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ARTICLE INFO ABSTRACT

Hops (Humulus lupulus L.), a major component of beer, contain potentially neuroactive compounds that made it
useful in traditional medicine as a sleeping aid. The present study aims to investigate the individual components
in hops acting as allosteric modulators in GABA, receptors and bring further insight into the mode of action
behind the sedative properties of hops. GABA-potentiating effects were measured using [*H]ethynylbicy-
cloorthobenzoate (EBOB) radioligand binding assay in native GABA, receptors. Flumazenil sensitivity of GABA-
potentiating effects, [’H]Ro 15-4513, and [H]flunitrazepam binding assays were used to examine the binding
to the classical benzodiazepines site. Humulone (alpha acid) and 6-prenylnaringenin (prenylflavonoid) were the
most potent compounds displaying a modulatory activity at low micromolar concentrations. Humulone and 6-
prenylnaringenin potentiated GABA-induced displacement of [*’H]EBOB binding in a concentration-dependent
manner where the ICs, values for this potentiation in native GABA, receptors were 3.2 uM and 3.7 pM, re-
spectively. Flumazenil had no significant effects on humulone- or 6-prenylnaringenin-induced displacement of
[*H]EBOB binding. [®H]Ro 15-4513 and [®H] flunitrazepam displacements were only minor with humulone but
surprisingly prominent with 6-prenylnaringenin despite its flumazenil-insensitive modulatory activity. Thus, we
applied molecular docking methods to investigate putative binding sites and poses of 6-prenylnaringenin at the
GABA, receptor al(2y2 isoform. Radioligand binding and docking results suggest a dual mode of action by 6-
prenylnaringenin on GABA, receptors where it may act as a positive allosteric modulator at a+ - binding
interface as well as a null modulator at the flumazenil-sensitive a +v2- binding interface.

Keywords:

GABA, receptors
Allosteric modulation
Radioligand binding
Humulus lupulus
Molecular docking
Pharmacodynamics

1. Introduction

The female inflorescences of Humulus lupulus L., also known as hop
cones, are a major component in beer brewing. These cones are rich in
resins, essential oils, and polyphenols which exhibit antimicrobial
properties and contribute to the beer aroma and distinctive bitter flavor
(Karabin et al., 2016). Historically, hops have been medically used for
insomnia and restlessness (Jackson, 1871), and the sedative effects of
hops have been demonstrated in several studies using experimental
models in rodents (Hansel et al., 1982; Wohlfart et al., 1983a, b). Zanoli
et al. (2005) reported that alpha acids fraction from hops exhibits an-
tidepressant properties in rats. Later in 2006, Schiller et al. showed that
isolated hop oil, alpha acids and beta acids play a major role in the
sedative effects of hops. These studies prompted further research to
identify the neuroactive constituents in hops that are responsible for

this activity and to reveal their mode of action on the central nervous
system (CNS). Gamma-aminobutyric acid type A (GABA,) receptors
being the major site of fast synaptic inhibition in the CNS (Sieghart,
1995) are key potential targets for hops sedative compounds. Positive
modulation of GABA-induced responses at GABA, receptors has been
observed earlier by extracts of beer and hops (Aoshima et al., 2006;
Sahin et al., 2016) as well as xanthohumol, the most abundant flavo-
noid in hops (Meissner and Héaberlein, 2006). Recently, we examined
the potential of several hops flavonoids in modulating the GABAergic
activity and assessed their selectivity to GABA, receptor subtypes
(Benkherouf et al., 2019). We identified potent prenylflavonoids in
hops that positively modulate GABA-induced responses in native and
afy/8 recombinant GABA, receptors at low micromolar concentra-
tions. These GABAergic modulatory effects were not mediated via the
high-affinity benzodiazepine binding site. Nevertheless, further
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potential neuroactive compounds from hops need to be isolated and
characterized in terms of their pharmacological activity.

The present study aims to investigate the individual components in
hops acting as allosteric modulators in GABA, receptors and bring
further insight into the mode of action behind hops sedative properties.
GABA-potentiating effects were measured using [*H]ethynylbicy-
cloorthobenzoate (EBOB) radioligand binding assay in native GABA,
receptors. Flumazenil sensitivity of GABA-potentiating effects, dis-
placement of [*H]Ro 15-4513, and [*H]flunitrazepam binding were
used to examine the binding to the classical benzodiazepines site.
Furthermore, we implied molecular docking methods to investigate
putative binding sites and poses of 6-prenylnaringenin at the GABA,
receptor alf2y2 isoform.

2. Materials and methods
2.1. Reagents

The radioligands [propyl-2,3->H]EBOB (48 Ci/mmol), [7,9->H]Ro
15-4513 (28 Ci/mmol), and [methyl-3H]ﬂunitrazepam (85.2 Ci/mmol)
were purchased from PerkinElmer Life and Analytical Sciences (Boston,
MA, USA). Diazepam, GABA and picrotoxin were from Sigma Chemical
Co. (St. Louis, MO, USA). Flumazenil (Ro 15-1788) was from Tocris
Bioscience (Bristol, UK). Humulone standard was purchased from
Phytolab GmbH & Co. KG (Vestenbergsgreuth, Germany). ICE-3 stan-
dard containing a mixture of a-acids cohumulone (13.88%) and
N + adhumulone (30.76%), and (-acids colupulone (13.44%) and
N + adlupulone (10.84%), was from Labor Veritas AG (Zurich,
Switzerland). HPLC grade solvents (methanol, acetonitrile) and formic
acid used in the sample preparation were from Sigma-Aldrich Sigma
Chemical Co. (St. Louis, MO, USA). Methanol-d; (CD30D, 99.8 %D)
containing tetramethylsilane (TMS) as an internal standard was from
VWR Chemicals (Leuwen, Belgium). Chloroform-d (CDCl3, 99.96 %D)
containing TMS was from Eurisotop (St. Aubin Cedex, France).

