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Abstract

Screening of traditional medicines has proven invaluable to drug development and discovery. Utilizing activity-guided purification, we
previously reported the isolation of a list of flavonoids from the medicinal herb Scutellaria baicalensis Georgi, one of which manifested an
affinity for the benzodiazepine receptor (BDZR) comparable to that of the synthetic anxiolytic diazepam (K; = 6.4 nM). In the present
study, this high-affinity, naturally occurring flavonoid derivative, 5,7,2'-trihydroxy-6,8-dimethoxyflavone (K36), was chosen for further
functional and behavioral characterization. K36 inhibited [*H]flunitrazepam binding to native BDZR with a K; value of 6.05 nM. In
electrophysiological experiments K36 potentiated currents mediated by rat recombinant o, 3,7, GABA 4 receptors expressed in Xenopus
oocytes. This potentiation was characterized by a threshold (1 nM) and half-maximal stimulation (24 nM) similar to diazepam. This
enhancement was demonstrated to act via the BDZR, since co-application of 1 uM of the BDZR antagonist Ro15-1788 reversed the
potentiation. Oral administration of K36 produced significant BDZR-mediated anxiolysis in the mice elevated plus-maze, which was
abolished upon co-administration of Ro15-1788. Sedation, myorelaxation and motor incoordination were not observed in the chosen
dosage regimen. Structure—activity relationships utilizing synthetic flavonoids with different 2’ substituents on the flavone backbone
supported that 2'-hydroxyl-substitution is a critical moiety on flavonoids with regard to BDZR affinities. These results further underlined

the potential of flavonoids as therapeutics for the treatment of BDZR-associated syndromes.

© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

GABA, the major inhibitory neurotransmitter in the
central nervous system (CNS), is essential for the overall
balance between neuronal excitation and inhibition
through interaction with specific membrane receptors.
Being a member of the fast-acting transmitter-gated ion
channel superfamily, GABA, receptors share structural
and functional similarities with the nicotinic acetylcholine
receptor, glycine receptor and 5-HTj; receptor, which
include a pentameric pseudosymmetrical frans-membrane
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structure with a central ion pore. GABA 4 receptors, mainly
located postsynaptically, mediate most of the inhibitory
synaptic transmission in the CNS and serve as the target for
many important neuroactive drugs including BDZs, barbi-
turates, steroids, general anesthetics and possibly alcohol
[1].

The allosteric BDZR has been proposed to reside at the
interface between o and y subunits [2—4]. Upon ligand
recognition, the affinity of the GABA binding site for its
substrate is modified to result in the differential regulation
of chloride flux through the ion channel situated at the
center of the assembly. Pharmacologically, BDZs are
potent anxiolytic, sedative, muscle relaxant and anticon-
vulsant drugs. However, untoward effects, including etha-
nol potentiation and amnesia, that accompany treatment
with BDZs, have stimulated research into alternatives to
conventional BDZs.
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Apart from the putative differential pharmacology
mediated by different BDZR subtypes, BDZR ligands
are also known to modulate the GABA 4 receptor function
in both directions and in different amplitudes. In this
aspect, BDZR agonists and inverse agonists have been
shown to increase and decrease, respectively, the affinity of
GABA for its receptor, while an antagonist at the recogni-
tion site exerts negligible effect. That these ligands possess
the capacity to regulate the physiological response in a
spectrum of efficacies has raised hope for the development
of partial allosteric modulators at the recognition site as
potential therapeutics devoid of side-effects [5,6]. In par-
ticular, BDZR partial agonists are postulated to exert
potent anxiolysis without sedative and myorelaxant effects,
both of which are considered to be elicited when a majority
of receptor—drug complexes are activated [7,8]. Several
lines of neuropharmacological evidences are supportive of
this hypothesis, showing that BDZR partial agonists
potentiate the GABA-activated current in a sub-maximal
manner in comparison to full agonists, and that the ther-
apeutic window separating anxiolysis and other pharma-
cological effects of these ligands are much wider than
conventional BDZs [9].

Inrecent years, drug screening from traditional medicinal
herbs has attracted much attention in the hope to identify
novel therapeutics for the treatment of various diseases. The
discovery of chrysin, one of the first flavonoids shown to
possess in vivo activity through interaction with the BDZR
[10], marked the search for such natural anxiolytics. A
number of flavonoids have been found to possess partial
allosteric modulatory action at the GABA, receptor com-
plex, and play a role in the modulation of anxiety [11-13].
They therefore constitute a promising class of naturally
occurring compounds for the treatment of anxiety.

Naturally occurring flavonoids often bind to the BDZR
with only moderate affinities. However, through synthesis
of chemical libraries and molecular modeling of the fla-
vonoid binding to the BDZR pharmacophore, several
groups have been able to generate synthetic derivatives
with higher affinities for the BDZR [14-18].

As part of our effort in identifying potent BDZR ligands
from natural resources, a range of flavonoids was isolated
from the medicinal herb Scutellaria baicalensis Georgi
guided by radioreceptor binding assay for the BDZR
[19,20]. One of these naturally occurring flavonoids,
K36, exhibited the highest affinity for the BDZR, compar-
able to that of diazepam. In the present study, K36 was
further investigated with respect to its functional and
behavioral properties. Using electrophysiological techni-
ques, its role as a GABA 4 receptor function modulator was
examined. Neuropharmacological studies employing ani-
mal models routinely adopted for BDZ evaluations were
carried out. In addition, affinities of a series of flavonoid
derivatives for the BDZR were examined in order to better
understand the structural basis of the high-affinity of K36
for the BDZR.

2. Methods
2.1. Chemicals

Radioactive [*H]flunitrazepam (N-methyl-[*H], 88.0 Ci
mmolfl) was purchased from Amersham. [*H]Ro15-1788
(N-methyl-[*H], 78.6 Ci mmol ') was from NEN Life
Science Products. Diazepam was from Sigma Chemical
Co. Anexate (Rol5-1788, 0.1 mgmL™~' ampoules) was
purchased from Hoffmann-La Roche Ltd. 5,7,2'-Trihy-
droxy-6,8-dimethoxyflavone, 5,7,2'-trihydroxy-6-methoxy-
flavone, 5,7-dihydroxy-6-methoxyflavone, 5,7-dihydroxy-
6,8-dimethoxyflavone, 5,7-dihydroxy-8-methoxyflavone
and 5,6,7-trihydroxyflavone were purified from the Chinese
herb Scutellaria baicalensis Georgi as described previously
[19,20]. Other flavonoids were from Indofine Chemical
Company. All other materials were of analytical grade from
standard commercial sources.

