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Abstract: cAMP response element binding protein (CREB) is a key transcriptional regulator that
regulates the transcription of genes related with neuronal differentiation, synaptic plasticity, learn-
ing and memory. Brain derived neurotrophic factor (BDNF), is a CREB dependent gene which
plays a pivotal role in the pathogenesis of epilepsy and central comorbid conditions associated with
epilepsy. However, the beneficial or detrimental consequences of CREB-BDNF activation on the
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induction and/or progression of seizures depend specifically on the region of brain involved and the
time of activation. The bioactive molecules that alter the activity of CREB in a way to have special-
ized effects in different brain regions and neural circuits involved could potentially be utilized for

therapeutic purposes. Flavonoids are the polyphenolic compounds which lead to phosphorylation of
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CREB in the hippocampus, followed by increase in extracellular signal regulated kinase (ERK) and
BDNF. Several members of flavonoid family have also showed suppression of epileptic seizures via

interaction with CREB/BDNF pathway. Moreover, epilepsy is often accompanied by a number of
Dbor: behavioural and psychological comorbid conditions that further gets aggravated by the use of con-
ventional antiepileptic drug therapy. Multiple studies have also supported the beneficial effects of
flavonoids in cognitive and memory impairments by upregulation of CREB-BDNF pathway. The
current review is an attempt to collate the available preclinical and clinical studies to establish the
therapeutic potential of various dietary flavonoids in comprehensive management of epilepsy with
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relation to CREB-BDNF pathway.

Keywords: cAMP response element binding protein, bioavailability, epilepsy comorbidities, neuroinflammation, neurotro-

phins, cognitive deficit.

1. INTRODUCTION

Epilepsy is a chronic brain disorder having multifaceted
underlying causes. Abnormal electric discharge usually oc-
curs as a result of different perinatal and postnatal injuries of
neuronal circuits. According to the World Health Organisa-
tion (WHO), approximately 2.4 million people are diagnosed
with epilepsy each year and it affects around 65 million peo-
ple worldwide [1, 2]. The International League Against Epi-
lepsy (ILAE) has approved a revised classification of epi-
lepsy at three different levels. The classification is based on
seizure type, epilepsy type and syndrome. Different epileptic
groups are categorised as focal epilepsy, generalized epi-
lepsy, combined (generalized, and focal) epilepsy, and an
unknown epilepsy. Epilepsy syndrome refers to a higher
level where a specific syndrome-based diagnosis is made [3].
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Epilepsy can occur at any age but is highly prevalent in
children and elderly population. In general population the
prevalence of epilepsy is estimated to be 6.4 per 1,000
whereas the lifetime or cumulative incidence rate is 7.6 per
1,000 [4].

Several antiepileptic drugs (AEDs) are available in the
market, but still 30% of patients do not respond to these
agents and develop a condition called as refractory or drug
resistant epilepsy [5]. Till date, surgery is considered to be
the most reliable way to treat drug resistant epilepsy, how-
ever at several instances it results in postoperative recurrence
of seizures [6]. A number of new medicines have been iden-
tified that can be used along with the conventional AED
therapy for the management of drug resistant epilepsy like,
oxcarbazepine, levetiracetam, lacosamide, stiripentol, retiga-
bine, eslicarbazepine, brivaracetam and ganaxolone, efc.
Unfortunately, their efficacy cannot be considered superior
to the first-generation AEDs [7]. Ethosuximide and valproate
are the drugs of choice in absence seizures. On the other
hand, perampanel and lacosamide have proven to be the

©2019 Bentham Science Publishers



Dietary Flavonoids Interaction with CREB-BDNF Pathway

most efficacious in controlling tonic-clonic seizures in gen-
eralized epilepsy [8]. Despite all these, a number of side ef-
fects are associated with the use of AEDs that fairly affects
the cognitive and psychological health of patients. The man-
agement of these comorbid conditions in epileptic patients is
equally important as they affect the overall quality of life.
The major central comorbid conditions include learning im-
pairments, intellectual disability, sleep deprivation, mood
swings and psychiatric issues such as depression, anxiety,
psychosis, autism, spectrum disorders, efc. [9]. Previous re-
ports have depicted that the use of AEDs further worsen the
comorbid conditions associated with epilepsy. Therefore,
there is an utmost need to look forward to novel therapeutic
approaches for the comprehensive management of epilepsy
with minimum possible side effects. Earlier the emphasis
was on therapeutic agents acting through modulation of
GABA (gamma amino butyric acid)/glutamate/ion channel
functions. Recent research has led to the emergence of newer
antiepileptic agents that act via novel mechanisms apart from
direct modulation of neural excito-inhibitory functions.
Hence, the interest of researchers has been shifted towards
novel therapies that act via diverse mechanisms. Several
food-based therapies have come into light as an efficient
non-pharmacological approach for the management of epi-

lepsy [10].

Flavonoids, also known as Vitamin P are the polypheno-
lic compounds naturally present in most of the plants. They
are the secondary metabolites that provide ultraviolet protec-
tion and colour to the plants. As they are widely distributed
in nature, flavonoids constitute a part of diet which is con-
sumed on regular basis with minimal adverse effects re-
ported. Major dietary sources of flavonoids include vegeta-
bles, fruits, tea, coffee, juices and red wine [11]. They are
unique in displaying a wide range of pharmacological activi-
ties such as antioxidant, anti-inflammatory, metal ions
chelating, vasoprotective, anti-infective, hepatoprotective
and anticancer. Flavonoids are also neurologically active as
they have shown protection against neuroinflammation and
neurotoxins. They have also been reported to improve cogni-
tive functions [12, 13].

Various preclinical, as well as clinical studies have dis-
covered that inflammatory mediators like, cytokines, prosta-
glandins and others released from the neurons, as well as
peripheral tissues play an important role in seizure induction
and epileptogenesis [14]. Flavonoids exert a strong anti-
inflammatory action by exhibiting free-radical scavenging
activity in the brain or by directly altering the neuroinflam-
matory cascades [15]. Apart from their antioxidant and anti-
inflammatory potential, flavonoids also act on a number of
targets involved in the pathogenesis of epilepsy including,
GABA receptors, opioid receptors, N-methyl-D-aspartate
(NMDA) receptors, calcium and sodium ion channels [16].

2. FLAVONOIDS AND EPILEPSY

In traditional system of medicine, several plants contain-
ing polyphenolic compounds have been used for the man-
agement of neurological disorders since time immemorial.
These molecules modulate the neuronal chemical equilib-
rium by influencing the function of different neurotransmit-
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ters. Pharmacological effects of flavonoids can be accredited
to their antioxidant, anti-inflammatory properties or their
potential to influence the signalling molecules in various
cellular cascades. Flavonoids can interact directly with cellu-
lar receptors and proteins (kinases and enzymes), resulting in
physiological responses and gene expression alterations that
can lead to neuroprotection [17]. In epilepsy, following sei-
zures the antioxidant defence mechanisms are diminished
with the generation of free radicals in the brain. Free radical
generation further contributes to DNA and protein damage,
tissue injury, inflammation and apoptosis [18]. It has been
found that there exists a direct relationship between neural
inflammation and seizures. Seizure activity leads to the pro-
duction of numerous inflammatory molecules such as IL-1p,
TNF-a, IL-6, prostaglandin E2. These changes further
prompt the oxidative stress and neuronal damage in epileptic
patients which later ends up in worsening of seizures [19].
Many of the flavonoids and their metabolites are reported to
have antioxidant and anti-inflammatory potential. Therefore,
this class of secondary metabolites holds a substantial poten-
tial in the management of epilepsy and associated behav-
ioural complications.