2.2. Animals

A total of 20 native male Sprague-Dawley rats (age: 11-13 weeks)
were purchased from the Central Animal Laboratory of the University of
Turku (Turku, Finland). The rats were euthanized by guillotine de-
capitation; their fore/midbrain and cerebellum were dissected, frozen
on dry ice and stored at —70 °C. All procedures were in accordance
with protocols approved by the Institutional Animal Care and Use
Committee of the University of Turku (license number: 25715/2018).

2.3. Plant material preparation and extraction

Xanthohumol, a-acids and B-acids were extracted from commercial
hops pellets (Citra, purchased from homebrew supply store Lappo Ltd.,
Piikkio, Finland). Two grams of hops was extracted two consecutive
times with 10 mL of acidified methanol (MeOH:HCOOH, 99:1, v/v).
Sample was shaken vigorously for 30 min at room temperature and then
centrifuged at 1500 g for 5 min at room temperature. The two collected
extracts were combined, complemented to a total volume of 20 mL with
the solvent and finally filtered using 0.2 um polytetrafluoroethylene
(PTFE) filters. Sample was stored at —20 °C for further HPLC analysis.

2.4. Preparative HPLC

The compounds from the hops extract were isolated using a
Shimadzu (Shimadzu, Kyoto, Japan) semipreparative HPLC system
consisting of a SIL-20A autosampler, an LC-20AB pump, a CTO-10AC
column oven, an SPD-20A UV-detector, and a DGU-20A5 degasser. The
column was an Aeris PEPTIDE XB-C18 (Phenomenex, Torrance, CA),
250 mm X 10.0 mm i.d., 5 ym, equipped with a 10 mm X 10 mm i.d.
guard column of the same material (Phenomenex, Torrance, CA). The
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chromatograms were recorded at 332 nm. Injection volume was 80 pL.
Elution was carried out with a binary solvent system with 0.1% formic
acid in Milli-Q water as solvent A and 0.1% formic acid in acetonitrile
as B with the flow rate of 4 mL/min. The fractions were collected with
two separate gradient programs. The first program for fractions 1-6
(Table 1): 0-3 min, B 2-80%; 3-10 min, B 80%; 10-12 min, B
80-100%; 12-16.5 min, 100%; 16.5-17.5 min, 100-2%. The second
eluent program was used to separate the seventh fraction due to in-
sufficient separation in the first eluent program; 0-3 min, B 2-90%;
3-13 min, B 90%; 13-14 min, B 90-2%. Separated fractions were first
dried using a rotary evaporator at +30 °C and then the flasks were
washed twice with 1 mL of methanol and the methanol was removed
under nitrogen flow in a heat block at +30 °C. Resulting dry fractions
were weighed and dissolved in DMSO at 10 mM concentrations. Frac-
tion F5 was also freeze-dried prior to the NMR analysis.

2.5. Identification of the compounds

Seven of the eight isolated compounds (F1-F4, F6-F7.2, Table 1)
were identified based on references (ICE-3, Labor Veritas AG, Zurich,
Switzerland), UV-vis spectra, mass spectra, and literature (Zhang et al.,
2004; Ceslova et al., 2009; Intelmann et al., 2009; Prencipe et al., 2014)
(Table 1). Exact masses were measured using the high-resolution Bruker
Impact II(TM) UHR-QqTOF (Bruker Daltonik GmbH, Bremen, Ger-
many) mass spectrometer in positive and negative MS/MS modes using
electrospray ionization (ESI). The compounds were separated using a
Bruker Elute UHPLC equipped with a HPG1300 pump and a diode array
detector (DAD, 190-800 nm) with the same separation conditions as
previously described (chapter 2.4). The column used was a Kinetex
2.6 ym C18 100 A (100 X 4.6 mm) column (Phenomenex Inc., Tor-
rance, CA). The parameters for ESI + ionization were: capillary voltage
of 4.5 kV, the end plate offset 500 V, nebulizer gas (N5) at a pressure of
4.8 bar, the drying gas (N,) flow and temperature at 12.0 L/min and
350 °C, respectively. The mass range was m/z 20-1000. Calibration was
carried out by injecting 10 mM sodium formate with 400 pL/min flow
rate from a direct infusion syringe pump to the six-port valve for high-
accuracy mass experiments in the HPC mode. The instrument was
controlled and the data was handled with the Compass DataAnalysis
software 4.4 (Bruker Daltonik).

'H and '3C NMR spectra were obtained for further identification of
F5. The isolate F5 (2.17 mg) was dissolved in 600 pL of chloroform-d
and analyzed with standard 1D and 2D experiments (*H, 3C, COsY,
HSQC-ed, HMBC) at 298 K using 500 MHz Bruker Avance-IIIl NMR
system (Féllanden, Switzerland) equipped with a SmartProbe (oper-
ating at 500 MHz and 125 MHz for 'H and '3C, respectively). The
spectra were phase- and baseline-corrected with Bruker TopSpin soft-
ware.