2.2. Radioreceptor binding studies

2.2.1. [°H]Flunitrazepam binding assay

Synaptosomal membranes were prepared from rat
forebrains [21] and incubation assay conditions were as
previously described [22], employing 1 nM [*H]flunitra-
5 min at 4°. Non-specific binding was determined in the
presence of 10 uM diazepam constituting <10% of total
binding. Saturation experiments were performed using
0.1-150 nM [*H]flunitrazepam.

2.2.2. GABA shift experiment

The GABA shift experiment was identical to the [*H]-
flunitrazepam binding assay except that synaptosomal
membrane preparation was washed for three additional
times in ice-cold double-distilled water, and incubated in
1 nM [*H]Ro15-1788. For calculation of GABA ratios, 1Cs
of test compound in the absence of added GABA was
divided by 1c5q of the compound in the presence of 10 uM
GABA.

Results were determined by non-linear regression
analysis (sigmoidal curve fitting) of specifically bound
radioligand, % of control, vs. semi-log concentration
(M). K; values were calculated using the equation K; =
1Cso/[1 + ([*H]/K4)], where K, is the dissociation constant
of [3H]ﬂunitrazepam at the high-affinity site. K; and B,
from the saturation experiment were determined using
Prism 3.0 (GraphPad Software).

2.3. Electrophysiological studies

Xenopus laevis oocytes were prepared, injected, defolli-
culated and currents recorded as described [23,24]. Briefly,
oocytes were injected with 50 nL of capped, polyadenylated
cRNA dissolved in 5 mM KCI-HEPES (pH 6.8). This
solution contained the transcripts coding for the different
rat GABA 4 subunits at concentrations of 40, 40 and 200 nM
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for a4, B, and 75, respectively. This combination was chosen
for initial experimentation as they represent the major
subtype in the mammalian brain. RNA transcripts were
synthesized from linearized plasmids encoding the desired
protein using the mMessage mMachine kit (Ambion)
according to the recommendations of the manufacturer.
A poly (A) tail of ~300 residues was added to the tran-
scripts by using yeast poly (A) polymerase (Amersham).
The cRNA combinations were coprecipitated in ethanol and
stored at —20°. Transcripts were quantified on agarose gels
after staining with Radiant Red RNA Stain (Bio-Rad) by
comparing staining intensities with various amounts of
molecular weight markers (RNA Ladder, Gibco-BRL).

Electrophysiological experiments were performed by
the two-electrode voltage clamp method at a holding
potential of —80 mV. The medium contained 90 mM NacCl,
ImM KCI, 1 mM CaCl,, 1mM MgCl, and 5 mM
HEPES-NaOH (pH 7.4). GABA and where indicated
K36 were applied for 30-45 s and a washout period of
3—15 min was allowed to ensure full recovery from desen-
sitization. Current responses have been fitted to the Hill
equation: I = Ina /(1 + (ECso/[A])"), where I is the peak
current at a given concentration of GABA (A), I,,.« is the
maximum current, ECsy iS the concentration of agonist
eliciting half-maximal current, and » is the Hill coeffi-
cient. Currents were measured using a modified OC-725
amplifier (Warner Instruments Corp.) in combination
with a xy-recorder or digitized using a MacLab/200
(AD Instruments).

2.4. Behavioral characterization

2.4.1. Animals

Male ICR mice (16-20 g; Animal Care Centre, HKUST)
were housed in groups of four to five with food and
water ad libitum and kept on a 08:00-20:00 hr light cycle.
Experiments were conducted between 08:30 and 12:00 hr.
Time between dosing and experimental sessions was based
on pilot studies. The animals were test-naive and was
scored only once in each test.

2.4.2. Drug solutions

K36 and diazepam were dissolved into deionized-dis-
tilled water by ultrasonication with the addition of a drop of
Tween 80 to give an injection volume of 10 mL kg™ '.
Anexate (Ro15-1788, 0.1 mg mL ™" ampoules) was diluted
and administered i.p. 15 min prior to testing.

2.4.3. Locomotor activity test

The ZIL-2 apparatus (Beijing Institute of Materia Medica)
was employed, with dimensions of 60 cm x 60 cm X 12 cm,
consisted of four circular plastic boxes (diameter: 25 cm)
each with six evenly spaced infrared photocells. The
number of transitions across the light beams detected by
the photocells was counted automatically during a 5-min
period.

2.4.4. Hole-board test

The hole-board apparatus is a wooden box (60cmx
60 cm x 30cm) with four holes (3 cm in diameter) equally
spaced in the floor. The entire apparatus was painted white.
Mice were placed individually at the center of the floor
facing away from the observer, and the number of head-dips,
the time spent head-dipping and the number of rears were
counted in a 5-min period [25]. An increase in the number
and time spent headdipping, and the number of rears reflect a
greater exploratory activity. A decrease of these three para-
meters as compared to control reveals a sedative behavior
[26,27].

2.4.5. Elevated plus-maze test

The maze had two opposite arms, 25cm x 10cm,
crossed with two enclosed arms of the same dimension
but having 20 cm high walls. The arms were connected with
a central platform, 5 cm X 5 cm, giving the apparatus shape
of a plus sign. The maze was kept in a dimly-lit room and
elevated 40 cm above ground. At the start of the experiment,
each mouse was placed individually at the center of the
maze facing an enclosed arm. Number of entries and time
spent in the open arms and closed arms were recorded in a
5-min period. An arm entry was defined by having all four
paws inside the arm. Total number of closed arm entries
provided a measure of general activity and a selective
increase in the parameters corresponding to open arms
reveals an anxiolytic effect [28,29]. In a separate experi-
ment where mice were subjected to the co-administration of
K36 and Ro15-1788, mice were orally administered K36
(4mgkg ") and received ip. injection of Rol5-1788
(1.25 mg kg~ ") 20 and 15 min prior to testing, respectively.