Studies formerly conducted have demonstrated the anti-
convulsive effect of flavonoids or flavonoid-rich fractions
isolated from innumerable plant extracts (Table 1). The ef-
fect of luteolin isolated by Eclipta alba leaves (5, 10 and
20 mg/kg; ip.) was studied in pentylenetetrazole (PTZ)-
induced acute and chronic models of epilepsy in mouse.
Luteolin treatment inhibited kindling in a dose-dependent
manner. It also caused a marked reduction in malondialde-
hyde (MDA) level and restored glutathione (GSH) in kindled
mice [20]. Citraro et al. [21] tested flavonoid-rich extract
from orange juice (Citrus sinensis var. Tarocco) in geneti-
cally audiogenic seizures (AGS)-susceptible DBA/2 mouse
and PTZ-induced seizures in ICR-CD1 mice. Administration
of orange juice (40 mg/kg; i.p.), 30 min prior to PTZ treat-
ment or auditory stimulation exhibited anticonvulsant ef-
fects, and also prevented PTZ-induced tonic seizures. The
juice consisted of a mixture of phytochemicals with hes-
peridin and narirutin being the major flavonoids. Inhibition
of NMDA receptors at the glycine binding site and agonistic
activity on GABA receptors can be considered as the possi-
ble mechanism of action for the anticonvulsant effect of or-
ange juice [21]. In another study performed by Chang et al.
[22], citrus flavonoid hesperidin was found to reduce kainic
acid-induced neuronal damage and glutamate excitotoxicity
in the rat hippocampus. In the same study, it was proposed
that hesperidin attenuates 4-Aminopyridine (4-AP) mediated
elevation in cytosolic Ca " and presynaptically inhibits glu-
tamate release in vitro in the synaptosomes (hippocampal
nerve terminals) [22].

A majority of the members of flavonoid family have
demonstrated selective affinity for benzodiazepine binding
site of GABA 4 receptors, leading to allosteric modulation of
chloride flux. Abbasi ef al. [23] illustrated that vitexin (100
and 200 pm; i.c.v) increased the seizure onset time in mini-
mal clonic seizures and generalized tonic-clonic seizures
induced by PTZ (90 mg/kg, i.p.) in rats. Anticonvulsive ef-
fect of vitexin was reversed by flumazenil indicating that
vitexin might act through modulation of GABA, receptor
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Table 1.  Studies showing antiepileptic/ anticonvulsive effect of major dietary flavonoids.
S. No. Tested Flavonoid Dose/ Source Model Species Proposed Mechanism Refs.
1. Apigenin 25,50 mg/kg; i.p. Kainic acid in- Male ICR mice Quenching of ROS and inhibi- Han et al.
(Methanol extract of duced seizures and SD rats tion of glutathione depletion [118]
flower bud of
Carduus crispus)
2. Baicalein 100 mg/kg; i.p. Pilocarpine Male SD rats Antioxidant activity and reduc- Liu et al.
(Purified from Scutel- induced SE tion in caspase-3 expression [119]
laria baicalensis)
3. Gossypin 5,10,20 mg/kg; p.o. PTZ, Strychnine Swiss albino mice | GABAergic mediation, glycine | Rasilingam
(Sigma) and Maximal inhibition and protection from etal [120]
Electroshock electrical kindling effect
induced seizures
4. Hesperidin/ Hes- 510 60 uM (In vitro), Electrical stimula- Male SD rats Modulation of calcium de- Dimpfel
peritin 500 mg /kg; p.o (In vivo) | tion and Treatment pendent potassium channels [121]
(Sigma) with TEA, PTZ, 4-
AP and Bicu-
culline
Hesperidin 100,200 mg/kg; p.o PTZ induced Male LACA mice Modulation of GABA - Kumar et al.
convulsions benzodiazepine receptor com- [122]
plex
5. Kaempferol 12.5, 25, 50, PTZ induced Male Swiss albino Potentiation of GABAergic Taiwe et al.
75 mg/kg; p.o. kindling mice neurotransmission, suppression [123]
(Leaf extract of of glutamate, elevation in
Crinum jagus L.) glutathione and SOD
6. Licochalcone 15 mg/kg; i.p. Kainic acid C57BL6/) Inhibition of INK1 Busquets et
induced seizures (Wild type) al. [124]
7. Luteolin 5,10,20 mg/kg; i.p. Acute PTZ Swiss albino mice Facilitation of GABA medi- Tambe et al.
(Methanol extract of model and ated chloride channel opening [20]
Eclipta alba leaves) PTZ-induced and upsurge in seizure thresh-
kindling old
Luteolin 50, 100 mg/kg; p.o. PTZ induced Male SD rats Activation of Zhen et al.
(Nanjing Zelang Bio- kindling PKA/CREB/BDNF pathway [125]
technology)
8. Naringin 80 mg/kg; i.p. Kainic acid in- Male C57BL/6 Suppresses KA-induced Jang et al.
duced seizures mice mTORCI activation [126]
9. Naringenin 20, 40 mg/kg; p.o. Pilocarpine in- Swiss albino mice Reduction in oxidative stress Shakeel et
(Sigma) duced SE (Increase in SOD and CAT al. [127]
activity, Reduced MDA)
Naringenin 4',7- 100 pL; ip. PTZ acute seizure Zebrafish Action on GABA 4-receptor, Copmans et
dimethyl ether (Chemically synthetized) | model, psychomo- (AB strain), Male attenuation of IL-1f3, TLR4/ al. [128]
tor seizures (6-Hz) C57B1/6 and NF-«B
NMRI mice
Naringenin 7-O- 100 pL; i.p. PTZ induced Zebrafish Modulation of GABA, de- Copmans et
methyl ether (Sigma) seizures (AB strain) pendent chloride channels, al. [128]
downregulation of TNF-a,
IL-6, and IL-1B
10. Proanthocyanidin 100, 200 mg/kg p.o PTZ induced Male SD rats Reduction in oxidative stress Zhen et al.
kindling [129]
(Table 1) contd....
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S. No. Tested Flavonoid Dose/ Source Model Species Proposed Mechanism Refs.
11. Quercetin 5, 10, 20, 40 mg/kg; i.p. PTZ and PTX Male Wistar Modulation of GABA, receptors Sefil et al.
(Sigma) induced seizures rats [130]
12. Rutin 10, 50, 100 mg/kg; i.p. PTZ induced Male Wistar ERK1-CREB, PI3K-mTOR upregu- Nassiri-Asl
(Sigma) kindling rats lation, modulation of GABAergic etal [131]
and opioid receptors
13. Vitexin uM; 50, 100, 200 i.c.v. PTZ induced Male Wistar Modulation of GABA,- Abbasi et al.
(Fluka) seizures rats benzodiazepine receptor complex [23]