2.6. Investigation of commercial hops compounds

In addition to the fractioned compounds from Citra hops pellets, we
tested several compounds present in hops that have potential neu-
roactive properties. These include 2-methyl-3-buten-2-ol (2M3B), pur-
chased from Sigma Chemical Co. (St. Louis, MO, USA) as well as 6-
prenylnaringenin (6PN) and linalool, purchased from Phytolab GmbH &
Co. KG (Vestenbergsgreuth, Germany).

2.7. [PH]EBOB binding assay

Rat fore/midbrain and cerebellar membrane preparation for
binding studies was modified from Squires and Saederup (2000) and
essentially performed as described in Benkherouf et al. (2019). Frozen
membranes were thawed, washed once by centrifugation at 10,000 g for
10 min and resuspension in assay buffer (50 mM Tris-HCl, 120 mM
NaCl, pH 7.4), and resuspended finally in the same buffer. Triplicate
samples of rat brain membranes were incubated at room temperature
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with shaking for 2 h in assay buffer with 1 nM or 2 nM [*H]EBOB and
different concentrations of hops compounds (30 nM - 30 uM) in the
absence or presence of 2 pM GABA in a total volume of 400 pL. Non-
specific binding was determined with 100 uM picrotoxin. The incuba-
tion was terminated by filtration of the samples with a Brandel Cell
Harvester (model M-24, Gaithersburg, MD, USA) onto Whatman GF/B
glass fiber filters (Whatman International Ltd., Maidstone, UK). The
samples were rinsed three times with 5 mL of ice-cold 10 mM Tris-HCI,
pH 7.4. Air-dried filters were immersed in 3 mL of Optiphase HiSafe 3
scintillation fluid (PerkinElmer Life and Analytical Sciences, Boston,
MA, USA) and radioactivity determined in Hidex 600 SL liquid scin-
tillation counter (Hidex, Turku, Finland).

2.8. [’H]Ro 15-4513 and [3H]ﬂunitrazepam binding assay

[®*H]Ro 15-4513 and [*H]flunitrazepam binding assays were mod-
ified from Uusi-Oukari and Korpi (1992). Quadruplicate samples
were incubated on ice at 4 °C with shaking for 1 h in assay buffer
(see above) with 2 nM [®H]Ro 15-4513 or 1 nM [°H]flunitrazepam
in the absence and presence of the test compound in a total volume
of 300 pL. Non-specific binding was determined in the presence of
10 uM flumazenil. The incubation was terminated by filtration of the
samples onto Whatman GF/B glass fiber filters and washing them
twice with 5 mL of ice-cold 10 mM Tris-HCl, pH 7.4 in [*H]Ro
15-4513 binding or 10 mM Tris-HCl, pH 7.4, 120 mM NaCl in [*H]
flunitrazepam binding as similarly described for [*H]EBOB binding.

2.9. Molecular docking

The Glide XP docking algorithm (Friesner et al., 2004, 2006) and
the Induced Fit docking (IFD) protocol (Sherman et al., 2006a, 2006b)
of Schrodinger's Maestro Suite (release 2019-1) were used to dock the
hops compounds into the putative binding sites at the al+vy2- and
al + (32- subunit interfaces. Additionally, the GABAAR benzodiazepine
site antagonist flumazenil and the positive allosteric GABAA,R mod-
ulator pyrazoloquinoline 2-p-methoxyphenylpyrazolo[4,3-c]quinolin-
3(5H)-one (CGS 9895) (Varagic et al., 2013) were docked as reference
compounds at these sites, respectively (see the detailed description of
the docking protocol in the Supplementary Material). Binding energies
of the docked compounds were evaluated with the Prime/MMGBSA
tool of Maestro (Lyne et al., 2006; Sastry et al., 2013; Walters et al.,
1998). Visual analysis of the docking results was carried out with
Maestro and PyMOL (version 2.3; Schrodinger, LLC).

2.10. Statistics

GraphPad Prism 7 software (GraphPad, San Diego, CA, USA) was
used in statistical testing and curve fitting of the radioligand displace-
ment data. Inhibition data were fit to the sigmoidal dose-response
equation with a variable Hill Slope:

Y = Bottom + (Top-Bottom)/(1 + (XHillSlope)/
(ICso HillSlope)))where Y is the percentage of control binding,
Bottom = 0 when non-specific binding is subtracted from all binding
values, Top is the maximum value, and X is the test compound con-
centration. Nonlinear least squares regression analysis was used for
estimation of the half maximal inhibitory concentration (ICso) for [3H]
EBOB  non-competitive binding which are presented as
means + S.E.M. ICso value obtained from [*H]flunitrazepam dis-
placement curve (competitive binding) was converted to Ki value ac-
cording to the Cheng-Prusoff equation (Cheng and Prusoff, 1973):

Ki = IG5 /(1 + ([L1/K4))

where Ki = inhibitory constant, [L] = concentration of [*H]fluni-
trazepam (1 nM) and Ky = dissociation constant of [3H] flunitrazepam
(1.1 nM) (Bosmann et al., 1978).
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The statistical comparisons were performed with unpaired t-test and
one-way ANOVA followed by Dunnett's post hoc test. P-values of less
than 0.05 were considered significant.

