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negative modulators enhancing or reducing the effect of GABA. They can act as allosteric agonists. They
can act to modulate the action of other modulators.

There is considerable evidence that these flavonoids are able to enter the brain to influence brain
function. They may have a range of effects including relief of anxiety, improvement in cognition, acting as
neuroprotectants and as sedatives. All of these effects are sought after in nutraceuticals.

ﬁ?ﬁﬁgﬁl’s A number of studies have likened flavonoids to the widely prescribed benzodiazepines as ‘a new family

GABA of benzodiazepine receptor ligands’. They are much more than that with many flavonoid actions on

Apigenin ionotropic GABA receptors being insensitive to the classic benzodiazepine antagonist flumazenil and thus

Epigallocatechin gallate independent of the classic benzodiazepine actions. It is time to consider flavonoids in their own right as

Catechin important modulators of these vital receptors in brain function.

Receptor modulation Flavonoids are rarely consumed as a single flavonoid except as dietary supplements. The effects of
mixtures of flavonoids and other modulators on GABAp receptors need to be more thoroughly
investigated.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction their widespread occurrence in our diet and their diverse phar-
macological properties. Some individual flavonoids are used as
Flavonoids have long been regarded as nutraceuticals due to dietary supplements. There are numerous reviews on flavonoids as
nutraceuticals (Georgiev et al., 2014; Jain et al., 2010; Tapas et al.,
2008), some highlighting the effects of flavonoids on the central
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2015; Spencer, 2008a; Vauzour, 2014) and for their effects on
memory and cognition (Fruson et al., 2012; Letenneur et al., 2007;
Mastroiacovo et al., 2015; Spencer, 2008b, 2010).

This mini-review targets the effects of flavonoids in our diet and
as dietary supplements on the central nervous system via modu-
lation of ionotropic receptors for the neurotransmitter GABA. As
GABA is the major inhibitory neurotransmitter in the brain it is
involved in many aspects of brain function. Flavonoids have been
suggested to be useful in the treatment of Alzheimer's disease,
Parkinson's disease, epilepsy, depression and schizophrenia
(Grosso et al., 2013), all conditions in which GABA is likely to play an
important part, including the treatment of anxiety and sleep dis-
orders (Chebib and Johnston, 2000).

Many ionotropic GABA receptors are modulated by widely used
therapeutic drugs such as benzodiazepines (Chebib and Johnston,
2000). It was the pioneering work of Marder, Medina, Paladini
and their co-workers in Argentina during the 1990s that drew
attention to flavonoids as ‘a new family of benzodiazepine receptor
ligands’ (Medina et al., 1997; Paladini et al., 1999).

As benzodiazepines were at that time amongst the most widely
prescribed pharmaceuticals, an extensive range of natural and
synthetic flavonoids were investigated in vitro and in vivo as po-
tential leads for new benzodiazepine ligands. Structure activity
studies led to development of synthetic flavonoid ligands with the
high affinity for the classical benzodiazepine binding sites on
GABA, receptors that are sensitive to antagonism by flumazenil
(Nilsson and Sterner, 2011). In addition, it has emerged that flavo-
noids can influence GABA, receptors in a flumazenil-insensitive
manner independent of classical benzodiazepine binding sites
(Hanrahan et al., 2011, 2015).

2. Do dietary flavonoids enter the brain?

Flavonoids are found in almost all terrestrial plants and are thus
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Fig. 1. Representatives of different classes of naturally-occurring flavonoids that have
been shown to influence ionotropic GABA receptors.

important constituents of many foods (Jager and Saaby, 2011).
Major dietary sources of flavonoids include flavonols (onions and
broccoli), flavanols (green tea, red wine and chocolates), flavones
(parsley and celery), isoflavones (soy), flavanones (citrus fruit and
tomatoes) and anthocyanidins (red wine, berries) (Latif, 2015).
Examples of these different classes of flavonoids that occur in
foodstuffs are shown in Fig. 1. Each example is known to influence
GABA receptors (Hanrahan et al., 2011, 2015). The main differences
in the basic flavonoid structures of the compounds involve the
presence or absence of a ketone function at C4, a double bond at
C2—C3 and a hydroxyl moiety at C3.

The intake of flavonoids in the diet ranges from 60 to 350 mg/
day (Bai et al., 2014; Beking and Vieira, 2011). For dietary flavonoids
to act on central GABA receptors they must enter the brain. That
flavonoids influence brain function on systemic administration
indicates that they and/or their metabolites enter the brain pene-
trating the blood—brain barrier (Jager and Saaby, 2011; Youdim
et al., 2004). This has been shown using hCMEC/D3 cells as a hu-
man blood—brain barrier model (Faria et al., 2014). Administered
orally, radioactive (—)-epigallocatechin gallate has been detected in
mouse brain (Suganuma et al., 1998). Similarly radioactive hispi-
dulin has been found to cross the blood—brain barrier into rat brain
(Kavvadias et al., 2004). More work needs to be done relating
ingested levels of individual and mixtures of flavonoids to the levels
achieved in the brain to influence brain function.

3. Flavonoids as neuroprotectants and antioxidants

The ability of flavonoids to protect neurones from cell death is
well documented (Dajas et al., 2013; Devore et al., 2012; Grosso
et al.,, 2013; Jager and Saaby, 2011; Latif, 2015; Spencer, 2008a;
Vauzour, 2014). A variety of mechanisms appear to underlie such
neuroprotective actions. They appear to target key proteins
involved in Alzheimer's disease (Baptista et al., 2014) acting against
beta-amyloid toxicity (Bastianetto et al., 2006). Dietary flavonoids
are known to induce cytoprotective proteins (Leonardo and Dore,
2011). They interact with many neurotransmitter systems
including adenosine (Alexander, 2006), dopamine (Kita et al.,
2014), GABA (Hanrahan et al., 2011) and glycine (Raafat et al,,
2010) that may be involved in neuroprotection.