Abbrevations: 4AP: 4 aminopyridine; BDNF: Brain derived neurotropic growth factor; CAT: Catalase; CREB: Cyclic-AMP response element binding; ERK: Extracellular signal-regulated
kinase; GABA: Gaba aminobutyric acid; GR: Glutathione reductase; ICR: Institute of Cancer Research; i.c.v.: Intracerebroventricular; IL 1 B: Interleukin 1 beta; JINK: c-Jun N-terminal
kinase; KA: Kainic acid; LACA: Laboratory Animal Centre A-strain; MDA: Malondialdehyde; mTOR: Mammalian target of rapamycin; NF-Kb: Nuclear factor kappa-light-chain-enhancer
of activated B cells; NMRI: Naval Medical Research Institute; PI3K: Phosphoinositide 3-kinases; PKA: Protein kinase A; PTX: Picrotoxin; PTZ: Pentylenetetrazole; ROS: Reactive oxygen
species; SD: Sprague Dawley; SOD: Superoxide dismutase; SE: Status epilepticus; TEA: Tetracthylammonium; TLR4: Toll-like receptor 4; TNF: Tumor necrosis factor.

complex [23]. Flavonoid-rich ethyl acetate extract of the
leaves of Anisomeles malabarica was tested by Choudhary et
al. [24] in PTZ and Maximal electroshock (MES) seizure
model of Wistar rats. Pretreatment with the extract (25 and
50 mg/kg; i.p.) displayed anticonvulsive effect, but also ex-
hibited neurotoxicity, indicated by decreased locomotor ac-
tivity and motor activity performance. However, chronic
treatment (1 week) at lower doses (6.25 and 12.5 mg/kg; i.p,)
inhibited epileptic seizures, without causing neurotoxic ef-
fects [24].

Flavonoids have also proved themselves as effective anti-
inflammatory and antioxidant agents. Quercetin attenuated
neuroinflammation in astrocytes and microglia via inhibition
of inducible nitric oxide synthase (iNOS), cyclooxygenase
(COX-2), cytokine production, nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase and reactive oxy-
gen species (ROS) generation [25]. In a similar manner, nar-
ingenin inhibited nitric oxide (NO), iNOS, COX-2 and
proinflammatory mediators in cultured murine microglial
cells [26]. Furthermore, flavonoids have also shown benefi-
cial effects against neurological conditions that are often
associated with epilepsy. Flavonoids have demonstrated an-
tidepressant action by affecting serotonergic, noradrenergic
and dopaminergic systems in hypophysis cerebri and brain-
stem. They also cause a reduction in the bioamines reuptake
by synaptosomes and show inhibitory action on monoamine
oxidase type A and B [27].

Mitochondrial dysfunction is another early event in-
volved in the pathogenesis of various neurological disorders
including epilepsy. Impaired mitochondrial function is di-
rectly involved in the alteration of apoptotic cascade, in-
creased production of ROS and generation of seizure foci in
temporal lobe epilepsy. As electron transport chain is associ-
ated with the generation of ATP and cellular Ca*" homeosta-
sis, alteration in mitochondrial function affects neuronal ex-
citability, synaptic transmission and triggers neuronal apop-
tosis that is the hallmark of drug resistant epilepsy [28, 29].
Flavonoids modulate mitochondrial functions by enzyme
inhibition, scavenging ROS or by influencing the activity of
various transcription factors involved in oxidative pathways
(Fig. 1). Quercetin, resveratrol and curcumin initiate the re-
lease of cytochrome C from mitochondria and upregulates
the expression of proapoptotic protein Bcl-2 [30]. Lagoa
et al. [31] showed that kaempferol, apigenin, curcumin and

quercetin decrease the activity of Complex-I in mitochon-
drial respiratory chain, which is competitively inhibited in
the presence of coenzyme Q;. Also, quercetin, kaempferol
and epicatechin were able to inhibit stoichiometrically puri-
fied cytochrome c. Gao et al. [32] demonstrated swollen and
disrupted mitochondria in the hippocampus of pilocarpine
treated rats having prolonged seizures, along with a decrease
in the expression of mitochondria-encoded COX subunit 111
(COXIII). These studies indicate that flavonoids can provide
an alternate therapy in the management of refractory epi-
lepsy by counteracting mitochondrial dysfunction.

Nevertheless, there are studies revealing ambiguous be-
haviour of few flavonoids in epileptic seizure models. In a
study performed by Avallone et al. [33] apigenin isolated
from methanolic extract of dried flowers of Matricaria
chamomilla reduced the seizure latency (0.5 to 50 mg/kg;
i.p) in picrotoxin-induced seizures in rats. It also diminished
GABA initiated CI' currents dose-dependently in cultured
cerebellar granule cells, which was blocked by co-
application of a benzodiazepine receptor antagonist (Ro 15-
1788) [33]. In an electrophysiological model on recombinant
GABA, receptors expressed in Xenopus laevis oocytes,
chemically synthesised hispidulin (4',5,7-trihydroxy-6-
methoxyflavone) at a concentration from 50 nM to 10 uM
showed a positive allosteric modulatory effect on alp2y2
subunit of GABA 4 receptors and stimulated GABA -induced
CI' influx. In the same study, apigenin acted as a negative
allosteric modulator of GABA4 [34]. Therefore, the role of
apigenin in seizures remains exceedingly unclear. Interest-
ingly, apigenin treatment showed a marked reversal of cog-
nitive deficit and behavioural impairments in PTZ kindled
mice. Apigenin treatment at a dose of 10 and 20 mg/kg; p.o.
for 20 days showed protection against kindling induced
anxiety, depression, learning and memory impairments,
without affecting seizure activity [35]. Ethanolic extract of
Citrus macroptera fruit peel, rich in flavonoids (333.00 mg/g
equivalent of quercetin) was also tested in MES and PTZ
induced seizure model at a concentration of 250 mg/kg and
500 mg/kg in mice. It showed a dose-dependent anxiolytic
and antidepressant effect. However, increased duration of
tonic hind limb extension and prolonged duration of convul-
sions was observed in MES and PTZ models, respectively in
extract treated groups [36].
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Fig. (1). Modulation of mitochondrial electron transport chain by dietary flavonoids. Flavonoids such as apigenin, quercetin,
kaempferol and resveratrol inhibit the activity of complex I in mitochondrial electron transport chain. Therefore, control the excessive ROS
generation and ATP production causing diminution of neuronal excitability. ADP: Adenosine diphosphate; ATP: Adenosine triphosphate;
C,x: Oxidised cytochrome C and ROS: Reactive oxygen species. (4 higher resolution / colour version of this figure is available in the elec-

tronic copy of the article).