3. Results
3.1. Isolation HPLC, and MS analysis

Seven major peaks in the ethanol extract of the hops pellets were
first identified as xanthohumol (F1), cohumulone (F2), humulone (F3),
adhumulone (F4), colupulone (F6), lupulone (F7.1), adlupulone (7.2)
based on the commercial standard, retention times in literature (Zhang
et al., 2004; Ceslové et al., 2009; Intelmann et al., 2009; Prencipe et al.,
2014) and UV-vis spectra (approx. A maximum at 365 for xantho-
humol, 320 nm for humulones and 330 nm for lupulones) (fractions
F1-F4 and F6-F7.2 in Table 1). Due to their similar structures, n- and
adhumulones and corresponding lupulones do not easily separate in the
LC chromatogram and additional preparative LC gradient was required
for these hops components. Peak F5 detected between adhumulone and
colupulone with a similar UV-vis spectra to the humulones was also
selected for the fraction collection. Compounds in the ethanol fraction
were further studied with the QTOF-MS and exact masses for measured
ions and calculated ions for the compounds are shown in Table 1. While
other peaks contained essentially the measured [M+H]* or [M—H]~
ions that corresponded to the calculated ions, the fraction F5 contained
ions for at least four different compounds indicating presence of ad-
prehumulone and/or prehumulone (both have the same molecular
mass) and postlupulone, as well as, adhumulone (or humulone) (Zhang
et al., 2004; Ceslova et al., 2009).

3.2. NMR spectroscopy

NMR spectra were used to further verify the identification of com-
pounds in the fractions (Table 1, Supplementary Table S1) and to assess
their purity. F1 and F3 consisted of one compound each (xanthohumol
and humulone, respectively); however, the composition of F2 was a
very complex mixture of up to five a-acid-type compounds. The relative
proportions based on the integral values for the 3-OH resonance peaks
were 1.0 (19.00 ppm, attributed to cohumulone), 0.5 (18.82 ppm), 6.2
(18.72 ppm), 4.3 (18.64 ppm) and 2.7 (18.63 ppm). The primary
compound in F4 was assigned as adhumulone (approx. 85%), with a
minor proportion of humulone. With 1D and 2D NMR, the F5 was
confirmed as a mixture of humulone and two other a-acids, of which
adprehumulone was assigned as the main compound (Smith and
Wilson, 1992). The structure of the hexanoyl side chain corresponding
to adprehumulone was ultimately determined by COSY and 'H-'3C
correlations observed in the multiplicity-edited HSQC experiment re-
vealing the otherwise obstructed methylene resonances (Supplementary
Fig. S2). In F5, the proton resonances at 0.93 ppm (2 d/dd, J = 6.6,
1.3 Hz) with '3C-correlations to 22.5 ppm (HSQC) and 37.9 ppm
(HMBC) could be assigned to prehumulone or similar structure (Smith
and Wilson, 1992), however, the other overlapping signals in the
spectra of F5 obstructed its verification. The relative proportion of
adprehumulone: humulone: prehumulone was 2:1:1. The presence of
postlupulone in F5 was not verified with NMR. F6 was confirmed to be
colupulone based on the 3-OH resonances (Supplementary Table S1)
and contains trace amounts of linalool and lipids. The NMR sample
concentrations of F7.1 and F7.2 were very low considering the lower
sensitivity of NMR to MS, therefore their interpretation was challen-
ging. Nevertheless, lupulone presence was confirmed in F7.1.

3.3. Allosteric modulation of [’H]EBOB binding in native GABA4 receptors
The modulation of [*H]EBOB binding from rat forebrain and cere-

bellar membranes was first investigated with 30 UM concentration of
hops compounds in the presence of 2 uM GABA (Fig. 1). All tested
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Fig. 1. Modulation of [®H]EBOB (1 nM) binding in rat forebrain (A) and cer-
ebellar (B) membranes by hops compounds (30 uM) in the presence of 2 uM
GABA. Control is the maximal [*H]EBOB binding in the presence of 2 uM GABA
alone. The values represent means = S.E.M., n = 3-5, measured in triplicates.
***p < 0.001, **P < 0.01 for the significance of difference from control
binding (one-way ANOVA followed by Dunnett's post hoc test). **#P < 0.001,
#*#p < 0.01, *P < 0.05 for the statistical difference from the corresponding
[*H]EBOB binding in cerebellum (unpaired t-test).

compounds, except adhumulone (F4) and 2M3B in forebrain, displayed
evident enhancements in GABA-induced [*H]EBOB displacement. The
observed range of [3H]EBOB displacement was 19.7-80% in rat fore-
brain and 6.2-92.4% in cerebellum. Humulone (F3), F5 and 6-pre-
nylnaringenin were the most efficient compounds in forebrain as they
displaced 80.0%, 80.3% and 72.9% of [*H]EBOB binding, respectively
(P < 0.001, one-way ANOVA followed by Dunnett's post hoc test). The
activity of these compounds at 30 M were significantly different in
cerebellum (P < 0.001, unpaired t-test) where humulone (F3), F5 and
6-prenylnaringenin displaced 55.6%, 50.2% and 92.4% of GABA-in-
duced [*H]EBOB binding, respectively (P < 0.001, one-way ANOVA
followed by Dunnett's post hoc test).

