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Abstract. Epidemiological and dietary intervention studies in humans and animals indicate that flavonoid consumption may
be capable of promoting brain health. However, the knowledge regarding the brain bioavailability of flavonoids, and thus their
potential for direct neuronal and glial actions, remains insufficient and inconsistent. If their direct actions on neurons are to
be fully elucidated, knowledge regarding their transport across blood-brain barrier (BBB) and how this is regulated is crucial.
Presently, there is sparse, but valuable information regarding the interaction of flavonoids and their metabolites with the BBB
and their transfer across it. This review aims to highlight the existing knowledge with regards to these issues by two approaches:
firstly by examining data emanating from in vitro studies, and secondly by appraisal of the existing in vivo data regarding
flavonoid bioavailability to the brain.
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1. Flavonoid and neurodegenerative
diseases – human and animal studies
Polyphenolic compounds are products of plant secondary metabolism and are found ubiquitously in the
plant kingdom and are responsible for the protection
of the plant against environmental attack. For example,
they possess anti-microbial and anti-fungal properties, exert insect feeding deterrence, protection against
UV radiation damage, prevent heavy metal toxicity
through chelation and exert anti-oxidant protection
against free radicals generated during photosynthesis [1]. Apart from their physiological roles in plants,
polyphenols, and in particular flavonoids (a major
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group of polyphenols) have been postulated to exert
beneficial health effects in humans, despite being classified as non-nutrients. With regards to this, several
epidemiological studies have provided support for the
association between the consumption of polyphenolrich fruits, vegetables and beverages, such as tea and
red wine, and health promotion [2–4].
Numerous studies have indicated that high consumption of fruits and vegetables rich in flavonoids
and other polyphenols lead to a reduction in the
risk/incidence of age-related neurodegenerative disorders (reviewed in [5–10]). For example, age-related
changes in the hippocampus has been shown to
be attenuated following intervention with green tea
for 7 months, with biochemical, morphological and
behavioural assays indicating a reduction in oxidative
status and an improvement in spatial learning [11].
Similar effects have been observed following the prolonged consumption of red wine, another rich source of
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polyphenols, here leading to improvements in oxidative status in the cerebellum [12]. There have been
many studies that have indicated that berry-enriched
diets are effective in preventing age-related object
memory declines and improvements in motor and cognitive performance in rodents [13–15].
Human data are also available: elderly adults consuming blueberry juice show neurocognitive benefits
[16] and supplementation with concord juice enhances
cognitive function in elderly adults with early memory
decline [17]. Recent data compiled using databases of
polyphenol consumption in a cohort of middle-aged
adults indicated a positive relation between long-term
flavonoid consumption and cognitive performance, in
particular in preserving verbal memory, a vulnerable
domain in pathological brain aging [18]. Another population study concluded that a higher consumption of
dietary flavonoids, especially flavonols, was associated with lower population rates of dementia in the
developed countries studied [19].
Several flavonoids have also been shown to exert
positive effects in mice models of Alzheimer’s disease. For example, there is data indicating the
following functionality: the stilbene resveratrol promotes intracellular degradation of ␤-amyloid through
a mechanism that involves the proteasome [20];
epigallocatechin-3-gallate was found to decrease
␤-amyloid levels and plaques associated with the
promotion of the non-amyloidogenic ␣-secretase proteolytic pathway [21]; and a polyphenol-rich grape
seed extract was shown to prevent ␤-amyloid deposition and to attenuate brain inflammation in a transgenic
mouse model [22]. In agreement with these studies,
epidemiology investigations workers have highlighted
an inverse association between consumption of the
Mediterranean diet and the risk for Alzheimer’s disease
[23, 24].
With regards to Parkinson’s disease, polyphenols
have been found to exert beneficial effects on rodent
models of the disease. For example, in the unilateral
6-hydroxydopamine (6-OHDA)-treated rat model of
Parkinson’s disease, several polyphenols have shown
putative beneficial effects, with genistein administration protecting against 6-OHDA toxicity [25] and
animals pre-treatment with plant extracts rich in polymethoxylated flavones, procyanidins and isoflavones
protecting against nigrostriatal dopaminergic lesioning [26]. Green tea polyphenols have also been found
to protect dopaminergic neurons, in a dose-dependent
manner, against 6-OHDA-induced increases in several