3. BIOAVAILABILITY AND DRUG INTERACTIONS

Bioavailability of flavonoids has always been a great
concern as it varies drastically among compounds belonging
to separate groups, and sometimes between the members of
the same group. Interestingly, in vivo concentration of fla-
vonoids or their metabolites is not always proportional to
their abundance in diet [37]. Despite the health claims of
flavonoids, it is a known fact that flavonoids generally ex-
hibit a low bioavailability. Flavonoids with large molecular
weights and having complex structures can have even lower
bioavailability [38]. Among all dietary flavonoids, isofla-
vones are considered to be greatest absorbed, flavanols,
flavanones and flavonol are the intermediate ones, while
anthocyanins, proanthocyanidins and flavanol gallates are
the least absorbed [39]. After ingestion from oral route, fla-
vonoids get absorbed through the intestine. Inside the en-
terocytes, there are two plasma membrane barriers for sol-
utes to overcome apical (luminal) and the basolateral (vascu-
lar). Selective passage through these barriers determines the
amount that reaches the systemic circulation. It can be as-
sumed that bioavailability of flavonoids is dependent on cell
membrane penetrability, protein binding and presystemic
metabolism, which further depends upon their chemical
structure. Generally, most of the flavonoids undergo conju-
gation with glucuronic acid, sulfate or O-methylation in the

liver and the small intestine. Conjugated metabolites can be
found in plasma after flavonoid ingestion. Flavonoids that
are not absorbed from the small intestine, undergo metabo-
lism in the colon by microorganisms, which breakdown the
ring structure. The microflora causes fission of the A-ring
and the heterocyclic ring resulting in the formation of pheno-
lic acids and hydroxylated aromatic compounds, C ring is
generally degraded. Various other reactions such as dihy-
droxylation, demethylation and decarboxylation also take
place. Metabolites include phenylpropionic acid, hydroxy-
phenylpropionic acid, phenylvaleric acid, hydroxylated
phenylvalerolactones, phenylacetic, benzoic acids and their
derivatives [40, 41]. Enterohepatic circulation and microbial
action play an important role in the metabolism of flavonoids
yet, absorption from small intestine is more effective and
leads to higher plasma values [42]. Flavonoids are generally
excreted in urine or faeces (Fig. 2). In case of flavonoid gly-
cosides, the type of sugar attached plays an important role in
determining the extent of absorption from small intestine.
Generally, the absorption in small intestine can be up to 60%
of the dose administered and elimination half-life lies in the
range of 2-28 h [43].

After flavonoids or their metabolites reach the systemic
circulation, another challenge is to penetrate the blood-brain
barrier (BBB) in order to have a direct effect on the brain.
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Fig. (2). Pharmacokinetic profile of dietary flavonoids. Generally, flavonoids undergo glucuronidation/sulfation/O-methylation in the
small intestine. Some flavonoids that are not absorbed in small intestine or secreted back with bile are metabolised by microorganisms in the
colon. The main metabolites include phenylpropionic acid, hydroxyphenylpropionic acid, phenylvaleric acid, hydroxylated phenylvalerolac-
tones, phenylacetic, benzoic acids and their derivatives. The metabolites are excreted out in urine or faeces. (4 higher resolution / colour

version of this figure is available in the electronic copy of the article).

Several studies have demonstrated the brain bioavailability
of flavonoids in different animal models [44]. Al Rahim et
al. [45] showed that a metabolite of nobiletin, 40-
demethylnobiletin, can be spotted in the brain after its single
injection in rats. Clinical studies have also confirmed varied
results regarding the absorption and the brain bioavailability
of flavonoids. Although, quercetin-3-O-glucuronide is
known to surpass the BBB, its metabolites were not found in
the cerebrospinal fluid even after 3 h of green tea administra-
tion [38]. Mullen et al. [46] analysed the human plasma and
urine samples collected after ingestion of 250 mL of orange
juice. The juice was given with and without full fat yogurt
and its impact on metabolism and bioavailability of orange
juice was observed. HPLC-MS data revealed that the quan-
tity of flavanone metabolites excreted after 0-5 h of orange
juice consumption was expressively reduced by yogurt.
However, for over the complete period of 24 h, the change
was not significant. These findings suggested that bioavail-
ability of dietary phytochemicals may be influenced by the
food matrix in which they are consumed [46]. In spite of all
these studies, continuous efforts are being made to under-
stand the exact pharmacokinetic profile of flavonoids and to
develop interventions to increase the bioavailability to such
an extent so that effective therapeutic concentrations can be
achieved in body tissues. Flavonoids are generally known to
be safe to a great extent. The daily allowance suggested is
around 250 to 400 mg/day [47].

Knowledge about drug- drug interactions is also very
important in case of flavonoids as they are likely to achieve
high intestinal concentration after ingestion of certain food

products and health supplements [48]. Rajnarayana et al.
[49] reported increased clearance of metronidazole and its
major metabolite, hydroxy-metronidazole after silymarin
administration in healthy volunteers. Baicalin was reported
to increase the oral bioavailability of cyclosporine in rats
[50]. Quercetin on the other hand increased the oral bioavail-
ability of paclitaxel in rats and decreased the bioavailability
of cyclosporine in pigs. A number of dietary supplements are
prepared containing either glycoside or their aglycone part.
These include milk thistle (Silybum marianum) and red clo-
ver (Trifolium pratense) extracts, etc. [51, 52]. The potential
inhibition of CYPs by 44 different types of common flavon-
oids and their QSAR was studied by Li et al. [53]. The study
showed that co-administration of flavonoids with clinical
drugs that are eliminated by CYP3A4 like midazolam,
nifedipine, tamoxifen, gefitinib, loratadine and diazepam can
inhibit their metabolism in human liver microsomes. Differ-
ent flavonoids were found to show competitive, non-
competitive or mixed inhibition of CYP3A4 depending on
their chemical structure [53].

Biological activities of flavonoids vary with the number
and substitution positions of hydroxyl and/or methoxy
groups [54]. Kakimoto ef al. [55] showed that CYP2A6 and
other human P450s play important roles in the metabolism of
flavone and flavanones. According to Bojic et al. [56]. Cyto-
chrome P450 1A2 is the most important enzyme involved in
the metabolism of flavonoids, while others involve cyto-
chromes P450 2D6, 2C19, and 3A4. P-glycoprotein (P-gp),
Multidrug resistance-associated proteins (MRPs) and Breast
cancer resistance protein (BCRP) are all plasma membrane
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efflux transporters, which pump their substrates out of the
cells by utilizing energy derived from ATP hydrolysis. How-
ever, more precise studies need to be done to find out the
interaction of flavonoid glucuronides and sulfate conjugates
with these efflux transporters [57].

The overexpression of P-gp, at the capillary endothelium
involving blood-brain barrier has also been suggested as a
major reason responsible for drug resistant epilepsy. Flavon-
oids can be actively involved in the inhibition of P-gp. Ferreira
et al. [58] proved that co-administration of baicalein, (-)-
epigallocatechin gallate, kaempferol, quercetin and silymarin
increases the intracellular concentration of AEDs and their
metabolites in MDCK-MRD1 cells. The study also disclosed
that flavonoids at a concentration of 200 uM were able to
produce a marked increase in the intracellular accumulation
of rhodamine-123 in MDCK-MDRI1 cells. P-gp inhibition
was the suggested mechanism of action behind the increased
accumulation [58]. Bai et al. [59] reported that tangeretin,
sinensetin, isosinensetin, sciadopitysin and oroxylin- A, ex-
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hibited substantial inhibitory effects on P-gp in MDRI-
MDCKA-II cells, which resulted in reduced P-gp-mediated
efflux of paraquat and taxol leading to cell toxicity. Flavon-
oids might prove to be a useful intervention in the treatment
of drug resistant epilepsy due to their P gp inhibitory action.