Humulone (F3), F5, lupulone (7.1), methyl-3-buten-2-ol (2M3B),
linalool, and 6-prenylnaringenin (6PN) at 30 pM were selected to ex-
amine their direct effects on GABA-free [*H]EBOB binding in native
GABA, receptors. [*H]EBOB binding was insensitive to displacement in
the absence of GABA except for 2M3B, which displaced 14.3% of spe-
cific [*H]EBOB binding (P < 0.01, one-way ANOVA followed by
Dunnett's post hoc test) (Fig. 2).

The effects of compounds displaying high enhancements in GABA-
induced [*H]EBOB displacement were further assessed in a concentra-
tion series to determine their inhibitory potency on the radioligand
binding in the presence of 2 uM GABA. 6-prenylnaringenin, humulone
(F3), and F5 showed a concentration-dependent potentiation of GABA-
induced [*H]EBOB displacement in rat forebrain membranes at low
micromolar concentrations (Fig. 3). For instance, 6-prenylnaringenin
and humulone (F3) at 1 uM concentration displaced 35.2 * 0.5%
(P < 0.001) and 39.6 * 1.6% (P < 0.001) of [*H]EBOB binding,
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represent means *+ S.E.M.,n = 3, measured in triplicates. **P < 0.01 for the

significance of difference from control (one-way ANOVA followed by Dunnett's
post hoc test).
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Fig. 3. Displacement curves of [*H]EBOB (1 nM) binding in rat forebrain
membranes with 5-6 concentrations of 6-prenylnaringenin humulone (F3), and
F5 in the presence of GABA (2 uM). Control is the maximal [PH]EBOB binding
in the presence of 2 M GABA alone. The values represent means * S.E.M.,
n = 3, measured in triplicates.

while F5 effect was absent at 3 uM and below. The calculated ICso
values of 6-prenylnaringenin, humulone (F3) were 3.7 = 0.4 pM,
3.2 = 0.4 uM, and 18.2 * 0.4 pM, respectively.

3.4. Flumazenil sensitivity of allosteric modulation of [PHJEBOB binding

We examined whether the flumazenil-sensitive benzodiazepine site
is essential for the low micromolar allosteric modulation exhibited by
hops compounds. Despite the evident antagonizing effect of flumazenil
on the allosteric modulation by diazepam (**P < 0.01), flumazenil
failed to inhibit the enhancement in GABA-induced [H]EBOB dis-
placement produced by 6-prenylnaringenin, humulone (F3), F5 and
lupulone (7.1) at native GABA4 receptors (Fig. 4). In fact, a slight but
statistically significant further enhancement in [*H]EBOB displacement
was detected as a result of flumazenil addition.

3.5. Competitive displacement of [SH]ﬂuniLTazepam and [PH]Ro 15-4513
binding to the benzodiazepine site of GABA4 receptors

We further tested the effect of hops compounds at 30 uM con-
centration on the binding of [*H]flunitrazepam (Fig. 5A), a positive
allosteric modulator, and the binding of [®*H]Ro 15-4513 (Fig. 5B), a
partial inverse agonist of GABA, receptor benzodiazepine site. Non-
specific binding was determined using flumazenil (10 uM) for both
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Fig. 4. Modulation of [*H]EBOB (1 nM) binding in rat forebrain membranes by
diazepam (Diaz, 0.1 puM), 6-prenylnaringenin (6PN, 5 puM), humulone (F3,
1 uM), lupulone (F7.1, 20 uM) and F5 (10 uM) in the presence of GABA (2 uM)
and flumazenil (Flum, 2 uM). Control is the maximal [*H]EBOB binding in the
presence of 2 UM GABA alone. The values represent means + S.E.M.,n = 3-5,
measured in triplicates. ***P < 0.001, **P < 0.01, *P < 0.05 for the sig-
nificance of difference from the corresponding control binding (unpaired t-test).

radioligands. 6-prenylnaringenin showed significant effects on the
radioligands as it displaced 47.1 = 4.1% (P < 0.001) and
59.4 + 0.48% (P < 0.001) of [°H]flunitrazepam and [*H]Ro
15-4513 binding, respectively. 6-prenylnaringenin showed a con-
centration-dependent displacement of [3H]ﬂunitrazepam (Fig. 5C)
where the calculated Ki value of 6-prenylnaringenin according to the
Cheng-Prusoff equation was 16.5 pM, which is substantially higher than
the reported Ki value for diazepam (14 nM) in [3H]ﬂunitrazepam
binding assay (Forbes et al., 1990). On the other hand, only a minor
displacement of [?’H]ﬂunitrazepam was observed with cohumulone (F2)
(15.6 = 2.0%, P < 0.01) and humulone (F3) (17.0 * 4.8%,
P < 0.01) at 30 uM. To a lesser extent, cohumulone (F2) and humu-
lone (F3) displaced 9.2 *= 2.3% (P < 0.01) and 7.5 * 2.0%
(P < 0.01) of [*H]Ro 15-4513 binding at the same concentration,
respectively.

