity
in the liver and the small intestine, respectively [39, 81].
Similarly, UGT activity has been shown to vary 6- to 15-
fold in human liver microsomes and 10- to 100-fold in
intestinal microsomes [78]. Both environmental and
genetic factors contribute to this wide variation in the rate
and extent of xenobiotic metabolism and disposition
between individuals. It is now well recognised that genetic
polymorphisms of the xenobiotic-metabolising enzymes
and active transport proteins are responsible for a large part
of the variable exposure at their site(s) of action, and
consequently the response. Most information is available
for the CYPs, and genetic polymorphisms have been
identified for most CYP isozymes involved in xenobiotic
metabolism [31]. CYP2D6 has been most intensively
investigated, because its discovery in the mid-seventies,
and to date, more than 63 different functional gene variants
have been described [31]. Combinations of these variants
determine the overall CYP2D6 phenotypes: poor (PM);
intermediate (IM); extensive (EM); and ultra-rapid meta-
bolisers (UM). Important interethnic differences in the
distribution of the different phenotypes have been observed
with PMs (5-12% of population) mainly found in Europe
and UMs (20-28%) in North Africa and Oceania [31].
Such differences between ethnic populations are particu-
larly relevant to drug therapy, often resulting in adverse
reactions and toxicity in PMs, or no response in UMs.
Similar phenotypic groups have also been observed with
the other CYP systems including, CYP2C9, 2C19 and 2B6
[31]. It is highly likely that these polymorphisms will play
a part in the variable efficacy of polyphenols.

Many variants of UGT1Al and 2B7 have also been
identified, but the functional significance of these variants
with regard to xenobiotic metabolism has not been well
defined [17]. Deficient UGT1Al is believed to cause-spe-
cific genetic conditions, including Gilbert’s syndrome, and
the more serious and rare Crigler—Najjar syndrome, both
characterised by reduced bilirubin glucuronidation, result-
ing in toxic bilirubin concentrations in blood [17]. Reduced
expression of UGT1A1 due to polymorphisms within the
gene has also been associated with severe diarrhoea and
neutropenia after administration of the anticancer drug
irinotecan. The latter is converted to its active metabolite
SN-38 which is subsequently conjugated primarily by
UGTI1Al, for excretion in bile and urine. Increased expo-
sure to SN-38 was responsible for the increased incidence
of severe toxicity and pharmacogenetic testing is now used
to help avoid this severe toxicity [41]. The variable nature
of UGT1A1 due to environmental and genetic factors and
its presence in the gut wall and liver suggest that this
enzyme could have a significant impact on the bioavail-
ability and exposure of various polyphenols.

Polymorphisms in the ABC transporters have also been
identified, and most studies have focused on Pgp [85]. As
indicated previously, the latter is widely distributed in
many tissues including the liver, kidney, small intestines,
colon, adrenal glands, placenta and the capillary endothe-
lium of the brain and testes. Like the CYPs and UGTs, its
expression varies widely between individuals because of
environmental and genetic factors. Genetic variations in
the ABCB1 gene, which codes for Pgp, have been corre-
lated with drug exposure for a number of commonly used
drugs including digoxin, and fenofexadine [28, 36], and it
is to be expected that these polymorphisms and their
interethnic frequency differences would have a similar
impact on the exposure of polyphenols in human popula-
tions. This may require, as is the trend in medicinal sci-
ence, a nutrigenomic approach, where functional foods are
tailored to a consumer’s-specific genotype.

Modulating-specific transport mechanisms

Even if a dietary component is bioavailable, it may still not
reach its active site in the target organ. For example, die-
tary tryptophan is an essential amino acid and precursor for
the neurotransmitters serotonin and melatonin. Serotonin is
not able to cross the BBB and centrally acting serotonin
must be synthesised inside the central nervous system [25].
Circulating tryptophan is known to have some access
through the BBB via the large neutral amino acid (LNAA)
transporter. However, it must compete with other LNAAs
for this transporter, and thus the ratio of tryptophan to the
other LNAAs in plasma determines its ability to cross the
BBB. This ratio can be increased in favour of tryptophan
by the co-consumption of a carbohydrate-rich and protein-
poor meal [47]. The mechanism is due to the acute car-
bohydrate ingestion inducing an insulin spike and the
subsequent absorption of LNAAs, except for tryptophan,
by muscle cells. Because there is relatively little tryptophan
in dietary protein, as compared to the other LNAAs, the
lack of dietary protein at the same time will further push
the tryptophan/LNAA ratio in favour of tryptophan.
Together, this reduces competition for the LNAA trans-
porter, thus allowing a greater influx of tryptophan through
the BBB (see [45] for detailed review).