4. CREB-BDNF SIGNALLING PATHWAY
EPILEPSY AND ASSOCIATED CONDITIONS

IN

cAMP response element binding protein (CREB) is a key
transcriptional regulator belonging to the family of leucine
zipper transcription factors that recognises genes containing
cyclic AMP response element (CRE) sequence in their up-
stream regulatory regions. It contains a leucine zipper do-
main and a C-terminal basic domain that facilitates DNA
binding and dimerization. A variety of external signals
which elicit the intracellular pathways that converge upon
CREB results in phosphorylation at Serine 133 unit. The
phosphorylated form of CREB regulates the transcription of
various ion channels, neurotropic factors and synaptic pro-
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Fig. (3). Molecular pathway of CREB-BDNF activation. Signals due to various stimuli arrive at the cell membrane and activates the corre-
sponding receptors. This results in the activation of downstream signalling cascades and generation of second messengers which activates
protein kinase. PKA translocates to the nucleus and causes phosphorylation of CREB, which then binds with the CRE region resulting in the
transcription of genes such as BDNF and c-fos. BDNF binds with TrkB receptors and further enhances the phosphorylation of CREB. AC:
Adenyl cyclase; AKT: Protein kinase B BDNF: Brain derived neurotrophic factor; CAM: Calmodulin; cAMP: Cyclic adenosine
monophosphate; CREB: cAMP response element binding protein; ERK: Extracellular signal regulated kinase; GPCR: G protein coupled
receptor; IP3: Inositol 1,4,5-triphosphate; MAPK: Mitogen activated protein kinase; MEK: Mitogen activated protein kinase; MSK: Mitogen
and stress activated protein kinase; NMDA: N-methyl d-aspartate receptors; PI3K: Phosphoinositide 3-kinases; PKa: PLC: Phospholipase C;
RTK’s: Receptor tyrosine kinase and TrkB: Tropomyosin receptor kinase/ tyrosine receptor kinases ; RSK: 90 kDa Ribosomal S6 kinase.
(A4 higher resolution / colour version of this figure is available in the electronic copy of the article).
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teins by binding to CRE promoter sites on the target genes
(Fig. 3). During the early developmental stages, CREB con-
trols vital neuronal functions like cell proliferation, differen-
tiation, growth and survival. However, in the adult brain it
plays a crucial role in synaptic plasticity, learning and long-
term memory formations [60-62].

Mantamadiotis et al. [63] provided evidence that mouse
with disrupted CREB1 and cAMP response element modula-
tor (CREM) function in the postnatal forebrain showed neu-
rodegeneration in the hippocampus and the dorsolateral stria-
tum. It has also been found that the agents that enhance the
activity of CREB, promote learning and memory [64].
CREB regulates the transcription of many pivotal genes that
includes Brain-derived neurotrophic factor (BDNF), c-fos,
tyrosine hydroxylase, neuropeptides (such as somatostatin,
enkephalin, corticotropin-releasing hormone), Nerve growth
factor (NGF) and genes involved in the mammalian cir-
cadian rhythm [65, 66]. CREB is also primarily associated
with various neuroadaptation processes related to the
usage of addictive substances, experiences such as physical/
emotional stress or exposure to a maze, etc. Moreover, stud-
ies have also revealed that memory allocation within the
amygdala and the other brain regions is also dependent on
CREB protein [67].

Previous studies have highlighted the role of CREB in
epilepsy. Zhu et al. [68] demonstrated a 50% reduction in
spontaneous seizures following pilocarpine administration in
CREB oA mutant mice. Moreover, it was found that the mu-
tants with reduced CREB level require more stimulation to
be kindled electrically [68]. Using an antibody that detects
Ser133-phosphorylated CREB protein, Moore et al. [69]
reported that phosphorylation of CREB is maximum be-
tween 3 to 8 min after the onset of seizure activity in PTZ
treated rats, and after that it drops slowly. The increased
CREB phosphorylation can be blocked by sodium pentobar-
bital injection prior to PTZ administration [69]. In another
study, it was observed that CREB phosphorylation gets
upregulated up to 7 days following status epilepticus (SE)
and returns to the basal levels within 14 to 60 days [70].

Neurotrophins are closely related proteins which help in
the survival, development and function of neurons. NGF,
BDNF, Neurotrophin 3 (NT3) and Neurotrophin 4 (NT4) are
the different types of neurotrophins. They are known to exert
their effect by activating p75 neurotrophin receptor
(p75NTR) or one or more of the tropomyosin-related kinase
(Trk) receptors (TrkA, TrkB and TrkC) [71]. One of the
most important neurotrophin whose transcription is depend-
ent on CREB is BDNF that is encoded by BDNF gene.
BDNF gene, which consists of five individual exons, has a
promoter that contains a cAMP response element and a cal-
cium response element, both of which can bind the transcrip-
tional-activator CREB [72]. BDNF is considered to be the
second member of the neurotrophin family that elicits its
effects by TrkB- Extracellular signal regulated kinase (ERK)
mediated phosphorylation of synapsin. Since, TrkB receptors
are mainly located in the hippocampus, BDNF is having a
direct effect on neural activity and cognition [73].
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The secreted BDNF is capable of mediating various neu-
ronal processes in mammalian brain, including survival of
existing neurons, neuronal differentiation and growth, synap-
togenesis, synaptic transmission, neuronal plasticity, excit-
ability, as well as higher cognitive functions [74]. BDNF
binds to TrkB receptors causing a cascade of events leading
to activation of PI3K/Akt signalling pathway, phosphoryla-
tion of NMDA, mammalian target of rapamycin (mTOR)
and release of neurotransmitters from pre-synaptic sites [75].
During normal physiological conditions, BDNF secretion is
attributed to neurons, while astrocytes are related with its
storage and secretion. Interestingly, some recent studies have
implied that under conditions such as inflammation and neu-
ronal lesions, astrocytes can also produce BDNF in function-
ally significant amount [76]. The role of BDNF in epilepto-
genesis and seizure progression has been explored by several
researchers. Earlier studies showed that seizures significantly
increase BDNF expression in the brain areas related to lim-
bic seizures. Along with BDNF, TrkB is also increased fol-
lowing seizures in a pattern that mimics changes in BDNF
level [77]. Heinrich et al. [78] showed that amplified BDNF
level results in further hyperexcitability and epileptic activ-
ity. Seizures upregulate CREB/CREM activity in the brain
for varied durations that modulates the transcription of tro-
phic factors in the brain. Increased trophic factors like,
BDNF can cause structural rearrangements in the hippocam-
pal neurons that can lead to increased seizure activity [79].
Studies have also shown that infusion of BDNF in vivo can
increase excitability and might induce seizures [80, 81].
BDNF can also cause reduction in GABAergic transmission
and Potassium (K+)/Chloride (Cl-) symporter [82].