3.6. Molecular docking

Molecular docking studies were carried out to investigate putative
binding sites and poses of the hops prenylflavonoids at the GABAAR
alp2y2 isoform (PDB ID: 6D6U; Zhu et al., 2018). Flumazenil and CGS
9895 were used as reference compounds in terms of the Prime/
MMGBSA energies and the docking scores in their respective binding
pockets (Fig. 6A and B). Docking results for 6-prenylnaringenin are
shown in Table 2. In general, hops prenylflavonoids show comparable
binding energies with the reference compounds at the studied binding
sites (Supplementary Table S2). Putative binding poses of 6-pre-
nylnaringenin at the al +y2- and al + [32- sites are shown in Fig. 6C
and D, respectively. Poses of the other prenylflavonoids and the re-
ference compounds as well as detailed ligand interaction diagrams of all
compounds are shown in Supplementary Figs. S3-S8.

4. Discussion
4.1. Alpha acids

The major components of hops resins are alpha acids, which con-
tribute to 5-13% of the weight of dried hops (Almaguer et al., 2014).
These play a major role in beer brewing due to their foam stabilizing
and antibacterial properties. Alpha acids are partially isomerized
during the boiling process of brewing to form iso-a-acids bringing the
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Fig. 5. Modulation of [*H]flunitrazepam (1 nM) (A) and [*H]Ro 15-4513
(2 nM) (B) binding in rat forebrain membranes by 30 uM of hops compounds.
The values represent means = S.E.M., n = 3, measured in quadruplicate.
***p < 0.001, **P < 0.01, *P < 0.05, significantly different from the
corresponding basal radioligand binding (one-way ANOVA followed by
Dunnett's post hoc test). Displacement curve of [3H]ﬂunitrazepam (1 nM) (C)
binding in rat forebrain membranes with 4 concentrations of 6-pre-
nylnaringenin. The values represent means * S.E.M., n = 6, measured in
triplicates.

bitter characteristic of beer (Clarke and Hildebrand, 1965; Verzele
et al., 1965). In vivo studies showed that alpha acid extracts exhibit
sedative activity by enhancing pentobarbital-induced sleeping time in
rats but with no impact on locomotor activity (Zanoli et al., 2005).
Later in 2006, Schiller et al. showed that alpha acid extracts at higher
doses were able to enhance ketamine-induced sleeping time in mice as
well as reduce locomotor activity. The positive modulation of GABA-
induced displacement of [PH]EBOB binding by the isolated alpha acid
components: humulone, cohumulone and adhumulone brings a phar-
macological basis for the sedative properties observed in earlier studies.
Nevertheless, due to the weak modulatory effects observed with co-
humulone and adhumulone, their probable role in sedation is minor
compared to humulone itself.
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Fig. 6. al +y2- and al + 32- binding sites of the GABA4 receptor isoform alB2y2 (PDB ID: 6D6U; cartoon presentation; al subunit in bright yellow, y2 in grey, 2 in
green). A) Side view of the receptor. B) Top view of the receptor. A) - B) Reference compounds in their respective binding sites: experimental pose of flumazenil
(magenta sticks); docked pose of CGS 9895 (marine blue sticks). C) Docked pose of 6-prenylnaringenin (magenta sticks) at the al + y2- site. and D) at the al +f2-
site. Interacting residues are shown in lines and labeled; non-polar hydrogen atoms are omitted for clarity; atom color code: carbon — magenta, nitrogen — blue,
oxygen — red, fluorine — light blue, sulfur — dark yellow; hydrogen — white). Polar interactions are shown as dotted yellow lines.

4.2. Beta acids

Beta acids, on the other hand, represent 3-8% of the weight of dried
hops and mainly contains lupulone, colupulone and adlupulone (Van
Cleemput et al., 2009; Almaguer et al., 2014). The positive modulatory
activity exhibited by beta acids are in line with their sedative properties
(Schiller et al., 2006). However, their probable role in sedation is minor
compared to alpha acids due to the relative lower potency according to
our in vitro results as well as the findings of in vivo studies (Schiller
et al., 2006). Despite the anti-depressant activity reported by Zanoli
et al. (2007) in rats, lower doses of beta acids, in fact, led to a reduction
in pentobarbital-induced sleeping time as well as an increase in motor
performance. Moreover, electrophysiological recordings of beta acids in
cerebellar granule cells (CGC) showed a flumazenil-insensitive negative
modulation of GABA-induced currents at 120 uM (Zanoli et al., 2007) in
contrast to the positive modulation observed in our [*H]EBOB binding
assay at 30 pM. These discrepancies do not exclude the role of beta
acids in modulating GABA, receptors but suggests further investigation
on the probable dose-dependent biphasic behavior of its components.

4.3. 2-Methyl-3-butene-2-ol (2M3B)

During the storage of hops at room temperature, alpha and beta
acids undergo oxidative degradation to form 2-methyl-3-butene-2-ol, a
C5 alcohol that is found in trace amounts of hops extracts (< 0.01%)
(Hansel et al, 1980, 1982). This compound displayed sedative

properties as well as narcosis in rodents, but in doses beyond its natural
presence in hops (200-800 mg/kg.bw) (Hansel et al., 1980; Wohlfart
et al., 1983a, 1983b). These finding correlate with the minor or non-
existent effects observed in our binding results.