2.4.6. Horizontal wire test

Mice were lifted by the tail and allowed to grasp a
horizontally strung wire (1 mm diameter, 15 cm long and
placed 25 cm above ground) with their forepaws, and
released [30]. Each mouse was tested prior to drug admin-
istration. Normal animals would actively grasp the wire
with their hind limbs. Only mice successful in grasping the
wire with their hind limbs are tested and scored. A myor-
elaxant drug impairs the mice to grasp the wire and muscle
relaxation is commonly associated with sedation.

2.4.7. Rotarod test

The rotarod test utilized a custom-built apparatus consist-
ing of an elevated cylinder (diameter: 2.5 cm) placed 0.5 m
above ground, with a textured surface that rotated at 10 rpm.
After administration of the test substance, each mouse was
tested for its ability to stay on the rotarod for a period of
1 min. Mice that failed to stay on the rotarod during the test
interval was scored as an index of motor incoordination.

2.4.8. Statistical analysis
Behavioral data obtained from each response measures
were subjected to one-way ANOVA, and multiple group
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comparisons were made by Dunnett’s t-test for those
responses that yielded significant treatment effects in the
ANOVA test. Chi’s square test was used when necessary.

3. Results
3.1. Radioreceptor binding assays

3.1.1. Determination of K; and B,,,, of
[?H]flunitrazepam binding to the BDZR

From representative Rosenthal (Scatchard) plot analysis
of [*H]flunitrazepam saturation binding experiments, the
dissociation constant (K,;) and the maximal binding density
(Bmax) of the high and low affinity binding sites were
determined to be 1.234+0.08nM and 2.17 £0.17
pmol mg ™', and 18.90 4 1.63 nM and 2.30 & 0.16 pmol
mgfl membrane preparation, respectively. From compe-
titive binding experiments carried out in the presence of
1 nM of [*H]flunitrazepam, K; values were calculated from

Table 1
K; and GABA ratios of flavonoids used in this study

Icso of test compounds using the high-affinity K, value
1.23 nM.

3.1.2. BDZR affinities and GABA ratios of flavonoids
BDZR affinities of six flavonoids isolated from Scutel-
laria baicalensis Georgi, and together with that of the
commercially available derivatives are shown in Table 1,
ranging from low nanomolar to high micromolar concen-
trations. GABA ratios were estimated for these flavonoids
and the values represented a spectrum of efficacies, from
that of a antagonist to that of a partial agonist. Of the
different flavonoids obtained from this medicinal herb, the
monoflavonoid, K36 (Fig. 1), was most effective in inhi-
biting [*H]flunitrazepam binding to the rat cerebral cortex,
with a K; of 6.05 £0.63 nM (Fig. 2). A GABA ratio of
1.20 £ 0.07 suggests that this flavonoid interacts with the
BDZ in the mode of a partial agonist when compared to the
full agonist diazepam (GABA ratio of 2.24 + 0.24). K36,
being a naturally occurring monoflavonoid with the highest
affinity for the BDZ reported to date, was subjected to

Compound Name Inhibition of [*H]flunitrazepam (uM)
K; GABA ratio
1 5,7,2'-Trihydroxy-6,8-dimethoxyflavone (K36) 0.0061 £ 0.0001 1.20 + 0.07
2 2/-Hydroxy-f-naphthoflavone 0.027 + 0.003 1.06 + 0.05
3 6,2'-Dihydroxyflavone 0.034 + 0.001 0.89 £ 0.13
4 5,7,2'-Trihydroxy-6-methoxyflavone 0.038 + 0.005 1.32 + 0.05
5 5,7,2'-Trihydroxyflavone 0.075 + 0.004 0.90 + 0.10
6 2'-Hydroxyflavone 0.21 + 0.10 1.17 £ 0.10
7 5,7-Dihydroxy-6,8-dimethoxyflavone 0.20 £ 0.05 ND
8 7,2'-Dihydroxyflavone 0.56 £ 0.07 0.99 £ 0.09
9 5,7-Dihydroxy-6-methoxyflavone (Oroxylin A) 0.89 + 0.06 1.09 + 0.04
10 5,7-Dihydroxyflavone 0.64 £ 0.26 0.90 £+ 0.11*
11 5,7-Dihydroxy-8-methoxyflavone (Wogonin) 1.52 +£0.13 1.03 + 0.04
12 6-Hydroxyflavone 2.64 + 0.36 0.90 £+ 0.11
13 7-Hydroxyflavone 4.20 + 0.27 1.14 4+ 0.08"
14 5,6,7-Trihydroxyflavone (Baicalein) 5.58 + 0.02 ND
15 Flavone 7.81 £ 1.81 1.05 + 0.03*
16 6-Hydroxy-2'-methoxyflavone 9.46 £ 1.45 ND
17 2'-Methoxyflavone 32.24 + 1.96 ND
18 Diazepam 0.0064 £ 0.00021 224 £ 0.24
19 Flumazenil 0.005 £ 0.0003 0.91 £ 0.01
20 FG7142 0.43 £ 0.05 0.82 + 0.04
21 2'-Chloroflavone >100 ND
22 8-Bromo-2’,6-dichloroflavone >100 ND
23 2/,6-Dichloro-7-methoxyflavone >100 ND
24 2’ ,6-Methoxyflavone >100 ND
25 6-Bromo-2’-chloroflavone >100 ND
26 2’ 6-Dichloroflavone >100 ND
27 2/-Nitroflavone >100 ND
28 2'-Amino-6-methoxyflavone 3.50 £ 0.5 ND
29 2/-Chloro-6-methoxyflavone >100 ND
30 2'-Chloro-6-hydroxyflavone >100 ND

Dose-inhibition curves were generated with 8-10 drug concentrations. K; values for various compounds were estimated by displacement of
[*H]flunitrazepam binding to synaptosomal membranes from cerebral cortex of Sprague-Dawley rat (approximately 250 g). K; values were calculated
according to the equation: K; = 1Cso/[1 + (*H]/K,)], where [*H] is the concentration of [*H]flunitrazepam (1 nM), and K, is the dissociation constant of
[*H]flunitrazepam from the high-affinity binding site (1.23 = 0.08 nM). GABA ratios are determined in the presence of 10~> M GABA with synaptosomal
membrane preparation from rat cerebral cortex employing 1 nM [3H]Ro015-1788.