oxidative stress parameters [27]. However, to date,
there is a lack of epidemiologic studies and clinical
trials supporting these animal observations in Parkinson’s disease models. Nevertheless, a study from 2007
indicated that there may be a link between dietary patterns high in fruit, vegetables, whole grains, nuts, fish,
and poultry intake, and a low intake of saturated fat and
a moderate intake of alcohol with a protection against
Parkinson’s disease [28].
Despite these, and many other, promising studies
indicating that polyphenols and flavonoids may protect the brain, there is little evidence regarding their
bioavailability to the brain. As such, it is difficult at
present to accurately conclude about the precise mechanisms underlying their positive effects. In particular,
for their actions to be mediated centrally, i.e. within
the brain and CNS, flavonoids and other polyphenols
must reach the brain where they may directly interact with neuronal and glial populations. Thus, if one
is to conclude on their likely actions in the CNS, it is
necessary to first establish whether there are capable
of traversing the blood-brain-barrier (BBB). The next
sections will review the current information regarding
this in order to help assess their potential mechanisms
of brain action in vivo.

2. Bioavailability of ﬂavonoids
Knowledge about flavonoid biokinetics (the composite actions of their absorption, distribution,
biotransformation and elimination) is critical in order
to understand the bioactivity of flavonoids in humans.
Flavonoids have been detected in the blood after ingestion of beverages or foods rich in these components. All
polyphenols and flavonoids are subject to phase I and II
metabolism in the small intestine and liver during their
absorption. Studies have detected several flavan-3-ols
and their metabolites in plasma of human healthy volunteers following consumption of green tea [29–32],
with the primary metabolites being O-methylated, sulphated, and glucuronidated conjugates [29, 31]. These
metabolites, as well as some aglycone forms have also
been found in plasma of humans after ingestion of
chocolate and cocoa [33–36].
Despite being incompletely resolved, supplementation with anthocyanin rich foods, e.g. red wine,
strawberries, açai or cranberry juice, results in the
appearance of metabolites in the plasma 1–3 h later
[37–40]. The extent of metabolism of anthocyanins
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Fig. 1. Schematic representation of the brain capillary (A), illustrating the interaction of capillary endothelial cells, pericytes, and astrocytes
that result in tight junctions between endothelial cells, forming the blood–brain barrier (BBB) (adapted from [47]); (B) represents the putative
localization of ABC transporters (ABC) as well as solute carriers (SC) associated with the BBB (more detail in Table 1).

remains unclear as information regarding the decomposition of anthocyanins prior to absorption is still
emerging. Furthermore, the O-methylation of some
anthocyanins yields other anthocyanins, making it
difficult to distinguish between the ones that were
absorbed and those formed by metabolism. Studies
with quercetin (a major flavonol present in the human
diet) also indicate that this compound and its metabolites are available in human plasma after food intake
[41–45]. The appearance of flavonoids in plasma provides evidence that these compounds are bioavailable
to tissues in the periphery, but cannot be used as evidence that they are also present in the brain and CNS.
Whether they can transverse the BBB and reach the
central nervous system is an issue that will be covered
in the next section and is a major focus of this review.

2.1. The blood-brain barrier (BBB)
Free exchange between blood and interstitial fluid
occurs in nearly all organs of the body with the
exception of the capillaries in the brain, which have
evolved to constrain the movement of molecules and
cells between the blood and the brain. This important characteristic provides a natural defence for the
brain against toxic or infective agents circulating in
the blood, and is conferred by cell adhesion molecules
allowing endothelial cells to form tight junctions. However, besides fulfilling this important protective role
by limiting the movement of substances into the brain
[46], the BBB has also evolved to play a crucial role
of supplying essential nutrients, hormones and drugs
to the brain and in eliminating toxic metabolites from
the brain.