The ability of flavonoids, in common with many polyphenols, to
act as antioxidants is widely considered to be an important aspect
of the ability to act as neuroprotectives (Bubols et al., 2013).
Interestingly, methylated polyphenols that are poor antioxidants
protect cells from hydrogen peroxide-induced cytotoxicity indi-
cating that their protectant activity may be largely unrelated to
their chemical antioxidant capacity (Deng et al., 2006). Indeed the
heath claims of antioxidant capacity regarding polyphenol-
containing nutraceuticals has be described as ‘fiction’ (Espin et al.,
2007). In a study of structural features of the neuroprotective ac-
tions of flavonoids it was concluded that neuroprotection appears
to be linked to specific structural motifs beyond those involved in
antioxidation (Dajas et al., 2013).

4. Memory and cognition

Dietary flavonoids are considered to be beneficial in enhancing
human memory and cognition (Spencer, 2008b, 2010). Flavonoid
intake in the diet has been show to decrease cognitive decline over
a 10-year period (Letenneur et al., 2007). Cocoa flavonoid con-
sumption has been shown to improve cognitive function in the
elderly (Mastroiacovo et al., 2015). A study in snails has shown that
a flavonoid present is cocoa improves long term memory (Fruson
et al.,, 2012).

The flavonoid luteolin improved performance in an animal
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model of spatial memory; an effect associated with increased
brain-derived neurotrophic factor and acetylcholine, and decreased
lipid peroxidation (Yoo et al., 2013). Many neurotransmitter sys-
tems are involved in memory and cognition including GABA
(Mohler, 2009). Luteolin is known to modulate GABA receptors that
are involved in animal models of memory (Chebib et al., 2009;
Gibbs and Johnston, 2005).

5. Receptors for the inhibitory neurotransmitter GABA

There have been significant advances in our understanding of
receptors for GABA, the major inhibitory transmitter in the brain
due largely to the ability to study human cloned receptors in vitro.
Generally this involves expressing combinations of the protein
subunits in Xenopus oocytes and studying the effects of various
chemicals by two-electrode voltage clamp techniques. In this way
the effects of pure chemicals can be studied on the function of
clearly defined receptors (Chebib and Johnston, 2000). The effects
of plant extracts can also be studied in this way although this can be
complicated by the presence of GABA, a significant constituent of
many plants, needs to be taken into account (Abdelhalim et al.,
2014).

GABA receptors are found pre- and post-synaptically as well as
extra-synaptically in the central nervous system. They may be
divided into two major types. lonotropic GABA receptors act via
GABA-activated chloride channels while metabotropic GABA re-
ceptors act via G-protein couple receptor complexes. lonotropic
GABA receptors may be classified pharmacologically on the basis of
their sensitive to selective antagonists, with GABA4 receptors being
antagonised by the convulsant alkaloid bicuculline (Johnston, 2013)
and GABA( receptors being antagonised by TPMPA (tetrahydropyr-
idin-4-yl)methylphosphinic acid) (Murata et al., 1996). Metabo-
tropic GABA receptors are designated as GABAg receptors and are
antagonised by phaclofen and insensitive to either bicuculline or
TPMPA (Bowery, 2006). They consist of a combination of isoforms
(Mohler et al., 2001).

Ionotropic GABA receptors are members of the cys-loop super-
family of ligand-gated ion channels that include both cationic
(nicotinic acetylcholine and 5HT3) and anionic (GABAa, GABA¢ and
glycine) receptors. They are made up of pentameric protein sub-
units. GABA, receptors are heteromeric made up complex combi-
nations of subunits resulting in a variety of receptors that have
distinct pharmacological and physiological properties (Mohler,
2011). GABA( receptors are in the main homomeric and relatively
simple (Bormann, 2000; Johnston et al., 2003). GABAa receptors are
of special interest in that their activation can be modulated by a
variety of structurally diverse chemicals (Johnston, 2005). While
most interest has been in the benzodiazepines that can act as
positive, negative and neutralising modulators (Rudolph and
Mohler, 2004) many natural products including flavonoids can act
in a similar manner (Johnston et al., 2009).

6. Flavonoids and GABA, receptors

Flavonoids were first linked to GABAa receptors when three
isoflavans isolated from bovine urine were shown to inhibit
benzodiazepine binding to brain membranes (Luk et al., 1983).
These isoflavans were most probably derived from plant sources in
the bovine diet. Subsequently, many flavonoids directly isolated
from plants were shown to influence benzodiazepine binding
(Johnston et al., 2009). As noted earlier it was the pioneering work
of Marder, Medina, Paladini and their co-workers in Argentina
during the 1990s that drew attention to flavonoids as ‘a new family
of benzodiazepine receptor ligands’ (Medina et al., 1997; Paladini
et al, 1999). We and others have used bioassay-guided assays of

GABAA receptor modulation to investigate such activity in plant
extracts (Abdelhalim et al., 2014; Yang et al., 2011).