% GABA ratios referred from Dekermendjian er al. [15].
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Fig. 1. The chemical structure and molecular weight of K36 (MW: 330).

further characterization by means of electrophysiological
studies and animal models typical for BDZ evaluations.

3.2. Partial positive allosteric modulation of
recombinant BDZR by K36

Rat recombinant o, ,y, GABA4 receptors were func-
tionally expressed in Xenopus oocytes. GABA elicited pA
sized currents. At 3 uM, K36 itself did not activate any
current. A GABA concentration eliciting approximately
1% of the maximal current amplitude was applied alone
and subsequently in combination with increasing concen-
trations of K36 (Fig. 3a). At 1 nM K36 started to allos-
terically stimulate the GABA-induced currents. Figure 3b
shows the mean stimulation by different concentrations of
K36 observed in four experiments. The concentration
response curve was best-fitted by assuming a half-maximal
stimulation at 24 nM K36 and a Hill coefficient of 0.8. In
four experiments, maximal stimulation by K36 amounted
to about 54 4 8% of that by 0.3 M diazepam (two batches
of oocytes). The BDZ antagonist Ro15-1788, at 1 pM,
abolished most of the stimulation by 0.3 uM K36 (Fig. 3c).
In four individual experiments, 0.3 uM K36 stimulated the
current elicited by GABA as determined 45 s after appli-
cation of the drugs by 66 = 10% (N = 4). Subsequently,
0.3 uM K36 was co-applied with 1 pM Ro15-1788 and this
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Fig. 2. Dose-inhibition of [3H]flunitrazepam (1 nM) binding to the rat
cerebral cortical membrane by K36 and diazepam. K; value of K36 and
diazepam is 6.1 0.7 nM and 6.4 £ 0.2 nM, respectively, obtained from
two individual experiments each performed in triplicates.

stimulation was decreased to 4 + 1% (N = 4). Ligands of
the BDZR are known to depend on the presence of a y
subunit [2,24,31]. We therefore tested the stimulation by
3 uM K36 at the dual subunit combination o, and found
that current stimulation was negligible (2 + 5%, N = 3).

In accord with the ligand binding results, these electro-
physiological measurements demonstrated a partial posi-
tive allosteric modulatory role of K36 via interaction with
the BDZR in vitro. To correlate between in vitro and in vivo
effects, the locomotor activity test, the elevated plus-maze,
the hole-board, the horizontal wire, and the rotarod tests
were also performed.

3.3. Pharmacological effects of K36

3.3.1. Effects of K36 in the locomotor activity test

To differentiate between possible stimulant effects
of tested drugs from their modulation with exploratory
behavior, the locomotor activity test was performed. K36
produced no significant changes in the locomotor activity
of mice administered with doses 1-8 mg kg™~ '. Diazepam,
at 1 mg kg, likewise did not alter the locomotor activity
in comparison with vehicle-treated controls. However,
mice administered 3 mg kg~ ' diazepam exhibited signifi-
cantly lower locomotor activities than control (Fig. 4a).

3.3.2. Effects of K36 in the hole-board test

In the hole-board test where exploratory activity was
assayed, although the mice displayed a general increase in
the number and time spent head-dipping, acute adminis-
trations of K36 (1-8 mg kg~ ') or diazepam (1 mg kg~ ") did
not result in significant changes in any of the parameters
indicative of potential sedative effects when compared to
control (data not shown). Conversely, diazepam, at the
higher dosage (3 mg kg™ "), resulted in significant decrease
in the number of rears made in mice with no changes in
the parameters corresponding to head-dips, demonstrating
the potential sedative effect of diazepam at its anxiolytic
dosage. These results therefore demonstrated the lack of
sedation by K36 over its anxiolytic dose range.

3.3.3. Effects of K36 in the elevated plus-maze

K36, at 4 and 8 mg kg ™', 20 min after dosing, gave rise
to significant increases in both the percentage of entries
and time spent in open arms while other dosage regimen
did not alter these parameters as compared to control. At
4mgkg !, diazepam (1 and 3mgkg ') also showed
significant anxiolysis as observed in the dose-dependent
increase in the parameters corresponding to the open arms
in comparison to control mice (Fig. 4b). When K36
(4 mg kg™ ") was co-administered with the BDZR antago-
nist Rol15-1788 (1.25mgkg '), both the K36-induced
increase in the percentage of entries and time spent in open
arms were reversed back to basal levels, demonstrating that
K36 elicited its anxiolytic effect specifically through inter-
action with the BDZR (Fig. 5).
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Fig. 3. (a) Stimulation of currents elicited by GABA in a,B,y, GABA, receptors. Recombinant rat GABA 4 receptors were expressed in Xenopus laevis
oocytes. Application of 1.5 uM GABA (lower bar) alone resulted in approximately 1% of the maximal current amplitude. Increasing concentrations of K36
was co-applied with GABA. The bars indicate duration of drug applications. Numbers above the upper bars indicated the drug concentration in nM. (b)
Allosteric stimulation of currents elicited by GABA in a;B,y, GABA4 receptors by K36. Conditions were as showed in Fig. 4. This figure shows cumulative
concentration response curve (@). Stimulation was absent in the subunit combination o3, (O). Values are showed as mean + SEM for four and three
oocytes, respectively. (c) Stimulation by K36 is inhibited by a BDZR antagonist Ro15-1788. The concentration of GABA eliciting approximately 2% of the
maximal current amplitude at recombinant rat o, B,y, GABA, receptors was determined first; 0.3 uM K36 markedly stimulated these currents. When 1 pM
Ro15-1788 was co-applied with 0.3 pM K36, the stimulation was inhibited completely. The bars show the periods of drug application. The lowest bar

indicates application of 1.5 uM GABA.