Using the example from above, tryptophan entry through
the BBB and into the brain can be increased via the co-
consumption of a carbohydrate-rich, protein-poor meal. As
mentioned, tryptophan is the precursor to serotonin and
increasing tryptophan levels in the brain leads to an increased
serotonergic tone and an improvement of symptoms in vul-
nerable subjects under stress [46]. The production of sero-
tonin from tryptophan first requires a hydroxylase step,
forming 5-hydroxytryptophan which is then decarboxylated
by the enzyme L-amino acid decarboxylase into serotonin
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[16]. This biosynthetic pathway is analogous to the synthesis
of dopamine from its precursor tyrosine. However, neither
dopamine nor serotonin has access through the BBB (either
in or out of the brain) [25]. To overcome these issues, their
respective precursors, which do have some BBB perme-
ability, should be used.

Parkinson’s patients who require increased brain levels
of dopamine are given the dopamine precursor L-DOPA
which unlike dopamine has reasonable entry through the
BBB. To prevent L.-DOPA from being decarboxylated into
dopamine in the periphery, these patients are also given a
pharmaceutical decarboxylase inhibitor (usually carbidopa
or benserazide), which themselves do not cross the BBB.
This decarboxylase inhibitor prevents the peripheral pro-
duction of dopamine, but does not inhibit the production of
dopamine within the brain, and thus allows much greater
efficacy of oral L.-DOPA therapy [35].

Hypothetically, a complex multi-system synergy could,
therefore, be designed exclusively from polyphenols and
common foods to increase the production of brain seroto-
nin, which includes:

1. Dietary source of tryptophan (e.g., pumpkin seeds)
High carbohydrate load (to increase the tryptophan/
LNAA ratio in favour of tryptophan entry into the
brain (e.g., sugar)

3. A peripheral decarboxylase inhibitor which does not
cross the BBB to prevent peripheral serotonin produc-
tion from dietary tryptophan (currently unknown)

4. A centrally acting MAO inhibitor which may modulate
serotonin deamination within the brain (e.g., Ginkgo
biloba extract [68]).

Conclusion

In this review and hypothesis paper, the primary mecha-
nisms that limit the bioavailability of both food-derived
polyphenols and pharmaceutical drugs have been dis-
cussed. Within the functional food research arena, many
bioactive polyphenols and crude plant extracts have been
identified, but few have shown true efficacy in strictly
designed clinical trials, primarily because of poor bio-
availability of the bioactive ingredients. It has also been
proposed that clinical trials, as used in pharmaceutical
research, may not be appropriate for functional foods,
because as the name suggests, these are foods and not
drugs. The activity of a functional food is generally not
expected to be acute and potent, but rather cumulative and
subtle. Further, during drug trials, participants are known to
be free of the drug under investigation and will only
receive the experimental drug during the trial. This is
clearly not the case in functional food trials as participants
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generally have varied diets before, during and after the trial
which can significantly affect outcome, including by some
of the mechanisms discussed here.

Research on polyphenol-drug interactions has illus-
trated the ability of some plant compounds to significantly
affect the bioavailability and activity of pharmaceutical
agents, usually resulting in adverse effects. However, it
seems that these interactions can be utilised to design-
specific synergies between polyphenols to potently increase
their bioactivity, and hence, their beneficial health-pro-
moting effects.

However, great care must be taken to avoid potentially
deleterious drug—food and food—food interactions, such as
in the MAO inhibitor-dietary tyramine interaction men-
tioned earlier. Where unavoidable, these interactions must
be minimised and clearly advertised to consumers. In
reality, polyphenols are xenobiotics and are handled by the
body in a similar manner as any synthetic or non-physio-
logical agent or drug. Their apparent lack of toxicity may
just reflect their lower exposure level, rather than any
intrinsic safety. Given these limitations, we propose that the
“designed synergy” strategies discussed here offer an
exciting new tool for the creation of future functional foods.
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