Flavonoids can act on GABA4 receptors at low concentrations in
either a flumazenil-sensitive or flumazenil-insensitive manner as
modulators of these receptors (Hanrahan et al., 2015) in a some-
what similar manner to benzodiazepines that have been described
as acting via ‘two distinct and separable mechanisms’ (Walters
et al., 2000). Furthermore, many flavonoids act in a biphasic
manner, potentiating GABA actions at low concentrations and
inhibiting at high concentrations. In addition, some flavonoids have
agonist actions on certain GABA receptors, directly gating the re-
ceptor in the absence of GABA. Clearly flavonoids can interact with
a variety of specific active sites on GABAa receptors.

To illustrate the range of activities that closely structurally-
related flavonoids can have on ionotropic GABA receptors the ef-
fects of three flavanones (apigenin, hispidulin and luteolin) two
flavonols ((—)-epigallocatechin gallate and (+)-catechin) and two
flavanonols (taxifolin, dihydromyricetin) are discussed. It is
apparent that certain flavonoids act selectively on subtypes of
GABA, receptors.

7. Apigenin, hispidulin and luteolin

Apigenin (Fig. 1) has complex modulatory actions on GABAa
receptors. It has a negative modulatory action on the effect of GABA
on cultured cerebellar granule cells and is a weak inhibitor on the
binding of flumazenil to cerebellar membranes (Avallone et al.,
2000). Unlike benzodiazepines, apigenin had no anxiolytic effects
in rats according to these authors, despite clear anxiolytic effects
being reported by others in mice (Viola et al., 1995). This may reflect
the different levels of anxiety in rats and mice. The inhibitory action
of apigenin on locomotor activity in rats was however not influ-
enced by pretreatment with flumazenil and it was concluded that
that the sedative action of apigenin ‘cannot be ascribed to an
interaction with GABA—benzodiazepine receptor, since it is not
counteracted by the benzodiazepine antagonist flumazenil’ (Zanoli
et al., 2000). That was before the flumazenil-insensitive action of
flavonoids on GABAa receptors was discovered (Hanrahan et al.,
2011).

Subsequently it was found that apigenin could influence the
flumazenil-sensitive modulatory effects of benzodiazepine ligands
on GABA, receptors under conditions where the flavonoids alone
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Fig. 2. Structurally related flavonoids that modulate ionotropic GABA receptors.
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had no detectable modulatory effects on GABA responses. This gave
rise to the concept of second order modulation by flavonoids of first
order modulation by benzodiazepines (Campbell et al., 2004;
Fernandez et al., 2005; Vignes et al., 2006). The second order pos-
itive modulation of diazepam enhancement of GABA responses by
apigenin was observed under conditions of the maximal
flumazenil-sensitive enhancement of the action of low doses of
GABA. It is unlikely that apigenin acts by enhancing diazepam
binding as it is known to inhibit such binding. Furthermore, api-
genin does not influence the binding of muscimol, a potent GABAp
agonist. The observed second order modulation may result from
alterations in the coupling of the flumazenil-sensitive benzodiaz-
epine allosteric sites with the orthosteric GABA sites on GABAa
receptors. This action was selective for diazepam modulation as it
was not observed for enhancement by pentobarbitone or allo-
pregnanolone. Second order modulation (or metamodulation) of
receptor activation has been noted in other systems (Mesce, 2002;
Ribeiro and Sebastiao, 2010) and may represent a new, albeit
obscure, mechanism of drug action deserving of further investiga-
tion. It is not easy to study as it involves the dose—dependant in-
teractions between three ligands and thus may be difficult to
observe. Synergistic interactions have been described between
other flavonoids and GABA receptors (Choi et al., 2013), and be-
tween flavonoids, strychnine and glycine receptors (Raafat et al.,
2010). Thus complex tertiary interactions between flavonoids and
other substances may be a subtle feature of cys-loop ligand gated
ion channels.

Hispidulin (Fig. 2), which differs from apigenin only by the
addition of a 6-methoxy substituent, is a potent ligand at benzo-
diazepine binding sites and has demonstrated anticonvulsant ac-
tivity in a model of epilepsy in seizure-prone Mongolian gerbils
(Kavvadias et al., 2004). In functional studies on recombinant re-
ceptors expressed in oocytes hispidulin is inactive when applied
alone and found to be approximately equipotent and exhibit a
biphasic activity at «1,2,3,5,682y2S receptors, enhancing at low
concentrations (ECsp 0.8—5 puM) and inhibiting at higher concen-
trations (>30 uM), was only partially blocked by flumazenil but was
inactive at a1p2 receptors at a concentration of 10 uM (Kavvadias
et al., 2004). The fact that hispidulin is active at a6-containing re-
ceptors that are benzodiazepine insensitive suggests that hispidu-
lin may act via more than one binding site on GABAa receptors.
Interestingly, previous studies indicated that a range of natural and
synthetic flavones had no affinity for recombinant a633g receptors
(Marder et al., 2001). Thus hispidulin appears to show a different
profile of activity to apigenin at GABAa receptor subtypes.