3.3.4. Effects of K36 in the horizontal wire test

K36-treated mice did not display signs of myorelaxa-
tion at any of the dosages tested. Diazepam, at 1 mg kg™ ",
did not result in significant changes in the wire-grasping
performance of the mice. However, mice treated with
3mgkg™' diazepam showed significant impairment
in their performance to grasp the wire as compared to
control (Fig. 4c), once again illustrating the compromising
side-effect of diazepam at its effective dose range for
anxiolysis.

3.3.5. Effects of K36 in the rotarod test

Mice administered with either K36 (1-8 mgkg™") or
diazepam (1 mg kg~ ') did not manifest motor incoordina-
tion as monitored by their ability to stay on the rotarod after
treatment (Fig. 4d). When mice were subjected to the

higher dose of diazepam (3 mg kg™ "), they exhibited sig-
nificant motor incoordination in comparison to controls.

4. Discussion

Flavone and its derivatives have been shown to possess
affinity for the BDZR [19,32,33] and a number of them
have been demonstrated to be active in vivo [34,35].
However, these naturally occurring flavonoids character-
ized so far exhibited affinities for the BDZR only in the
micromolar range, substantially lower than that of con-
ventional BDZs. Until the protein structure of the BDZR is
elucidated, facilitating rational drug design to generate
potent ligands for the recognition site, there are essentially
two approaches for identifying high-affinity BDZR
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after one-way ANOVA, N = 16 mice per group. Open and hatched bars represents 1 hr and 20 min after p.o., respectively. (b) Assessment of anxiolytic effects
of K36 in the mice elevated plus-maze. Data represents mean = SEM of the percentage of entries (open bar) and time spent (hatched bar) in open arms, and the
total number of closed arm entries (solid bar) made in mice after oral administration of diazepam (DZ; 1 and 3 mg kg~ "), vehicle (ddH,O, pH 7.0) or K36
(1-8 mg kg™ ") in the mice elevated plus-maze during a 5-min test, N = 16 mice per group, *P < 0.05, **P < 0.01, significantly different from control,
Dunnett’s t-test after one-way ANOVA. (c) Assessment of myorelaxant effects of diazepam, vehicle or K36 in the horizontal wire test. Data represents the
percentage of mice grasping the wire after oral administration of diazepam (DZ; 1 and 3 mg kg~ '), vehicle (Veh, ddH,0) or K36 (1-8 mgkg™") “P < 0.01,
significantly different from control, Chi’s #-test, N = 16 mice per group. Open and hatched bars represents 1 hr and 20 min after p.o., respectively. (d)
Assessment of motor coordination in diazepam, vehicle or K36-treated mice in the rotarod test. Data represent the percentage of mice that stayed on the rotarod
for a period of 1 min given two opportunities after oral administration of diazepam (DZ; 1 and 3 mg kg™ "), vehicle (Veh, ddH,0) or K36 (1-8 mgkg™"),
*P < 0.05, significantly different from control, Chi’s square test, N = 16 mice per group. Open and hatched bars represents 1 hr and 20 min after p.o.,
respectively.

ligands. Apart from synthesizing chemical libraries from a affinity for the receptor, was chosen for more in-depth
drug lead, the search for potent ligands continues from that evaluation into its functional and behavioral role. In addi-
of natural origins. It is evident that a vast number of tion, these flavonoids were also used in a SAR study, thus
potential therapeutics lies in traditional medicines and having additional significance apart from their possible
clinically, the opiates are probably one of the most recog- value as therapeutics.

nized class of compounds that has evolved from natural K36 displaced [*H]flunitrazepam binding in a very
sources. Adopting the latter approach, we previously similar manner as diazepam (Fig. 2). Consistent with
reported the isolation and identification of a list of BDZR the GABA ratio of 1.2 (Table 2), electrophysiological
ligands from the traditional medicinal herb Scutellaria experiments in Xenopus oocytes showed that K36 acts
baicalensis Georgi guided by the [*H]flunitrazepam dis- as a partial positive allosteric modulator of the GABA,
placement assay. Notably, amongst the list of naturally receptor via the BDZR. At 3 uM K36, stimulation of the
occurring flavonoid derivatives that manifested significant GABA-induced current was nearly saturated. At this con-

affinities for the BDZR, K36, possessing the highest centration, K36 still did not activate any current alone.
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Fig. 5. Anxiolytic effect of K36 mediated by the BDZR. Data represents mean 4+ SEM of the percentage of entries (open bar) and time spent (hatched bar) in
open arms in the mice elevated plus-maze after administration of K36 (4 mgkg™', p.o.) alone or with Rol15-1788 (1.25 mgkg ™", ip.), *P < 0.01,
significantly different from control (Ro15-1788, i.p.), Dunnett’s #-test after one-way ANOVA, N = 16 mice per group.

In three batches of oocytes, maximal stimulation by K36
amounted to approximately 54 + 8% of that by 0.3 pM
diazepam. Threshold of stimulation is at approximately
1 nM and half-maximal stimulation at 24 nM (Fig. 3aandb).
These properties are comparable to those of diazepam.
In order to investigate a possible subunit specificity of
K36, we measured allosteric stimulation by 3 uM K36 in
o1 Bava, 0B2y2, 03Bav2, AsPavas dsPaya, 013y and oy Boys
GABA 4 receptors (data not shown). There was a slight but
not significant preference for o3,v, over the other subunit
combinations. In contrast to classical BDZs, K36 also acts
at agP,Y,. In addition, unlike loreclezole, K36 acts also at
B; containing receptor (data not shown).

Subsequent to the first identification of flavonoid as
ligands of the BDZR, numerous naturally occurring
flavonoids have been found active in this regard [36].
However, apart from amentoflavone, a biflavone which
exhibited low nanomolar affinity for the recognition site

[37], all other have been shown to possess affinities within
the micromolar range only. Thus K36 represents the first
instance of a naturally occurring monoflavonoid with
affinity and potency for the BDZR comparable to that
of diazepam in vitro. In addition, the sub-maximal poten-
tiation of the GABA-activated current by K36 in compar-
ison to the potentiation of diazepam establishes that K36 is
a partial agonist at the recombinant GABA, recptor in
contrast to the full agonistic nature of diazepam.