The BBB is made up of three cell types: endothelial
cells, astrocytes and pericytes (Fig. 1). The endothelial cells that are present in the BBB form a distinct
boundary between two different physiological environments. Thus, chemical movement through this barrier
implies passage through a biological membrane [47].
There are three major routes by which a compound may
cross such a biological membranes: 1) it may pass by
a purely passive process; 2) it may involve a carrier
(carrier-mediated process) or; 3) it may involve a specialized transport process. Passive processes are only
possible if compounds are small, lipid-soluble, nonionized and if there is a concentration gradient between
the two sides of the membrane (principle of Fick’s
law) [48], and such a passage can occur without energy
expenditure. On the other hand, carrier-mediated transport involves one or more transporter(s) and the influx
or efflux of substances. This kind of transport is saturable and specific, and can be of the following nature:
1) uniport (transport of a single molecule); 2) symport (transport of two or more different molecules or
ions in the same direction) or 3) antiport (transport
of two or more different molecules or ions in opposite directions). Finally, specialized transport includes
endocytosis, which can occur with or without interaction with membrane receptors and is a form of chemical
distribution more likely for larger molecules and proteins [47]. Depending on the nature of the transported
compound endocytosis could be phagocytosis, pinocytosis and potocytosis.
Several transporters of different classes have been
described in association with the BBB [49–51]. Due
to the fact that these cells are relatively impermeable, possessing extensive tight junctions with no
fenestrations, transport systems become extremely
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important not only to allow nutrients, vitamins and
some drugs/xenobiotics transport, but also to actively
limit the passage of potential harmful substances into
the brain. We detail these in the next sections.
2.1.1. Solute carriers
The endothelial cells forming the BBB express a
large number of solute carrier proteins, since most
polar molecules are unable to diffuse through the
cell membranes of the BBB. These transporters are
‘polarized’ and are found on the BBB apical and/or
basolateral membranes [47, 52]. The precise location
and orientation of these transporters either favours
the direction of transport from the blood into the
brain, or from brain back into the peripheral blood.
A wide range of substrates makes use of these carriers,
including glucose, several amino acids (charged and
neutral), nucleosides, nucleotides and nucleobases,
organic cations and organic anions among others
(Table 1).
2.1.2. ATP-binding cassette transporters
ATP-binding cassette transporters (ABC transporters) are the main transporters responsible for
controlling the passage of lipophilic substances to the
brain. One would predict that lipophilic substances
may pass the BBB freely and reach the central nervous system (CNS), however, this is not the case since
they are actively effluxed from the BBB cells back into
the blood. The most abundant ABC transporters in the
BBB are P-glycoprotein (P-gp; Multidrug Resistance
Protein 1), the Multidrug Resistance-associated Proteins (MRPs family) and the Breast Cancer Resistance
Protein (BCRP) (Table 1) [49, 53]. The main function
of these efflux transporters is to prevent the entry and
accumulation of harmful substances (either endogenous or exogenous) to the brain (at the expense of ATP).
P-gp and BCRP are expressed on apical membranes,
favouring the transport of substances from the cells
back into the blood, whilst MRPs are found in both
membranes.
The barrier functions of BBB are regulated during
healthy conditions and during pathology, and result
from a combination of: 1) the transport barrier or specific transport mechanisms mediating solute flux; ii)
physical factors, in particular tight junctions between
cells, reducing flux through the intercellular cleft or
paracellular pathway; and iii) metabolic competence
or the potential of metabolizing molecules [54].

2.2. Accessibility of ﬂavonoids to the brain
One of the main issues regarding the bioavailability of flavonoids to the brain concerns the mechanisms
by which flavonoids (conjugated or unconjugated) are
transported across the BBB. Furthermore, it is currently unclear as to whether other dietary components
may affect the access of flavonoids into the CNS. Several studies have attempted to investigate this question
and despite some progresses being made there is still
a long way to go before obtaining clear evidences.

2.2.1. In vitro approaches
Various in vitro cellular models of BBB have been
used to study flavonoid transfer across the BBB. For
example, ECV304 (representing the peripheral side
of the BBB) co-cultured with C6 glioma cells (representing the CNS side), bEND5 and RBE4 have
been the most common cellular models of BBB [55].
Using this approach, various flavonoids of different
sub-classes (flavanones and anthocyanins) have been
observed to be able to access and transverse the
endothelial cells layer. In addition, the major flavonoid
metabolites found in the circulation, glucuronides and
O-methylated derivatives are also incorporated into
these cells. Indeed, in addition to accumulating these
flavonoid metabolites, it appeared that these cells were
capable of deconjugating glucuronide derivatives liberating aglycone forms which may then be capable
of entering glial cells and thus the brain [56]. Using
RBE4 cells, flavan-3-ols, flavonols and anthocyanins
have been shown to be able to transverse cells in a
time-dependent manner, with quercetin the flavonoid
showing the least transport efficiency [57].
In another study, the isomers (+)-catechin and (−)epicatechin were found to be capable of crossing the
BBB layer, with, interestingly, a significant difference
between the transport of these two isomers reported
[58], suggesting the involvement of a stereo-selective
process for flavanol passage across BBB probably due
to differences in their efflux out of cells. An important observation was that glucuronic acid conjugates
of catechin and epicatechin are detected on the basolateral side, confirming the metabolic competence of
these cells, which is in agreement with other observations [55] but also that their transport involves, at least
in part, a trans-cellular pathway.
More recently, the hCMEC/D3 cell line, an immortalized human cerebral micro-vessel endothelial cell
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Table 1
Transporters expressed at the BBB, its substrates (endo and xenobiotics) and identification of localization (adapted from [52, 74]). AP – apical;
BL – basolateral; In – influx (blood to endothelium or endothelium to brain); Ef – efflux (brain to endothelium or endothelium to blood);
ND – not determined; PAH – polycyclic aromatic hydrocarbon
Transporters