Luteolin (Fig. 2) is a common flavone found in many plants
including celery and green pepper. It differs from apigenin by an
extra hydroxyl group in the phenyl ring. Luteolin has antidepres-
sant activity in mice and promotes chloride influx in human neu-
roblastoma cells that is blocked by the GABA4 receptor antagonist
bicuculline (de la Pena et al., 2014). In a rat model of neuropathic
pain, luteolin produced analgesia in a bicuculline-sensitive, flu-
mazenil-insensitive manner (Hara et al., 2014). Tested as a major
constituent of the essential oil lemon balm, luteolin was anxiolytic
in rats; as this action was insensitive to flumazenil it was concluded
that ‘luteolin does not produce anxiolysis by modulation of the
GABAA receptor’ (de la Pena et al., 2014). Given that we now know
of flumazenil-insensitive actions of flavonoids on GABA4 receptors
this is an incorrect conclusion. Luteolin showed no anticonvulsant
activity in four mouse seizure models (Shaikh et al., 2013) and
improves spatial memory in rats in a scopolamine-induced
amnesia model (Yoo et al., 2013). In unpublished studies my col-
leagues, Katherine Locock and Ushma Trived, have shown that
luteolin selectively enhances the action of GABA at human re-
combinant a2p2y2L over a1B2y2L GABAa receptor expressed in

oocytes in an flumazenil-insensitive manner, consistent with a
selective action on anxiety (Mohler, 2006). Thus, luteolin also ap-
pears to show a different profile of activity to apigenin at GABAA
receptor subtypes.

8. (—)-Epigallocatechin gallate, (+)-catechin, (4 )-taxifolin
and dihydromyricetin

(—)-Epigallocatechin gallate (Fig. 2) (EGCG) is the major poly-
phenol in green tea (Camellia sinensis). It has been extensively
studied particularly for its anticancer properties (Singh et al., 2011).
This flavanol demonstrates dose-dependent anxiolytic, sedative
hypnotic and amnesiac activity, with evidence that these activities
are mediated at least in part by GABAa receptors (Adachi et al.,
2006; Vignes et al., 2006). Studies on a1p2y2L GABAa receptors
showed that EGCG at low concentrations (0.1 uM) has a potent
second-order modulatory action on the first-order modulation by
diazepam but inhibits the action of GABA at higher concentrations
(>1 mM). EGCG was an order of magnitude more potent than
apigenin in acting as a second-order modulator (Campbell et al.,
2004). In addition, it has been found that EGCG, at concentrations
that have no influence on the activation of GABA, receptors by
GABA, was able to reverse the negative modulation of such re-
ceptors by methyl B-carboline (Vignes et al., 2006). This indicates
that EGCG may act as a second-order modulator with respect to the
first-order modulation by both positive and negative modulators
that act on benzodiazepines sites on GABA4 receptors.

The natural flavan-3-ol (+)-catechin (Fig. 2), an important
constituent of chocolate and many other foodstuffs (Arts et al.,
2000), is an allosteric agonist at recombinant 24033 GABAj re-
ceptors expressed in oocytes (Eghorn et al., 2014). (+)-Catechin
appears to be a positive allosteric modulator for the high-affinity
binding of y-hydroxybutyric acid (GHB) on these receptors. This
action is stereoselective in that (—)-catechin is much less active.
Although relatively weak in activity (+)-catechin may aid in further
characterization of the GHB high-affinity sites that are likely to be
present on certain GABAa receptors. (+)-Catechin has been re-
ported to have no action on recombinant a132y2L GABAx receptors
(Campbell et al., 2004).

The structurally related (+)-taxifolin (Fig. 2), which is identical
to (+)-catechin except that it has a ketone in the 4 position, was a
negative modulator of GABA receptors (Eghorn et al., 2014). The
closely related dihydromyricetin (Fig. 2, also known as ampelop-
sin), which has an additional hydroxyl group in the phenyl ring, acts
as a positive modulator of synaptic and extrasynaptic GABAA re-
ceptors (Shen et al., 2012). Importantly, and perhaps paradoxically,
dihydromyricetin reduces the potentiation of GABA, receptors by
ethanol perhaps acting as a second-order modulator. Dihy-
dromyrocetin has similarities but also differences to benzodiaze-
pines. It is not anxiolytic or sedative at the dose (1 mg/kg) that
blocks the effect of ethanol. It is marketed as a nutraceutical for
anti-alcohol intoxication.

9. Conclusion

Flavonoids in our diet have many and varied effects on the
activation of ionotropic receptors for GABA, the major inhibitory
neurotransmitter in our brains. There is considerable evidence that
flavonoids are able to enter the brain to influence brain function.
They may have a range of effects including relief of anxiety,
improvement in cognition, and sedation. All of these effects are
sought after in nutraceuticals.

There appear to be many sites on ionotropic GABA receptors that
can be influenced by flavonoids. The sites may include ones that are
insensitive to the classic benzodiazepine antagonist flumazenil and
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described as low affinity benzodiazepine sites (Walters et al., 2000).
Perhaps these would be more appropriately described as flavonoid
sites as they appear to be activated by many naturally-occurring
flavonoids. Many years ago I proposed that there were at least 11
distinct binding sites on GABAa receptors (Johnston, 1996). This is
proving to be a significant underestimate of the diversity of agents
that are able to modulate these important receptors. The study of
individual flavonoids in nutraceuticals will aid in future in-
vestigations of these receptors and provide information on how
these flavonoids interact to produce their combined effects. From a
structure-activity point of view it is very interesting that flavonoids
of closely related structures can have different effects on the
function of GABAa receptors, in some cases opposite effects.
Furthermore the effects of mixtures of flavonoids and other mod-
ulators on GABA, receptors need to be more thoroughly investi-
gated. This is important flavonoids are rarely consumed as a single
flavonoid except as dietary supplements.

References

Abdelhalim, A., Chebib, M., Aburjai, T., Johnston, G.A.R., Hanrahan, J.R., 2014. GABAp
receptor modulation by compounds isolated from Salvia triloba L. Adv. Biol.
Chem. 4, 148—159.