In the murine models useful for BDZ evaluations, K36
elicited significant anxiolysis in the elevated plus-maze,
evidenced by the selective increases in the parameters
corresponding to the open arms, with no changes in
locomotor activities and the number of closed arm entries.
In the hole-board, horizontal wire and rotarod tests, K36
did not elicit significant sedation, myorelaxation and motor
incoordination at the anxiolytic dosages. More impor-
tantly, the K36-elicited anxiolytic effect was shown to

Table 2
Branch chains on the flavonoids used in this study
Compound Name Side chain
2 5 6 7 8
1 5,7,2-Trihydroxy-6,8-dimethoxyflavone (K36) OH OH OCH; OH OCH;
2 2'-Hydroxy-B-naphthoflavone OH H C4Hy H H
3 5,7,2'-Trihydroxy-6-methoxyflavone OH OH OCH; OH H
4 6,2'-Dihydroxyflavone OH H OH H H
5 5,7,2'-Trihydroxyflavone OH OH H OH H
6 2'-Hydroxyflavone OH H H H H
7 5,7-Dihydroxy-6,8-dimethoxyflavone H OH OCH; OH OCH;
8 7,2'-Dihydroxyflavone OH H H OH H
9 5,7-Dihydroxy-6-methoxyflavone (Oroxylin A) H OH OCH; OH H
10 5,7-Dihydroxyflavone H OH H OH H
11 5,7-Dihydroxy-8-methoxyflavone (Wogonin) H OH H OH OCH;
12 6-Hydroxyflavone H H OH H H
13 7-Hydroxyflavone H H H OH H
14 5,6,7-Trihydroxyflavone (Baicalein) H OH OH OH H
15 Flavone H H H H H
16 6-Hydroxy-2'-methoxyflavone OCH; H OH H H
17 2'-Methoxyflavone OCHj; H H H H
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be specifically mediated by the BDZR, insofar that it was
completely abolished by Ro15-1788.

Although electrophysiological measurements provided
evidence for a partial agonistic modulatory action on the
GABA, receptor function by K36, the extent of its con-
tribution to the anxioselective effect of K36 in mice remains
to be determined. Transgenic studies have revealed that
al,-containing receptor assembly-mediated anxiety in mice
[38] and that the o; subunit is involved in the diazepam-
induced sedation and anticonvulsant effect [39,40]. Thus
partial agonistic properties and receptor selectivity are
plausible contribution to the anxioselective effect of K36.

It is interesting that the K36-induced anxiolysis was
observed 20 min, but not 1 hr after oral administration.
One possible explanation for its fast-acting but short-
lasting effect may be due to the rapid metabolism and
excretion of this hydroxyl-rich flavonoid, as pharmacoki-
netic experiments have shown that metabolism of flavo-
noids proceed through the attachment of hydroxyl groups
which render them more hydrophilic [41,42]. Since K36
possesses multiple hydroxyl substitutions, it is likely to be
excreted rapidly. Obviously, whether the anxiolytic effect
was as a result of interaction with the BDZR by K36 itself,
its active metabolites, or both, remains to be identified, and
the exact mechanism behind such atypical pharmacologi-
cal profile remains to be unraveled with further studies.
Despite the vast possibilities raised, unlike amentoflavone
which was suggested that it does not cross the blood—brain
barrier based on its failure to displace [*H]diazepam
binding in vivo [37], K36, with high-affinity for the BDZR,
is demonstrated to be centrally active. Although further
neuropharmacological experiments are needed to elaborate
its therapeutic potentials, this represents the first instance
where a high-affinity naturally occurring flavonoid deri-
vative modulates BDZR-mediated anxiolytic effects in
vivo.

4.1. 2'-Substitution of flavonoids as a determinant
of BDZR affinity

In the present study, hydroxyl substitution at the 2’
carbon onto compounds 1, 3, 4, 5, 6 and 8, compared to
their unsubstituted counterparts (compounds 7, 12, 9, 10
and 6, respectively), all displayed enhanced binding affi-
nities for the BDZR on the GABA 4 receptor (Tables 1 and
2). This further illustrates that the 2’-hydroxyl group on
flavonoid molecules is an important enhancing factor that
is responsible for the interaction between the ligand and the
receptor. In general, the substitution of a hydroxyl group
for a hydrogen at the 2 carbon resulted in 7-fold or higher
affinity for the BDZR.

To investigate the role of 2’ substituents in the determi-
nation of binding affinities for the BDZR, flavonoids with
various substituents, i.e. —Cl, -NO, and —-NH,, at the 2’
carbon were organically synthesized for further investiga-
tion. It was found that only the flavonoid with an —-NH,

substitution displayed significant affinity for the BDZR
(Table 1). This suggests that the electron donation effect of
the —OH and —NH, substitution, as opposed to the electron
withdrawal effects of the nitro and halogen moieties, brings
about tighter binding of the flavonoids to its receptor.
Recently, Kahnberg et al. [14] have also reported inde-
pendently the importance of 2/-hydroxyl substitution of
flavonoids in determining their interaction with the BDZR.
Thus our results complement such findings and provide
further evidence to support the importance of a 2'-hydroxyl
group plays in the flavonoid—-BDZR interaction.

Incorporation of electronegative groups to the 3’ and 6
carbon on the flavonoid backbone yielded significant
increases in the binding affinities of the class of compounds
for the BDZR [18]. 6,3'-Dinitroflavone and 6-chloro-3'-
nitroflavone are examples of these high-affinity synthetic
flavonoids [13,43]. However, these electronegative moi-
eties when substituted onto other carbons on the flavone
backbone did not give rise to enhanced affinities for the
BDZR, which is consistent with our results.

The present findings highlight the potential of drug
discovery from traditional medicines. Notably, we have
isolated a list of BDZR ligands from Scutellaria baicalensis
Georgi, a commonly prescribed Chinese medicinal herb,
one of which possessed the highest affinity for the BDZR
amongst naturally occurring flavonoids reported to date. In
this paper, K36, manifesting affinity and potency for the
BDZR comparable to that of diazepam in vitro, was demon-
strated to elicit significant anxiolysis without sedative,
myorelaxant and motor incoordination effects in the chosen
dosage regimen. As mentioned earlier, the potential of K36
as a therapeutics awaits for more in-depth studies, never-
theless, not only does it represent the first instance in which
such high-affinity naturally occurring flavonoid derivative
exerted CNS modulation at the BDZR level, it also serves as
a lead for drug developments and for further QSAR studies
leading to a refined pharmacophore model of the receptor.