However, BDNF upregulation is also known to be a pro-
tective response against seizures, which is ultimately capable
of counteracting the hippocampal epileptogenesis [83]. It is
as well speculated that BDNF might regulate its own synthe-
sis. A continuous infusion of BDNF in kindled rats was
found to downregulate its own high-affinity TrkB receptors,
which finally results in seizure suppression [84, 85]. BDNF
also exerts protective role in several neurological conditions
associated with epilepsy. BDNF acts as a target for various
antidepressant drugs and actively participates in mood
modulation. During epilepsy there is an impairment in the
synaptic plasticity and long-term potentiation (LTP) forma-
tion, which results in learning and memory dysfunction
along with other psychological problems [86].

BDNF infusion leads to increased expression of neu-
ropeptide Y (NPY) in interneurons which gives protective
effect against seizures [87]. BDNF is also known to cross the
blood-brain barrier and thus levels in plasma may be corre-
lated with the level in brain [88]. A study performed by Pan
et al. [89] verified that BNDF showed rapid absorption
across the BBB after 10 min. of i.v. infusion. The study also
revealed that BDNF is stable for up to 60 min in blood.
Almedia et al. [90] observed the effect of physical exercise
in epileptic rats. Interestingly, it was detected that exercise
causes a noteworthy increase in the level of hippocampal
BDNF. Also, it was found that exercise restored the in-
creased expression of full-length fI-TrkB and truncated tr-
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Fig. (4). Role of dietary flavonoids in epilepsy via modulation of CREB-BDNF Pathway. Epileptic seizures result in enhanced neuronal
discharges and alterations in neurotransmitter release which results in excitotoxicity that ultimately leads to various cognitive and behav-
ioural impairments. Flavonoids interact with receptors like GABA, NMDA, lon channels, TrkB efc and cause the upregulation of CREB-
BDNF pathway. Enhanced BDNF shows reversal of neuronal damage and behavioural impairments caused by seizures and also BDNF po-
tentiates the synthesis of NPY that further leads to the suppression of seizures. BDNF: Brain derived neurotrophic factor; CREB: cAMP
response element binding protein and NPY: Neuropeptide Y. (4 higher resolution / colour version of this figure is available in the electronic

copy of the article).

TrkB isoforms to normal level in rats with epilepsy. The
study concluded that epileptic seizures cause hypoactivation
in the hippocampal ERK levels, which were restored by ex-
ercise [90]. Imbalance of TrkB receptor isoforms is corre-
lated with epileptogenesis, excitotoxicity and neurodegenera-
tion [91, 92].

Significant changes are also observed in the TrkB recep-
tors of BDNF in relation to epilepsy. He et al. [93] studied
the effect of kindling in BDNF-/- and TrkB-/- mice, and ob-
served that no behavioural evidence of epileptogenesis was
present in TrkB-/- mice in contrast to BDNF-/- mice. The
study signifies that TrkB receptors play a very crucial role in
the development of epilepsy [93]. CREB also leads to the

expression of important inducible transcription factors in-
cluding the immediate early gene (IEG) c-fos. Transcription
of c-fos characterizes neuronal activity and is needed for
LTP formation, while its deletion impairs learning and
memory [94]. The immunohistochemical analysis of the
brain sections of PTZ kindled mice showed increased collat-
eral expression of c-fos in the cerebral cortex, the amygdala,
the hippocampus and the thalamus [79]. BDNF and TrkB
receptors also play a crucial role in the prevention of depres-
sion and pharmacological action of various antidepressant
drugs. Post-mortem data from patients suffering from de-
pression has shown a decline in BDNF level in the hippo-
campus and the prefrontal cortex, while its increased level
was observed in the nucleus accumbens [80].
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Carlezon et al. [95] specified that effects of Mediation of
CREB dependent genes can have varied neurological effects
depending on the region of brain involved. For example, the
increased expression of CREB in the hippocampus is likely
to contribute to trophic changes through the recruitment of
BDNF and neuropeptide Y, resulting in enhanced neuro-
genesis and reversal of damage [96]. It still remains unclear
that how CREB activation can take place extensively in dif-
ferent brain regions and yet in a very specific manner leading
to specialized results. Hence more studies are required to
understand these relationships.

5. MODULATION OF CREB-BDNF PATHWAY BY
FLAVONOIDS

Extensive research has shown that flavonoids can alter
several cell signalling pathways and gene expression to show
therapeutic response [97]. Since flavonoids are capable of
modulating the activation of CREB (Fig. 4), it indicates that
they influence the neuronal expression of various genes con-
taining CRE sequences [98]. In general, it has been observed
that in vivo administration of purified flavonoids leads to the
phosphorylation of CREB in the hippocampus, which is fol-
lowed by the increase in the ERK and BDNF [99]. A few
polyphenolic compounds mimic the action of neurotrophins
by directly acting as an agonist at TrkB receptors, while
others stimulate the downstream pathways leading to the
neurotrophic effects [100].

Various in vitro and in vivo studies have demonstrated a
rapid modulation of CREB related genes by flavonoids. In an
experiment performed by Moghbelinejad et al. [101], rutin
exhibited neuroprotective effects in rats preinjected with
amyloid B (AP), bilaterally in the deep frontal cortex that is
known to have a major role in development of Alzheimer's
disease (AD). In comparison with the control, rutin admini-
stration significantly increased the expression of ERKI,
CREB and BDNF in the rat hippocampus. Also, a marked
increase in memory retrieval and decrease in MDA were
observed following rutin treatment [101]. Likewise, apigenin
and luteolin showed neuroprotective effects by increasing
BDNF production, decreasing microglial activation, neuroin-
flammation and oxidative damage in 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) induced Parkinson’s dis-
ease [102].

Many polyphenolic compounds exhibited antidepressant
effects that can be linked with augmented BDNF levels. Su
et al. [103] showed that Xiao chai hu tang (a mixture of
seven Chinese herbs) used by Chinese population for treat-
ment of depression, works by increasing BDNF, TrkB, TrkA
and NGF expressions in the hippocampus, and also mitigates
depression-like symptoms in rats in chronic unpredictable
mild stress model. Fisetin and Butein isolated from the fla-
vonoid-rich fraction of Rhus verniciflua bark extract pre-
sented memory-enhancing effect by the activation of ERK-
CREB-BDNF pathway in the hippocampus in mice model of
scopolamine-induced amnesia [104]. Maher et al. [105], ex-
posed the rat brain slices (400 pm) to Fisetin (I mM), a fla-
vonol found in strawberries. Fisetin exposure increased ERK
activation and CREB phosphorylation within 5 min. It also
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facilitated LTP to a weak stimulus in the rat hippocampal
slices. However, these effects were blocked by MAPK/ERK
inhibitors PD98059 and U0126 [105].

All of these studies strongly supported the interaction of
flavonoids with brain CREB-BDNF pathway. Although a
number of flavonoids demonstrate neuroprotective effect by
modulation of CREB-BDNF pathway but their antiepileptic
potential is not fully explored. Table 2 summarizes some of
the important flavonoids that have been reported to interact
with the brain CREB-BDNF pathway.