Adachi, N., Tomonaga, S., Tachibana, T., Denbow, D.M., Furuse, M., 2006. (—)-epi-
gallocatechin gallate attenuates acute stress responses through GABAergic
system in the brain. Eur. J. Pharmacol. 531, 171-175.

Alexander, S.P.,, 2006. Flavonoids as antagonists at A1 adenosine receptors. Phyt-
other. Res. 20, 1009—-1012.

Arts, .CW.,, van de Putte, B., Hollman, P.C.H., 2000. Catechin contents of foods
commonly consumed in the Netherlands. 1. Fruits, vegetables, staple foods, and
processed foods. J. Agric. Food Chem. 48, 1746—1751.

Avallone, R., Zanoli, P, Puia, G., Kleinschnitz, M., Schreier, P., Baraldi, M., 2000.
Pharmacological profile of apigenin, a flavonoid isolated from Matricaria cha-
momilla. Biochem. Pharm. 59, 1387—1394.

Bai, W., Wang, C.,, Ren, C., 2014. Intakes of total and individual flavonoids by US
adults. Int. J. Food Sc. Nutr. 65, 9—-20.

Baptista, I, Henriques, A.G., Silva, A.M., Wiltfang, J., da Cruz e Silva, O.A,, 2014.
Flavonoids as therapeutic compounds targeting key proteins involved in Alz-
heimer's disease. ACS Chem. Neurosci. 5, 83—92.

Bastianetto, S., Yao, Z.X., Papadopoulos, V., Quirion, R., 2006. Neuroprotective effects
of green and black teas and their catechin gallate esters against beta-amyloid-
induced toxicity. Eur. J. Neurosci. 23, 55—64.

Beking, K., Vieira, A., 2011. An assessment of dietary flavonoid intake in the UK and
Ireland. Int. J. Food Sci. Nutr. 62, 17—19.

Bormann, J., 2000. The 'ABC' of GABA receptors. Trends Pharmacol. Sci. 21, 16—19.

Bowery, N.G., 2006. GABAg receptor: a site of therapeutic benefit. Cur. Opin. Phar-
macol. 6, 37—43.

Bubols, G.B., Vianna Dda, R., Medina-Remon, A., von Poser, G. Lamuela-
Raventos, R.M.,, Eifler-Lima, V.L., Garcia, S.C., 2013. The antioxidant activity of
coumarins and flavonoids. Mini-Rev. Med. Chem. 13, 318—334.

Campbell, E.L.,, Chebib, M., Johnston, G.A.R., 2004. The dietary flavonoids apigenin
and (-)-epigallocatechin gallate enhance the positive modulation by diazepam
of the activation by GABA of recombinant GABAa receptors. Biochem. Phar-
macol. 68, 1631-1638.

Chebib, M., Hinton, T., Schmid, K.L., Brinkworth, D., Qian, H., Matos, S., Kim, H.L.,
Abdel-Halim, H., Kumar, RJ., Johnston, G.A.R., Hanrahan, J.R., 2009. Novel,
potent, and selective GABA¢ antagonists inhibit myopia development and
facilitate learning and memory. J. Pharmacol. Exp. Ther. 328, 448—457.

Chebib, M., Johnston, G.A.R.,, 2000. GABA-activated ligand gated ion channels:
medicinal chemistry and molecular biology. ]. Med. Chem. 43, 1427—1447.

Choi, R.CY., Zhu, ]J.T.T, Yung, AW.Y., Lee, PS.C, Xu, S.L, Guo, AJY., Zhu, KY.,
Dong, T.T.X,, Tsim, KW.K., 2013. Synergistic action of flavonoids, baicalein, and
daidzein in estrogenic and neuroprotective effects: a development of potential
health products and therapeutic drugs against Alzheimer's disease. Evidence-
based Complem. Alt. Med. 2013, 635694—Article ID 635694.

Dajas, F., Andres, A.C., Florencia, A., Carolina, E., Felicia, R.M., 2013. Neuroprotective
actions of flavones and flavonols: mechanisms and relationship to flavonoid
structural features. CNS Agents Med. Chem. 13, 30—35.

de la Pena, J.B,, Kim, CA,, Lee, HL, Yoon, S.Y. Kim, HJ., Hong, EY., Kim, G.H.,
Ryu, JH, Lee, YS. Kim, KM, Cheong, JH. 2014. Luteolin mediates the
antidepressant-like effects of Cirsium japonicum in mice, possibly through
modulation of the GABAa receptor. Arch. Pharmacol. Res. 37, 263—269.

Deng, D., Zhang, ], Cooney, J.M. Skinner, M.A., Adaim, A. Jensen, D.].,
Stevenson, D.E., 2006. Methylated polyphenols are poor “chemical” antioxi-
dants but can still effectively protect cells from hydrogen peroxide-induced
cytotoxicity. FEBS Lett. 580, 5247—5250.

Devore, E.E., Kang, ].H., Breteler, M.M., Grodstein, F.,, 2012. Dietary intakes of berries
and flavonoids in relation to cognitive decline. Ann. Neurol. 72, 135—143.

Eghorn, LF, Hoestgaard-Jensen, K., Kongstad, K.T., Bay, T, Higgins, D., Frolund, B.,

Wellendorph, P., 2014. Positive allosteric modulation of the GHB high-affinity
binding site by the GABAA receptor modulator monastrol and the flavonoid
catechin. Eur. J. Pharmacol. 740, 570—-577.

Espin, ].C., Garcia-Conesa, M.T., Tomas-Barberan, F.A., 2007. Nutraceuticals: facts and
fiction. Phytochemistry 68, 2986—3008.