Furthermore, the SAR study of flavonoid binding at the
BDZR generated by the list of derivatives tested in this
study are consistent with previous reports and provides the
basis for enhancing the affinities of this class of compounds
for the BDZR.

Acknowledgments

This work was supported by the Research Grant Council
and the Innovation and Technology Fund of Hong Kong
(Grant No. UIM40), and by the Swiss National Science
Foundation Grant 3100-064789.01/1.

References

[1] Macdonald RL, Olsen RW. GABA, receptor channels. Annu Rev
Neurosci 1994;17:569-602.



2406

(2]

(3]

(4]

[5

—_

[6

[t

[7

—

[8

=

(91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

M.S.Y. Huen et al./Biochemical Pharmacology 66 (2003) 2397-2407

Pritchett DB, Sontheimer H, Shivers BD, Ymer S, Kettenmann
H, Schofield PR, Seeburg PH. Importance of a novel GABA,
receptor subunit for benzodiazepine pharmacology. Nature 1989;
338:582-5.

Stephenson FA. The GABA4 receptors. Biochem J 1995;310(Pt 1):
1-9.

Sigel E, Buhr A. The benzodiazepine binding site of GABA recep-
tors. Trends Pharmacol Sci 1997;18:425-9.

Haefely W, Facklam M, Schoch P, Martin JR, Bonetti EP, Moreau JL,
Jenck F, Richards JG. Partial agonists of benzodiazepine receptors for
the treatment of epilepsy sleep and anxiety disorders. Adv Biochem
Psychopharmacol 1992;47:379-94.

Haefely WE, Martin JR, Richards JG, Schoch P. The multiplicity of
actions of benzodiazepine receptor ligands. Can J Psychiatry
1993;38(Suppl 4):S102-8.

Facklam M, Schoch P, Bonetti EP, Jenck F, Martin JR, Moreau JL,
Haefely WE. Relationship between benzodiazepine receptor occu-
pancy and functional effects in vivo of four ligands of differing
intrinsic efficacies. J Pharmacol Exp Ther 1992;261:1113-21.
Haefely W, Martin JR, Schoch P. Novel anxiolytics that act as partial
agonists at benzodiazepine receptors. Trends Pharmacol Sci 1990;11:
452-6.

Medina JH, Viola H, Wolfman C, Marder M, Wasowski C, Calvo D,
Paladini AC. Overview—flavonoids: a new family of benzodiazepine
receptor ligands. Neurochem Res 1997;22:419-25.

Medina JH, Paladini AC, Wolfman C, Levi de Stein M, Calvo D, Diaz
LE, Pena C. Chrysin (5,7-di-OH-flavone), a naturally-occurring ligand
for benzodiazepine receptors, with anticonvulsant properties. Bio-
chem Pharmacol 1990;40:2227-31.

Viola H, Marder M, Wasowski C, Giorgi O, Paladini AC, Medina JH.
6,3'-Dibromoflavone and 6-nitro-3’-bromoflavone: new additions to
the 6,3'-disubstituted flavone family of high-affinity ligands of the
brain benzodiazepine binding site with agonistic properties. Biochem
Biophys Res Commun 2000;273:694-8.

Wolfman C, Viola H, Paladini A, Dajas F, Medina JH. Possible
anxiolytic effects of chrysin, a central benzodiazepine receptor ligand
isolated from Passiflora coerulea. Pharmacol Biochem Behav
1994;47:1-4.

Wolfman C, Viola H, Marder M, Wasowski C, Ardenghi P, Izquierdo I,
Paladini AC, Medina JH. Anxioselective properties of 6,3'-dinitro-
flavone a high-affinity benzodiazepine receptor ligand. Eur J Phar-
macol 1996;318:23-30.

Kahnberg P, Lager E, Rosenberg C, Schougaard J, Camet L, Sterner O,
Ostergaard Nielsen E, Nielsen M, Liljefors T. Refinement and evalua-
tion of a pharmacophore model for flavone derivatives binding to the
benzodiazepine site of the GABA(A) receptor. J Med Chem
2002;45:4188-201.

Dekermendjian K, Kahnberg P, Witt MR, Sterner O, Nielsen M,
Liljefors T. Structure—activity relationships and molecular modeling
analysis of flavonoids binding to the benzodiazepine site of the
rat brain GABA(A) receptor complex. ] Med Chem 1999;42:4343-50.
Huang X, Liu T, GuJ, Luo X, Ji R, Cao Y, Xue H, Wong JT, Wong BL,
Pei G, Jiang H, Chen K. 3D-QSAR model of flavonoids binding
at benzodiazepine site in GABA4 receptors. J Med Chem 2001;44:
1883-91.

Hong X, Hopfinger AJ. 3D-pharmacophores of flavonoid binding at
the benzodiazepine GABA(A) receptor site using 4D-QSAR analysis.
J Chem Inf Comput Sci 2003;43:324-6.

Marder M, Viola H, Bacigaluppo JA, Colombo MI, Wasowski C,
Wolfman C, Medina JH, Ruveda EA, Paladini AC. Detection of
benzodiazepine receptor ligands in small libraries of flavone deriva-
tives synthesized by solution phase combinatorial chemistry. Biochem
Biophys Res Commun 1998;249:481-5.

Hui KM, Wang XH, Xue H. Interaction of flavones from the roots
of Scutellaria baicalensis with the benzodiazepine site. Planta Med
2000;66:91-3.

[20]

[21]

[22]

[23

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35

[36]

[37]

[38]

Wang H, Hui KM, Chen Y, Xu S, Wong JT, Xue H. Structure—activity
relationships of flavonoids, isolated from Scutellaria baicalensis
binding to benzodiazepine site of GABA, receptor complex. Planta
Med 2002;68:1059-62.

Vogel HG, Vogel WH. Drug discovery and evaluation: pharmacology
assay. New York: Springer; 1997.