Substrates

Localization

Direction

Solute carriers
Energy transport system
GLUT1
SGLT1
MCT1
CRT

Glucose
Glucose
Lactate, monocarboxylates
Creatine

AP/BL
BL
AP/BL
AP/BL

In
Ef
In
In

Amino acid transport system
CAT1 and 3
LAT1 (system L)
SNAT2, 3 and 5
ASCT2
EAAT1, 2, 3
GLYT
TAUT

Cationic amino acids
Large neutral amino acids
Small neutral amino acids
L-Asp, L-Glu and others
Anionic amino acids
Glycine
Taurine

AP
AP/BL
BL
BL
BL
ND
AP/BL

In
In
Ef
Ef
Ef
In
In, Ef

Nucleoside transport system
ENT1 and 3
CNT1, 2 and 3

Nucleosides, nucleotides and nucleobases
Nucleosides, nucleotides and nucleobases

AP
BL

In
In

Organic anion/cation transport system
OAT2
OAT3
OCT2
OCT3
OCTN2

Organic anions
PAH, organic anions
Organic cations
Organic cations
Carnitine

AP
BL
AP
ND
AP/BL

In
Ef
In
ND
In

Folate
Amine transporter
Choline

ND
BL
AP/BL

ND
Ef
In, Ef

Vincristine and others
Organic acids, conjugates
Organic acids, conjugates
Organic acids, conjugates
Nucleosides, topotecan
Nucleosides
Mitoxantron, topotecan

AP
AP/BL
AP/BL
AP/BL
AP/BL
AP/BL
AP

Ef
Ef
ND
ND
Ef
ND
Ef

Other transport systems
RFC
PMAT
CTL1
ABC transporters
P-gp (MDR1)
MRP1
MRP2
MRP3
MRP4
MRP5
BCRP

line, has also been utilized as a BBB model. Using this
model, the transport of flavan-3-ols and was detected
along with their metabolism to glucuronides matching
previous observations with RBE4 cells [58]. Furthermore, synthesized O-methylated flavan-3-ols [59]
were found to traverse these cells more efficiently compared to the parent compounds in the same model [60].
Since O-methylated forms are observed in vivo this
may indicate that they may enter the brain to a relatively high degree and thus may play an important role
in mediating the effects of flavonoids in the brain.

In addition to cellular models, in situ models of the
BBB have also been used to assess flavonoid access
to the brain. Here, the permeability of radiolabeled
quercetin and naringenin was tested in an in situ
rat model of perfusion, with both quercetin and
naringenin found to be localized in all 7 brain regions
studied to different degrees following perfusion of
the carotid artery [61]. Quercetin showed a lower
permeability that naringenin, something that was
suggested to be correlated with its lower lipophilicity
and/or because naringenin did not seem to be a
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substrate for P-gp unlike quercetin. These results were
in agreement with cellular models where in vitro BBB
transport model with quercetin again showing lower
permeability than naringenin and, rutin, the rutinoside
of quercetin (not found in the circulation in vivo)
found not to cross the BBB [62].
2.2.2. Animal studies
Studies in both rats [63–65] and pigs [66, 67] have
indicated that anthocyanins are able to reach the brain.
In addition, another study has also provided information on the localisation of anthocyanins various
brain regions and how this is related to cognitive performance [63]. Intact anthocyanins were detected in
various brain regions that mediate cognitive behaviour,
although no anthocyanin metabolites were detected,
only anthocyanins in their glycosylated form. Whilst
these findings are interesting and indicate that anthocyanins may reach the brain intact, it remains uncertain
as to the exact extent of flavonoid transfer across the
BBB.
Other studies have made use of 14 C-labeled polyphenols in order to more accurately investigate the tissue
distribution and kinetics of these compounds in rodents
after oral gavage. Here, anthocyanin glycosides and
their metabolites were again shown to accumulate in
the brain over time, along with some flavanol and
metabolites at higher concentration [68]. The brain
bioavailability of flavan-3-ols has previously been
reported in other animal studies, where epicatechin,
its O-methylated form and its glucuronide metabolites
were found in rat brain after oral ingestion via gavage [69]. Furthermore, epigallocatechin-3-gallate, the
main flavanol component of green tea, has also been
found in the brain of conscious and freely moving
rats after intravenous administration [70]. Recently,
it has been demonstrated that oral administration of
quercetin leads to brain uptake, with the data suggesting that quercetin metabolites may accumulate in
different brain regions [56].