Faria, A., Meireles, M., Fernandes, I., Santos-Buelga, C., Gonzalez-Manzano, S.,
Duenas, M., de Freitas, V., Mateus, N., Calhau, C., 2014. Flavonoid metabolites
transport across a human BBB model. Food Chem. 149, 190—196.

Fernandez, S.P., Wasowski, C., Paladini, A.C., Marder, M., 2005. Synergistic interac-
tion between hesperidin, a natural flavonoid, and diazepam. Eur. J. Pharmacol.
512, 189—198.

Fruson, L., Dalesman, S., Lukowiak, K., 2012. A flavonol present in cocoa [(-)epi-
catechin] enhances snail memory. J. Exp. Biol. 215, 3566—3576.

Georgiev, V., Ananga, A., Tsolova, V., 2014. Recent advances and uses of grape fla-
vonoids as nutraceuticals. Nutrients 6, 391—415.

Gibbs, M.E., Johnston, G.A.R., 2005. Opposing roles for GABAj and GABA( receptors
in short-term memory formation in young chicks. Neuroscience 131, 567—576.

Grosso, C., Valentao, P, Ferreres, F.,, Andrade, P.B., 2013. The use of flavonoids in
central nervous system disorders. Curr. Med. Chem. 20, 4694—4719.

Hanrahan, J.R., Chebib, M., Johnston, G.A.R., 2011. Flavonoid modulation of GABAx
receptors. Brit. J. Pharmacol. 163, 234—245.

Hanrahan, J.R., Chebib, M., Johnston, G.A.R., 2015. Interactions of flavonoids with
ionotropic GABA receptors. Adv. Pharmacol. 72, 189—199.

Hara, K., Haranishi, Y., Terada, T., Takahashi, Y., Nakamura, M., Sata, T., 2014. Effects
of intrathecal and intracerebroventricular administration of luteolin in a rat
neuropathic pain model. Pharmacol. Biochem. Beha. 125, 78—84.

Jager, AK,, Saaby, L., 2011. Flavonoids and the CNS. Molecules 16, 1471-1485.

Jain, PK., Kharya, M.D., Gajbhiye, A., Sara, U.V.S., Sharma, V.K,, 2010. Flavonoids as
nutraceuticals. A review. Herba Pol. 56, 105—117.

Johnston, G.A.R., 1996. GABAp receptor pharmacology. Pharmacol. Ther. 69,
173-198.

Johnston, G.A.R., 2005. GABA, receptor channel pharmacology. Curr. Pharmaceut.
Des 11, 1867—1885.

Johnston, G.A.R., 2013. Advantages of an antagonist: bicuculline and other GABA
antagonists. Brit. ]J. Pharmacol. 169, 328—336.

Johnston, G.A.R., Chebib, M., Duke, RK., Fernandez, S.P., Hanrahan, J.R,, Hinton, T.,
Mewett, K.N., 2009. Herbal products and GABA receptors. Encycl. Neurosci. 4,
1095-1101.

Johnston, G.A.R., Chebib, M., Hanrahan, J.R., Mewett, K.N., 2003. GABA¢ receptors as
drug targets. Curr. Drug Targets CNS Neurol. Disord. 2, 260—268.

Kavvadias, D., Sand, P,, Youdim, K.A., Qaiser, M.Z., Rice-Evans, C., Baur, R., Sigel, E.,
Rausch, W.D., Riederer, P., Schreier, P., 2004. The flavone hispidulin, a benzo-
diazepine receptor ligand with positive allosteric properties, traverses the
blood-brain barrier and exhibits anticonvulsive effects [see comment] Brit. J.
Pharmacol. 142, 811-820.

Kita, T, Asanuma, M., Miyazaki, I, Takeshima, M., 2014. Protective effects of
phytochemical antioxidants against neurotoxin-induced degeneration of
dopaminergic neurons. J. Pharmacol. Sci. 124, 313—319.

Latif, R., 2015. Flavonoids as novel neuroprotective nutraceuticals. Saudi J. Health
Sci. 4, 1-4.

Leonardo, C.C,, Dore, S., 2011. Dietary flavonoids are neuroprotective through Nrf2-
coordinated induction of endogenous cytoprotective proteins. Nutr. Neurosci.
14, 226—236.

Letenneur, L., Proust-Lima, C., Le Gouge, A., Dartigues, J.F, Barberger-Gateau, P.,
2007. Flavonoid intake and cognitive decline over a 10-year period. Amer. ].
Epidem 165, 1364—1371.

Luk, K.C,, Stern, L., Weigele, M., O'Brien, R.A., Spirst, N., 1983. Isolation and identi-
fication of “diazepam-like” compounds in bovine brain. J. Nat. Prod. 46,
852—-861.

Marder, M., Estiu, G., Blanch, L.B., Viola, H., Wasowski, C., Medina, ].H., Paladini, A.C.,
2001. Molecular modeling and QSAR analysis of the interaction of flavone de-
rivatives with the benzodiazepine binding site of the GABAA receptor complex.
Bioorg. Med. Chem. 9, 323—335.

Mastroiacovo, D., Kwik-Uribe, C., Grassi, D., Necozione, S., Raffaele, A., Pistacchio, L.,
Righetti, R., Bocale, R., Lechiara, M.C., Marini, C., Ferri, C., Desideri, G., 2015.
Cocoa flavanol consumption improves cognitive function, blood pressure con-
trol, and metabolic profile in elderly subjects: the cocoa, cognition, and aging
(CoCoA) study-a randomized controlled trial. Amer. J. Clin. Nutr. 101, 538—548.