Hui KM, Huen MS, Wang HY, Zheng H, Sigel E, Baur R, Ren H, Li
ZW, Wong JT, Xue H. Anxiolytic effect of wogonin a benzodiazepine
receptor ligand isolated from Scutellaria baicalensis Georgi. Biochem
Pharmacol 2002;64:1415-24.

Sigel E. Properties of single sodium channels translated by Xenopus
oocytes after injection with messenger ribonucleic acid. J Physiol
1987;386:73-90.

Sigel E, Baur R, Trube G, Mohler H, Malherbe P. The effect of subunit
composition of rat brain GABA, receptors on channel function.
Neuron 1990;5:703-11.

File SE, Wardill AG. Validity of head-dipping as a measure of
exploration in a modified hole-board. Psychopharmacologia 1975;
44:53-9.

Nolan NA, Parkes MW. The effects of benzodiazepines on the
behaviour of mice on a hole-board. Psychopharmacologia 1973;29:
277-86.

File SE, Wardill AG. The reliability of the hole-board apparatus.
Psychopharmacologia 1975;44:47-51.

Pellow S, Chopin P, File SE, Briley M. Validation of open:closed arm
entries in an elevated plus-maze as a measure of anxiety in the rat. J
Neurosci Methods 1985;14:149-67.

Lister RG. The use of a plus-maze to measure anxiety in the mouse.
Psychopharmacology (Berl) 1987;92:180-9.

Bonetti EP, Pieri L, Cumin R, Schaffner R, Pieri M, Gamzu ER,
Muller RK, Haefely W. Benzodiazepine antagonist Rol5-1788:
neurological and behavioral effects. Psychopharmacology (Berl)
1982;78:8-18.

Gunther U, Benson J, Benke D, Fritschy J, Reyes G, Knoflach F,
Crestani F, Aguzzi A, Arigoni M, Lang Y, Bluethmann H, Mohler H,
Luscher B. Benzodiazepine insensitive mice generated by targeted
disruption of the gamma 2 subunit gene of gamma-aminobutyric acid
type A receptors. Proc Natl Acad Sci USA 1995;92:7749-53.

Ai JDK, Wnag X, Nielsen M, Witt MR. 6-Methylflavone, a benzo-
diazepine receptor ligand with antagonistic properties on rat brain and
human recombinant GABA, receptors in vitro. Drug Dev Res
1997;41:99-106.

Haberlein H, Tschiersch KP, Schafer HL. Flavonoids from Leptos-
permum scoparium with affinity to the benzodiazepine receptor
characterized by structure activity relationships and in vivo studies
of a plant extract. Pharmazie 1994;49:912-22.

Hui KM, Huen SYM, Wang HY, Zheng H, Sigel E, Baur R, Ren H, Li
ZW, Wong JTF, Xue H. Anxiolytic effect of wogonin, a benzodiaze-
pine receptor ligand isolated from Scutellaria baicalensis Georgi.
Biochem Pharmacol 2002;7418:1-10.

Marder M, Viola H, Wasowski C, Wolfman C, Waterman PG, Cassels
BK, Medina JG, Paladini AC. Bromoflavone, a high affinity ligand
for the central benzodiazepine receptors is a member of a family
of active flavonoids. Biochem Biophys Res Commun 1996;223:
384-9.

Medina JH, Pena C, Levi de Stein M, Wolfman C, Paladini AC.
Benzodiazepine-like molecules, as well as other ligands for the brain
benzodiazepine receptors, are relatively common constituents of
plants. Biochem Biophys Res Commun 1989;165:547-53.

Nielsen M, Frokjaer S, Braestrup C. High affinity of the naturally-
occurring biflavonoid, amentoflavon, to brain benzodiazepine recep-
tors in vitro. Biochem Pharmacol 1988;37:3285-7.

Rudolph U, Crestani F, Benke D, Brunig I, Benson JA, Fritschy JM,
Martin JR, Bluethmann H, Mohler H. Benzodiazepine actions
mediated by specific gamma-aminobutyric acid(A) receptor subtypes.
Nature 1999;401:796-800.



M.S.Y. Huen et al./Biochemical Pharmacology 66 (2003) 2397-2407 2407

[39] Crestani F, Martin JR, Mohler H, Rudolph U. Resolving differences in [42] Hollman PC, Katan MB. Bioavailability and health effects of dietary
GABA, receptor mutant mouse studies. Nat Neurosci 2000;3:1059. flavonoids in man. Arch Toxicol 1998;20(Suppl):237-48.

[40] Crestani F, Low K, Keist R, Mandelli M, Mohler H, Rudolph U. [43] Viola H, Wolfman C, Marder M, Goutman JD, Bianchin M, Wasowski
Molecular targets for the myorelaxant action of diazepam. Mol C, Calvo DJ, Izquierdo I, Paladini AC, Medina JH. 6-Chloro-3'-
Pharmacol 2001;59:442-5. nitroflavone is a potent ligand for the benzodiazepine binding site

[41] Hollman PC, Katan MB. Absorption, metabolism and health effects of of the GABA(A) receptor devoid of intrinsic activity. Pharmacol

dietary flavonoids in man. Biomed Pharmacother 1997;5:305-10. Biochem Behav 2000;65:313-20.



	Naturally occurring 2´-hydroxyl-substituted flavonoids as high-affinity benzodiazepine site ligands
	Introduction
	Methods
	Chemicals
	Radioreceptor binding studies
	[3H]Flunitrazepam binding assay
	GABA shift experiment

	Electrophysiological studies
	Behavioral characterization
	Animals
	Drug solutions
	Locomotor activity test
	Hole-board test
	Elevated plus-maze test
	Horizontal wire test
	Rotarod test
	Statistical analysis


	Results
	Radioreceptor binding assays
	Determination of Kd and Bmax of [3H]flunitrazepam binding to the BDZR
	BDZR affinities and GABA ratios of flavonoids

	Partial positive allosteric modulation of recombinant BDZR by K36
	Pharmacological effects of K36
	Effects of K36 in the locomotor activity test
	Effects of K36 in the hole-board test
	Effects of K36 in the elevated plus-maze
	Effects of K36 in the horizontal wire test
	Effects of K36 in the rotarod test


	Discussion
	2´-Substitution of flavonoids as a determinant of BDZR affinity

	Acknowledgements
	References