4.4. Linalool

Linalool, a monoterpene alcohol, is a major component of hop es-
sential oils detected in amounts up to 150 mg/kg of total hop oil (Stérba
et al.,, 2015) adding a floral and fruity character to beer (Almaguer
et al., 2014; Peacock and Deinzer, 1981). Linalool was found to display
hypnotic, sedative and anxiolytic properties in mice without impairing
motor performance (Linck et al., 2010; Guzman-Gutierrez et al., 2012).
Electrophysiology studies with Xenopus oocytes and HEK293 cells
showed enhancements in GABA-induced responses by linalool at
1-2 mM (Hossain et al., 2002; Aoshima et al., 2006; Milanos et al.,
2017). Interestingly, our radioligand binding results revealed a low
micromolar linalool sensitivity to native GABA, receptors where its
modulatory effects can be observed at concentrations down to 30 pM.
This may further support the role of GABA, receptor modulation in the
sedative and anxiolytic properties of linalool.

4.4.1. 6-Prenylnaringenin

6-prenylnaringenin is an isomer of the prenylflavonoid 8-pre-
nylnaringenin and considered as a weak phytoestrogen (< 1/100 of
8PN) (Milligan et al., 1999) as well as potent T-type calcium channel
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Table 2

Docking results for 6-prenylnaringenin at the al +y2-and al + 2- binding pockets of the experimental structure of GABAAR a1fB2y2 subtype (PDB ID: 6D6U).

Binding site al + B2-

Binding site al +y2-

Ligand

Key interacting receptor residues from

subunits alfiz"

IFD Score’ MMGBSA AG bind (kcal/

Glide XP score
(kcal/mol)®

Key interacting receptor residues from

subunits o y,"

MMGBSA AG bind (kcal/mol)

Glide XP score (kcal/mol)

mol)®

Phel00, His102, Lys156, GIn204,

Ser205, Tyr210/Tyr62

na

—29.95/-67.11

—3002.55

—4.356

His102, Ser159, Tyr160, Ser205, Ser206,

Tyr210/Thr142, Glu189

-71.13

—8.255

6-prenyl-naringenin (6PN)

na

na

Phel00, His102 Alal61, Thr207, Tyr210/ na

Thr142
na

—57.95%/-64.71"

—9.001%/-6.494"

Flumazenil

His102, Ser206, Tyr210/Tyr62

—23.33/-69.64

—2992.31

—2.246

na

na“

CGS 9895

? The top-ranked (XP score) docking pose that is flipped ~180° along the longest axis of the molecule compared to the experimental pose (Supplementary Figs. S3 and S4).

> Docking pose similar to the experimental pose (cf. for the initial experimental pose the MMGBSA energy was — 57.52 kcal/mol — only the added hydrogen atoms of the receptor had been minimized while the heavy

atoms were restrained).

¢ Not applicable.

4 His102 protonated at epsilon nitrogen (HIE102).
¢ Non-optimal (rigid) binding site conformation.

f Induced fit docking composite score = GlideScore + 0.05 x PrimeEnergy.

& Prime/MMGBSA free energy of binding calculated for the respective Glide XP/induced fit docked poses.

h His102 protonated at delta nitrogen (HIS102).

European Journal of Pharmacology 873 (2020) 172962

blocker (Sekiguchi et al., 2018). The precursor of 6-prenylnaringenin
and other hops iso-flavanones is desmethylxanthohumol (DMX)
(Stevens et al., 1999). During brewing, and due to the low stability of
DMX in aqueous solutions (Miles and Main, 1985), it undergoes spon-
taneous isomerization into 6-prenylnaringenin and to a lesser extent
into 8-prenylnaringenin (Hansel and Schulz, 1988; Chadwick et al.,
2006). Despite being found in low concentrations in hops < 0.01%
(Almaguer et al., 2014), the compound received considerable attention
for its promising bioactivity. These include antifungal (Mizobuchi and
Sato, 1984), antiosteoporotic (Effenberger et al., 2005), anti-
proliferative (Delmulle et al., 2006, 2008; Venturelli et al., 2018;
Bartmanska et al., 2018) as well as pain-relieving properties (Sekiguchi
et al., 2018; Du Nguyen et al., 2018).

6-prenylnaringenin appears to be the most potent hops prenyl-
flavonoid acting as a positive allosteric modulator with an ICsq of
3.7 = 0.4 uM for GABA-induced [*H]EBOB displacement in native
forebrain GABA, receptors. The corresponding ICs, for xanthohumol,
isoxanthohumol and 8-prenylnaringenin were 29.7 = 0.8 uM,
11.6 * 0.7 uM and 7.3 * 0.4 pM, respectively (Benkherouf et al.,
2019). Despite the structural similarities between 6-prenylnaringenin
and its isomer 8-prenylnaringenin, our radioligand binding results show
clear differences in terms of their modulatory potency, direct agonist
effects on GABA, receptors and selectivity to the classical benzodiaze-
pine binding site. For example, the more potent modulator, 6-pre-
nylnaringenin, was unable to induce changes in GABA-free [*H]EBOB
binding at 30 uM, while 8-prenylnaringenin at the same concentration
displaced 51% of [*H]EBOB binding in the absence of GABA
(Benkherouf et al., 2019). Moreover, 6-prenylnaringenin was more ef-
ficient in displacing [*H]Ro 15-4513 binding to the classical benzo-
diazepine binding site in native GABA, receptors.