6. CLINICAL STUDIES

A massive increase has been noticed in publications on
flavonoids in the last few decades. However, future research
will be fruitful only when it provides solid information that
can be translated to clinical practice [106]. A recent random-
ised controlled trial addressed the therapeutic potential of a
herbal extract of Maritime pine bark (pycnogenol) in Atten-
tion deficit hyperactivity disorder [107]. Herrlinger et al.
[108] demonstrated in their study that spearmint extract im-
proved working and spatial memory in older patients with
age-associated memory impairments. Patients who were ad-
ministered spearmint extract (900 mg/day) reported im-
provement in their ability to fall asleep in comparison to pla-
cebo group [108]. Hyperammonemia plays an important role
in the pathophysiology of minimal hepatic encephalopathy
(MHE) and contributes to neurotransmission abnormalities,
injury to astrocytes and microglia activation. Recent clinical
evidence shows that resveratrol improves depression, anxiety
and serum ammonia levels in MHE patients [109]. In another
study Blueberry supplements were administered to elderly
patients with mild cognitive impairments. Blueberry contain-
ing anthocyanin and cyanidin 3-glucoside were found to in-
crease the blood oxygen level dependent (BOLD) signal ac-
tivation in the left pre-central gyrus, the left middle frontal
gyrus and the left inferior parietal lobe during working
memory load conditions. Thus, blueberry can be effective for
improving brain function and cognitive behaviour, especially
in late-life dementia [110]. A randomized, double-blind, pla-
cebo controlled clinical trial on tart cherry (Prunus cerasus)
juice containing procynidin was found to be effective for the
treatment of insomnia. Sleep time, as well as sleep quality
was improved in human subjects older than 50 years on tart
cherry juice administration. Procyanidin B-2 can be consid-
ered as the likely active ingredient which acts through
plasma kynurenine reduction, tryptophan enhancement and
inhibition of serum indoleamine 2,3-dioxygenase [111]. Hi-
rose et al. [112] demonstrated that a low dose (25 mg/day) of
isoflavone aglycone was found to alleviate the symptoms of
depression and insomnia related to menopause in Japanese
women. Overall, despite the promising outcomes in preclini-
cal studies, there is still a need for extensive research in fu-
ture providing strong clinical evidence related to the use of
flavonoids alone or as an add on therapy for the comprehen-
sive management of epilepsy and associated conditions.
More precise and planned clinical studies having adequate
sample size and control groups with special attention to the
challenges presented by flavonoids need to be performed in
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Table2. Major dietary flavonoids showing neuropharmacological effects via interacting with CREB/BDNF pathway and their
antiepileptic status.
S. No. Flavonoid CREB/BDNF Interaction Antiepileptic Effect
Dose/Conc. Observed neuropharmacological effect Dose/Conc. Observed neurophar-
Species/ Cell line Species macological effect
1. Apigenin 10, 20 mg/kg; p.o., Swiss | Improved memory impairment by upregulation 22,50 mg/kg; Reduction in kainic
albino mice of CREB-BDNF pathway in the hippocampus. ip., acid-induced seizures.
5, 10, 20 mg/kg; p.o., Sharma et al. [35] ICR mice and SD Han et al. [118]
Swiss albino mice Attenuation in the locomotor and muscular rats
activities in MPTP treated mice by upregulation
of BDNF in substantia nigra. Su et al. [103]
2. Baicalein 20 mg/kg and 1 uM, Increased LTP formation and CREB phosphory- 100 mg/kg; i.p., Anticonvulsant and
SD rats lation in CA1 region of hippocampus in rats SD rats neuroprotective effect
(Fear conditioning task) and hippocampal brain in pilcocarpine in-
slices (High frequency stimulation). Wang et al. duced SE . Liu ef al.
[132] [119]
3. Calycopterin 25,50, 100 mM; Differ- Inhibition of reduction in CREB in H202- NE -
entiated PC12 cells induced oxidative stress. Savestani et al. [133]
4. Dihydromyricetin 10, 20 mg/kg; i.p. Activation of ERK1/2 , CREB and inhibition of NE
Male C57BL/6J mice GSK-3f. Ren et al. [134]
5. Epicatechin 100-300 nmol/L; Increase in CRE-luciferase activity in primary NE -
15-16 day-old Swiss cortical neurons by ERK- CREB activation.
mouse embryos Schroeter et al. [135]
6. Fisetin 40 mg/kg; Memory enhancing effect via activation of NE -
Male ICR mice CREB-BDNF pathway in scopolamine-induced
1 uM amnesia. Maher ef al. [105]
Facilitation of LTP formation and enhanced
object recognition by activation of ERK-CREB
phosphorylation. Wang et al. [132]
7. Hyperoside 2.5,5 and 10 pg/mL; Increase in CREB-BDNF activation in corticos- NE -
PC12 cells terone treated (10 uM) PC12 cells as an in vitro.
Zheng et al. [136]
8. Isorhamnetin Heterozygous APP- Stimulation of CREB-BDNF pathway in de- NE -
swe/PS1D9 transgenic pression. Huo et al. [137]
(TgAPP/PS1) founder
mice
50 mg/kg; p.o
9. Kaempferol 10 mM; Human islets Reversal of decreased CREB activation in hy- 12.5,25,50 Suppression of PTZ
INS-1E cells perlipidemia induced by palmitate exposure in mg/kg; p.o., induced kindling by
Human islets (INS-1E cells). Zhang ef al. [137]. | Swiss albino mice upregulation of
GABAergic transmis-
sion. Taiwe et al.
[123]
Heterozygous APP- Stimulation of CREB-BDNF pathway in de- -
swe/PS1D9 transgenic pression. Hou et al., 2010 [139]
(TgAPP/PS1) founder
mice
50 mg/kg; p.o

(Table 2) contd....
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S. No. Flavonoid CREB/BDNF Interaction Antiepileptic Effect
10. Luteolin 10, 20 mg/kg; p.o. Enhanced BDNF in MPTP induced Parkinson’s 50,100 Protection from seizures
Swiss-albino mice disease Su et al. [103]. mg/kg; p.o., in PTZ induced kindling
SD rats via activation of CREB-
BDNF pathway.
Zhen et al. [125]
11. Quercetin 8.5 & 17 mg/kg; reversal of cognitive decline in mice exposed 5,10, 20, 40 Inhibition of PTZ and
male Chinese to high fat diet. Xia et al. [138] mg/kg; i.p., PTX induced seizures by
Kunming (KM) mice Wistar rats GABA modulation
Heterozygous APPswe/PS1D9 Stimulation of CREB-BDNF pathway in de- -
transgenic (TgAPP/PS1) foun- pression. Hou et al. [139]
der mice 50 mg/kg p.o
12. Rutin 100 mg/kg; i.p. Enhanced memory retrival in B-amyloid (AB) 10, 50, 100 Inhibition of seizures in
male Wistar rats treated rats (deep frontal cortex). Patil et al. mg/kg; i.p., PTZ kindled rats. Nassiri-
[102] Wistar rats Asletal [131]
13. Silibinin (100, 200, 400 mg/kg) i.g. Antidepressant like effect through BDNF/TrkB NE
signalling pathway. Li et al. [140]
14. Spinosin 5 mg/kg; i.p, Enhanced neuronal survival and proliferation NE -
Male ICR mice by activation of ERK-CREB-BDNF pathway in
passive avoidance test. Lee et al. [141]

Abbrevations: BDNF: Brain derived neurotropic growth factor; CREB: Cyclic-AMP response element binding; CA1: Cornu ammonisl; ERK: Extracellular signal-regulated kinase;
GABA: Gaba amino butyric acid; LTP: Long term potentiation; MPTP: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NE: Not explored; PTX: Picrotoxin; PTZ: Pentylenetetrazol;
SD: Sprague Dawley and SE: Status epilepticus; TrkB: Tropomysin related kinase B; GSK 3 B: Glycogen synthase kinase 3 beta.

the future. We hope that future endeavours in flavonoid re-
search will come out with conclusive endpoints related to
their use in epilepsy.