Medina, ].H., Viola, H., Wolfman, C, Marder, M. Wasowski, C, Calvo, D.,
Paladini, A.C., 1997. Overview — flavonoids — a new family of benzodiazepine
receptor ligands. Neurochem. Res. 22, 419—425.

Mesce, K.A., 2002. Metamodulation of the biogenic amines: second-order modu-
lation by steroid hormones and amine cocktails. Brain Behav. Evol. 60, 339—349.

Mohler, H., 2006. GABA, receptor diversity and pharmacology. Cell Tiss. Res. 326,
505-516.

Mohler, H., 2009. Role of GABAA receptors in cognition. Biochem. Soc. Trans. 37,
1328—1333.

Mohler, H., 2011. The rise of a new GABA pharmacology. Neuropharmacology 60,
1042-1049.

Mohler, H., Benke, D., Fritschy, J.M., 2001. GABAg-receptor isoforms — molecular
architecture and distribution. Life Sci. 68, 2297—-2300.

Murata, Y., Woodward, RM., Miledi, R, Overman, LE., 1996. The first selective
antagonist for a GABA¢ receptor. Bioorg. Med. Chem. Lett. 6, 2073—2076.

Nilsson, J., Sterner, O., 2011. Modulation of GABA(A) receptors by natural products
and the development of novel synthetic ligands for the benzodiazepine binding


http://refhub.elsevier.com/S0197-0186(15)30013-9/sref1
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref1
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref1
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref1
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref2
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref2
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref2
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref2
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref2
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref3
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref3
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref3
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref4
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref4
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref4
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref4
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref5
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref5
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref5
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref5
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref6
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref6
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref6
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref7
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref7
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref7
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref7
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref8
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref8
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref8
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref8
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref9
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref9
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref9
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref10
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref10
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref11
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref11
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref11
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref11
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref12
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref12
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref12
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref12
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref13
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref13
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref13
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref13
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref13
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref13
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref14
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref14
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref14
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref14
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref14
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref14
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref15
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref15
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref15
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref16
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref16
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref16
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref16
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref16
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref16
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref17
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref17
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref17
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref17
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref18
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref18
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref18
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref18
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref18
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref18
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref19
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref19
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref19
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref19
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref19
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref20
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref20
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref20
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref21
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref21
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref21
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref21
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref21
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref21
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref22
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref22
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref22
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref23
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref23
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref23
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref23
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref24
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref24
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref24
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref24
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref25
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref25
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref25
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref26
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref26
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref26
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref27
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref27
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref27
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref27
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref27
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref28
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref28
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref28
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref29
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref29
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref29
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref30
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref30
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref30
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref31
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref31
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref31
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref31
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref32
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref32
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref33
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref33
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref33
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref34
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref34
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref34
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref34
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref35
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref35
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref35
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref35
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref36
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref36
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref36
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref37
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref37
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref37
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref37
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref38
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref38
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref38
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref38
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref39
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref39
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref39
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref39
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref39
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref39
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref40
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref40
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref40
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref40
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref41
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref41
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref41
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref42
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref42
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref42
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref42
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref43
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref43
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref43
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref43
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref44
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref44
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref44
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref44
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref45
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref45
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref45
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref45
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref45
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref45
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref46
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref46
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref46
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref46
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref46
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref46
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref47
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref47
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref47
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref47
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref47
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref47
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref48
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref48
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref48
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref49
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref49
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref49
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref49
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref49
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref50
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref50
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref50
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref50
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref50
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref51
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref51
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref51
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref51
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref52
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref52
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref52
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref52
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref52
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref52
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref53
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref53
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref53
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref53
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref54
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref54

G.A.R. Johnston / Neurochemistry International 89 (2015) 120—125 125

site. Curr. Drug Targ. 12, 1674—1688.

Paladini, A.C., Marder, M., Viola, H., Wolfman, C., Wasowski, C., Medina, ].H., 1999.
Flavonoids and the central nervous system: from forgotten factors to potent
anxiolytic compounds. J. Pharm. Pharmacol. 51, 519—-526.

Raafat, K., Breitinger, U., Mahran, L., Ayoub, N., Breitinger, H.G., 2010. Synergistic
inhibition of glycinergic transmission in vitro and in vivo by flavonoids and
strychnine. Toxicol. Sci. 118, 171-182.

Ribeiro, J.A., Sebastiao, A.M., 2010. Modulation and metamodulation of synapses by
adenosine. Acta Physiol. 199, 161—-169.

Rudolph, U., Méhler, H., 2004. Analysis of GABAa receptor function and dissection of
the pharmacology of benzodiazepines and general anesthetics through mouse
genetics. Ann. Rev. Pharmacol. Toxicol. 44, 475—498.

Shaikh, M.E, Tan, K.N., Borges, K., 2013. Anticonvulsant screening of luteolin in four
mouse seizure models. Neurosci. Lett. 550, 195—199.