3. General remarks and future avenues of
study
Weighing the evidence to date, it appears that
flavonoids and some of their metabolites are able to
traverse the BBB and enter the brain. However, more
data are required using cell and animal investigations

to precisely define the nature and extent of this uptake.
In this respect, cell models have some advantages
over in vivo studies as they also provide options to
study the transporters and the mechanisms involved
in flavonoid transfer and thus are able to deepen the
knowledge about the mechanisms of bioactivity. One
of the main limitations in studying flavonoid bioavailability in either model is the problem associated with
detecting the very low levels entering the brain or
crossing the cell layer. Predominately detection relies
on HPLC coupled with to UV-visible spectroscopy,
fluorescence detection and/or MS. However, the detection limits with these techniques may be insufficient
to measure accurately the levels in the various tissue
samples. As such, future work requires a greater use
of radiolabeled flavonoids that may greatly improve
detection limits. Although many of these are not commercial available, researchers in this area must strive
to have such compounds synthesized in order to avoid
the necessity of needing to use high, non-dietary levels
of flavonoid intervention in order to allow detection in
the brain.
Furthermore, the strategies used for flavonoid ingestion/administration are different between studies with
some studies supplementing the animals’ diet, whilst
others make a continuous perfusion of a solution
containing flavonoids and others use gavage to administrate the compounds to the animals. The route of
administration may influence the amount ingested
by the animals, and will influence absorption and
metabolism due to food matrix effects. Such factors will affect flavonoid concentrations reaching the
circulation and tissues and may also influence the accumulation pattern of flavonoids in tissues.
Invariably, the models used to assess the bioavailability of flavonoids in brain, for both in vivo and
in vitro studies, are of animal origin (bovine, rat or
mouse). However, species differences in flavonoid
absorption and metabolism and differences in the
structure and function of the BBB make the extrapolation of animal results to humans an impossible
task. Indeed, there are considerable differences in
the expression and activity of both influx and efflux
transporters in the BBB between species that may
influence flavonoid transfer and thus brain bioavailability [50]. In this respect, the development of
a human cellular model of the BBB [51, 58]
was a step forward in evaluating and validating
existing results with models from different animal
species.
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An enduring question in flavonoid research is
whether conjugated or unconjugated forms mediate the
observed biological effects following supplementation
with flavonoid-rich foods. Both have been detected
in brain tissue following ingestion of such foods,
although the concentrations required in vivo for biological responses are unclear. It is generally accepted that
hydrophilic flavonoid-glucuronide metabolites cannot cross the BBB, meaning that those glucuronides
detected in the brain are formed there. Despite this,
there are possibilities that these metabolites attach the
cell surface membranes thus facilitating their transfer
[56], or are transported in a similar manner to other
glucuronides, such as morphine glucuronide. Furthermore, it is also plausible that flavonoid glucuronides
are cleaved by ␤-glucuronidase activity into the resulting hydrophobic aglycone, suggesting the possibility
of a transient de-conjugation reaction and subsequent
re-conjugation taking place around the BBB [56, 69,
71]. As previously described, the in vitro conjugation
of flavan-3-ols with glucuronic acid after incubation
with a hBBB cell model supports this theory [58].
Anthocyanins, a particular class of flavonoids, are
especially intriguing. Several studies have shown they
appear in plasma and in brain in their intact form [39,
40, 64, 67], i.e. glycosylated. However, it is generally
accepted that, as they are charged, diffusion is not a
potential mechanism of their crossing the BBB, and
that the precise mechanism of transfer remains to be
clarified. It has been hypothesised that that they could
use the glucose transporters or bilitranslocase to enter
the cell [72, 73].
Overall, there is still a gap regarding our knowledge regarding the mechanisms of flavonoid transport
across the BBB. Further, multidisciplinary approaches
are required, combining knowledge and techniques of
different fields such as nutrition, organic chemistry,
food science, pharmacology and biochemistry, in order
to precisely determine this crucial issue in flavonoid
bioavailability and bioactivity, and to allow the identification of factors (diet or metabolic) that increase
or decrease the ability of flavonoids to enter the
CNS.
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