CONCLUSION

Current research strategies have changed the approach
towards disease management as now more attention is given
in targeting the underlying aetiologies of a disorder rather
than providing symptomatic relief only. The aim of the cur-
rent AED therapy is to abolish seizures, without altering the
normal functions. It is evident from the previous studies that
several members of flavonoid family are capable of modulat-
ing the CREB-BDNF pathway and influence various neuro-
logical processes. Since, CREB is found within almost all
neural circuits and influences the expression of a wide spec-
trum of genes, general alterations in CREB function cannot
be expected to produce uniform effects throughout the cen-
tral nervous system. It has been observed that seizure activity
increases progressively in some patients suffering from re-
current seizures, therefore, Sir William Gowers postulated
that “seizures beget seizures”. This signifies that there are
some mediators in the pathogenesis of epilepsy which can
act as a cause, as well as a consequence to epileptic seizures
[113]. Considering the fact that the different brain regions
and neural circuits are associated with distinct physiological
functions, CREB activation in specific areas of the brain can
be utilized for the effective management of epilepsy and
associated complications. Moreover, as the maximum num-
ber of studies are performed on the whole hippocampus, the
precise cell type and localization studies can give valuable
information about the therapeutic mechanism of neuroactive
compounds.

The studies involving direct interaction of flavonoids
with the downstream targets of CREB are scanty in litera-
ture. Such studies are important as the downstream targets
are expressed more narrowly in the brain regions associated
with specialized functions, BDNF is one such potential tar-
get. Some studies have revealed that the brain tissue isolated
from patients with intractable temporal lobe epilepsy (TLE)
show considerably high amount of BDNF [114]. Also, it was
observed that polymorphism in BDNF gene can lead to par-
tial epilepsy [115]. Targeting TrkB and BDNF can be a fruit-
ful approach in understanding the complications in the epi-
leptic brain. Moreover, the role of CREB/BDNF pathway in
neuroprotection, cell survival, growth, neuronal plasticity
and LTP formation is well established in various experimen-
tal studies, whereas the impact of this pathway on seizures
progression is still ambiguous to a great extent and need fur-
ther systematic investigations.

Limited absorption, rapid metabolism, selective perme-
ability across the BBB and stability aspects are some issues
which need to be addressed fully before establishing the
therapeutic potential of flavonoids. It is apparent from the
observed neurological effects that flavonoids can cross the
BBB. However, the extent to which this passage takes place
with respect to the administered dose needs more emphasis.
Furthermore, the information about the biological fate of
dietary flavonoids is highly indispensable when studying the
pharmacological effects. In many cases the bioavailability of
flavonoids remains unquantified because methods are not
optimized for metabolites. Likewise, there are a lot of fla-
vonoids which have shown neuroprotective effects in nu-
merous studies, but their antiepileptic potential need to be
explored. These concerns must be addressed in order to get
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better bioavailability and efficacy of flavonoids. Future stud-
ies utilizing radiolabelled flavonoids may be supportive in
investigating the pharmacokinetics of various metabolites
generated in vivo.

Although, there is data in support of a relationship be-
tween the consumption of flavonoids and substantial thera-
peutic outcomes in animal models of epilepsy, there is still a
need of rigorous studies to establish a clear relationship to
achieve more significant clinical outcomes. Extensive phar-
macokinetic and pharmacodynamic studies are necessary to
approve the therapeutic success of flavonoid rich compounds
in the management of epilepsy. If significant results can be
confirmed at clinical level in future, it can be expected that
this class of bioactive molecules will emerge out as a novel
and effective approach in comprehensive management of
epilepsy and its associated comorbid conditions. A number
of dietary supplements consisting of flavonoids are already
in market and are consumed greatly for their pharmacologi-
cal benefits, with no toxicity [116]. Considering the fact that
flavonoids like quercetin, kaempferol, naringenin and others
have already shown effectiveness in neurological disorders,
well-designed clinical trials in the future can prove their effi-
cacy in refractory epilepsy as well as associated comorbid
conditions [117].

LIST OF ABBREVIATIONS

4-AP = 4 Aminopyridine

AEDs = Antiepileptic drugs

AGS = Genetically audiogenic seizures

AMP = Adenosine monophosphate

ATP = Adenosine triphosphate

AB = Amyloid beta

BBB = Blood brain barrier

Bcl-2 = B-cell lymphoma 2

BCRP = Breast cancer resistance protein

BDNF = Brain derived neurotrophic factor

BOLD = Blood oxygen level dependent

CAl = Cornu ammonis1

CAT = Catalase

COX = Cyclooxygenase

CREB = cAMP response element binding pro-
tein

CREM = cAMP response element modulator

CYPs = Cytochromes P450

ERK = Extracellular signal-regulated kinase

GABA = Gamma amino butyric acid

GR = Glutathione reductase

GSH = Glutathione

GSK 3 B -
HPLCMS =

icv. =
ip. =
ILAE =
IL =
iNOS =
LTP =
MAPK =
MDA =
MDCK-MRD1=

MES =
MHE =
MPTP =

MRPs =

mTOR =
NADPH =

NE =
NF-«B =
NGF =
NMDA =
NO =
NPY =
NTs =
P-gp =
PI3K =
PTX =
PTZ =
QSAR =

ROS =
SD =
SE =
SOD =
TEA =
TLR4 =
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Glycogen synthase kinase 3 beta

High performance liquid chromatogra-
phy mass spectrometry

Intracerebroventricularly
Intraperitonial

International league against epilepsy
Interleukin

Inducible nitric oxide synthase
Long term potentiation
Mitogen-activated protein kinase
Malondialdehyde

Madin-Darby canine kidney cells
transfected with the human MDR1 gene

Maximal electroshock
Minimal hepatic encephalopathy

1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine

Multidrug
teins

resistance-associated pro-

Mammalian target of rapamycin

Nicotinamide adenine dinucleotide
phosphate

Not explored

Nuclear factor kappa B

Nerve growth factor
N-methyl-D-aspartate
Nitric oxide

Neuropeptide Y
Neurotrophins

P glycoprotein
Phosphoinositide 3-kinases
Picrotoxin
Pentylenetetrazole

Quantitative structure activity relation-
ship

Reactive oxygen species
Sprague Dawley

Status epilepticus
Superoxide dismutase
Tetracthylammonium

Toll-like receptor 4
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TNF-a = Tumour necrosis factor alpha
TrkB = Tropomysin related kinase B
WHO = World Health Organisation
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