Shen, Y., Lindemeyer, AK.,, Gonzalez, C., Shao, X.M., Spigelman, I, Olsen, RW.,
Liang, J., 2012. Dihydromyricetin as a novel anti-alcohol intoxication medica-
tion. J. Neurosci. 32, 390—401.

Singh, B.N., Shankar, S., Srivastava, R.K.,, 2011. Green tea catechin, epigallocatechin-
3-gallate (EGCG): mechanisms, perspectives and clinical applications. Biochem.
Pharmacol. 82, 1807—1821.

Spencer, ].P,, 2008a. Flavonoids: modulators of brain function? Brit. J. Nutr. 99 (E
Suppl. 1), ES60—-77.

Spencer, J.P., 2008b. Food for thought: the role of dietary flavonoids in enhancing
human memory, learning and neuro-cognitive performance. Proc. Nutr. Soc. 67,
238-252.

Spencer, J.P.,, 2010. The impact of fruit flavonoids on memory and cognition. Brit. J.
Nutr. 104 (Suppl. 3), S40—S47.

Suganuma, M., Okabe, S., Oniyama, M., Tada, Y., Ito, H., Fujiki, H., 1998. Wide dis-
tribution of H-3 (-)-epigallocatechin gallate, a cancer preventive tea

polyphenol, in mouse tissue. Carcinogenesis 19, 1771-1776.

Tapas, A.R., Sakarkar, D.M., Kakde, R.B., 2008. Flavonoids as nutraceuticals: a review.
Trop. J. Pharm. Res. 7, 1089—1099.

Vauzour, D., 2014. Effect of flavonoids on learning, memory and neurocognitive
performance: relevance and potential implications for Alzheimer's disease
pathophysiology. J. Sci. Food Agric. 94, 1042—1056.

Vignes, M., Maurice, T., Lante, F,, Nedjar, M., Thethi, K., Guiramand, ]., Recasens, M.,
2006. Anxiolytic properties of green tea polyphenol (-)-epigallocatechin gallate
(EGCG). Brain Res. 1110, 102—115.

Viola, H., Wasowski, C., Levi de Stein, M., Wolfman, C,, Silvera, R., Medina, A.E.,
Paladini, A.C., 1995. Apigenin, a component of Matricaria recutita flowers, is a
central benzodiazepine receptors-ligand with anxiolytic effects. Planta Med. 61,
213-216.

Walters, RJ., Hadley, S.H., Morris, K.D.W., Amin, ]., 2000. Benzodiazepines act on
GABAR receptors via two distinct and separable mechanisms. Nat. Neurosci. 3,
1274-1281.

Yang, X., Baburin, I, Plitzko, I, Hering, S., Hamburger, M., 2011. HPLC-based activity
profiling for GABAa receptor modulators from the traditional Chinese herbal
drug kushen (Sophora flavescens root). Mol. Div. 15, 361—372.

Yoo, D.Y., Choi, J.H., Kim, W., Nam, S.M.,, Jung, H.Y., Kim, ]J.H., Won, M.H., Yoon, Y.S.,
Hwang, LK., 2013. Effects of luteolin on spatial memory, cell proliferation, and
neuroblast differentiation in the hippocampal dentate gyrus in a scopolamine-
induced amnesia model. Neurol. Res. 35, 813—820.

Youdim, K.A., Shukitt-Hale, B., Joseph, J.A., 2004. Flavonoids and the brain: in-
teractions at the blood-brain barrier and their physiological effects on the
central nervous system. Free Rad. Biol. Med. 37, 1683—-1693.

Zanoli, P,, Avallone, R., Baraldi, M., 2000. Behavioural characterisation of the fla-
vonoids apigenin and chrysin. Fitoterapia 71, S117—S123.


http://refhub.elsevier.com/S0197-0186(15)30013-9/sref54
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref54
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref55
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref55
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref55
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref55
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref56
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref56
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref56
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref56
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref57
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref57
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref57
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref58
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref58
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref58
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref58
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref58
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref58
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref59
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref59
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref59
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref60
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref60
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref60
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref60
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref61
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref61
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref61
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref61
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref62
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref62
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref62
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref63
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref63
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref63
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref63
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref64
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref64
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref64
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref65
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref65
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref65
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref65
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref66
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref66
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref66
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref67
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref67
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref67
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref67
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref68
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref68
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref68
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref68
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref69
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref69
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref69
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref69
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref69
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref70
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref70
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref70
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref70
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref70
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref71
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref71
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref71
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref71
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref71
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref72
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref72
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref72
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref72
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref72
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref73
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref73
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref73
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref73
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref74
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref74
http://refhub.elsevier.com/S0197-0186(15)30013-9/sref74

	Flavonoid nutraceuticals and ionotropic receptors for the inhibitory neurotransmitter GABA
	1. Introduction
	2. Do dietary flavonoids enter the brain?
	3. Flavonoids as neuroprotectants and antioxidants
	4. Memory and cognition
	5. Receptors for the inhibitory neurotransmitter GABA
	6. Flavonoids and GABAA receptors
	7. Apigenin, hispidulin and luteolin
	8. (−)-Epigallocatechin gallate, (+)-catechin, (+)-taxifolin and dihydromyricetin
	9. Conclusion
	References