In a study by Sekiguchi et al. (2018), 6-prenylnaringenin was found
to cross the blood-brain barrier (BBB) with no impact on locomotor
activity with open field and rotarod tests in mice. The concentrations
detected 10 and 30 min after i.p. administration in mice brain (30 mg/
kg) were 1.95 uM and 2.34 pM, respectively. Both concentrations are
sufficient to modulate GABA-induced responses in native GABA, re-
ceptors in vitro. Given the fact that the isomer 8-prenylnaringenin was
found to induce panicolytic effects with elevated T-maze test in rats
(Bagatin et al., 2014), further studies are needed to confirm the beha-
vioral effects of 6-prenylnaringenin in anxiolysis and sleep-promoting
activity.

4.4.2. GABA4 receptor subtype selectivity and putative 6-prenylnaringenin
binding site

According to our results, flumazenil led to a slight potentiation in
GABA-induced [®H]EBOB displacement confirming its intrinsic partial
agonist property reported in a6-containing GABA, receptors
(Hadingham et al., 1996) and some animal models (Dantzer and Perio,
1982; Kaijima et al., 1983; Vellucci and Webster, 1983; Belzung et al.,
2000). Nevertheless, the positive modulation of 6-prenylnaringenin,
humulone and lupulone in [*H]EBOB binding was insensitive to flu-
mazenil antagonism suggesting that these compounds exert their
modulatory activity through a site other than the classical benzodia-
zepine binding pocket.

The displacement of GABA-induced [*H]EBOB binding by 6-pre-
nylnaringenin is higher in cerebellar than in forebrain membranes.
Moreover, an earlier study using recombinant GABA, receptors ex-
pressed in HEK293 cells showed that hops prenylflavonoids: 8-pre-
nylnaringenin and isoxanthohumol, modulate the activity of a6338
receptors with higher potency compared to alB3y2 (Benkherouf et al.,
2019). Since 8 subunit exists as a major a632/38 subtype in CGC (Quirk
et al., 1995; Jechlinger et al., 1998; Pirker et al., 2000; Poltl et al.,
2003), our results suggest a higher modulatory potency of 6-pre-
nylnaringenin in the benzodiazepine-insensitive §-containing GABAA
receptors.

Our molecular docking results at GABA, receptor alf2y2 isoform
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show that the most favorable free energy of binding is predicted for 6-
prenylnaringenin at both al + $2- and al + y2- interfaces (Table 2). The
best docking poses were selected based on the estimated free energy of
binding (Prime/MMGBSA), Glide XP docking score or IFD Score and
visual assessment. Based on our earlier findings (Benkherouf et al.,
2019), the allosteric modulation exhibited by hops prenylflavonoids
was not dependent on y or § subunit suggesting a major role of o+ f3-
interface as a binding site in GABA, receptor pentameric complex.
Point mutations at the al subunit of the mouse receptor have indicated
that Tyr209 (Tyr210 in human receptor) was the key residue involved
in the mode of action of our reference compound CGS 9895 that acts as
a positive allosteric modulator at the al + 32- site (Varagic et al., 2013;
Maldifassi et al., 2016; Ramerstorfer et al., 2011). Consistently, Tyr210
is interacting with CGS 9895 and all hops prenylflavonoids in our
binding site model.

Docking results at al+y2- binding interface of GABA, receptor
alP2y2 isoform revealed structural similarities and comparable
binding energies between flumazenil and 6-prenylnaringenin. In addi-
tion, the best ligand poses were considered to be those that exhibited
many of the favorable interactions reported for flavonoids (Renard
et al., 1999; Huang et al., 2001), such as aromatic stacking and hy-
drogen bond interactions. 6-prenylnaringenin is predicted to form
aromatic stacking interactions and hydrogen bonds with the key
binding site residues that also participate in flumazenil and benzodia-
zepine agonist binding (Table 2; Buhr et al., 1996; Jursky et al., 2000;
Richter et al., 2012; Zhu et al., 2018). Of note, the docking pose of 6-
prenylnaringenin at the al + y2- site (Fig. 6C) is fairly consistent with
the flavonoid pharmacophore model reported by Huang et al. (2001). In
radioligand binding assays, 6-prenylnaringenin significantly displaced
both [SH]ﬂunitrazepam and [*H]Ro 15-4513 despite the lack of in-
volvement of the classical benzodiazepine site in its allosteric activity.
Hence, we suggest that 6-prenylnaringenin may act as a null modulator
at the classical benzodiazepine site where it binds to the same binding
site as flumazenil at the al + y2- subunit interface.

5. Conclusions

We presented individual components in hops that potentiate GABA-
induced displacement of [*H]JEBOB binding in native GABA, receptors
bringing further understanding of the possible mechanism of hops se-
dative properties. Humulone (alpha acid) and 6-prenylnaringenin
(prenylflavonoid) were the most potent compounds displaying mod-
ulatory activities at low micromolar concentrations. These modulations
appear to be not mediated by the flumazenil-sensitive benzodiazepine
binding site. Nevertheless, radioligand binding and molecular docking
results suggest a dual mode of action by 6-prenylnaringenin on GABA,
receptors where it may act as a positive allosteric modulator at o + 3-
interface as well as a null modulator at the flumazenil-sensitive o+ y2-
interface. Since hops intake occurs mainly through beer consumption in
humans, further electrophysiological and behavioral studies are needed
to confirm the synergic effects of the reported modulators with the
presence and absence of alcohol.
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