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Abstract

Cisplatin-induced peripheral neuropathic pain is a common adverse effect of chemotherapy. The present study evaluated the effects of
2’-chloro-6-methylflavone (2’-Cl-6MF) at recombinant ol 32y2L, o231-3y2L, and «331-3y2L GABA-A receptor subtypes
expressed in Xenopus oocytes and subsequently evaluated its effectiveness in cisplatin-induced neuropathic pain. The results showed
that 2’-Cl-6MF potentiated GABA-elicited currents at «232/3y2L and «332/3y2L GABA-A receptor subtypes. The potentiation
was blocked by the co-application of flumazenil (a benzodiazepine (BDZs) site antagonist). In behavioral studies, mechanical
allodynia was induced by intraplantar injection of cisplatin (40 pg/paw) in Sprague Dawley rats, and behavioral assessments were
made 24 h after injection. 2’-CI-6MF (1, 10, 30, and 100 mg/kg, i.p.), was administered 1 h before behavioral evaluation.
Administration of 2’-Cl-6MF (30 and 100 mg/kg, i.p) significantly enhanced the paw withdrawal threshold and decreased mechanical
allodynia. The standard drugs, gabapentin (GBP) at the dose of 70 mg/kg, and HZ 166 (16 mg/kg), i.p. also significantly enhanced the
paw withdrawal threshold in mechanical allodynia. Pretreatment with pentylenetetrazole (PTZ) (15 mg/kg, i.p.) and flumazenil
reversed the antinociceptive effect of 2°-CI-6MF in mechanical allodynia indicating GABAergic mechanisms. Moreover, the binding
mechanism of 2°-CI-6MF was rationalized by in silico modeling tools. The 3D-coordinates of «232y2L and «233y2L were
generated after homology modeling of the o2 subtype and 2’-Cl-6MF was at predicted binding sites of the developed models.
The 2 model was compared with the &1 and o3 subunits via structural and sequence alignment. Molecular docking depicted that the
compound binds efficiently at the neuromodulator binding site of the receptors. The findings of this study revealed that 2’-CI-6MF
ameliorated the manifestations of cisplatin-induced neuropathic pain in rats. Furthermore, we also conclude that GABAergic mech-
anisms may contribute to the antinociceptive effect of 2’-Cl-6MF. The molecular docking studies also confirm the involvement of the
BDZs site of GABA-A receptors. It was observed that [1e230 of &2 stabilize the chlorophenyl ring of 2’-CI-6MF through hydro-
phobic interactions, which is replaced by Val203 in «1 subunit. However, the smaller side chain of Val203 does not provide
hydrophobic interaction to the compound due to high conformational flexibility of «1 subunit.
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Chemotherapy-induced neuropathic pain occurs as a result of
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solid tumors (Deuis et al. 2014). Cisplatin is typically used to
treat neck, head, lung, ovarian, and testicular tumors.
Cisplatin-induced peripheral neuropathy is usually dose-
dependent and occurs at a dose greater than 300 mg/m?
(Krarup-Hansen et al. 1993). This kind of chronic neuropathic
pain usually affects upper and lower limbs and causes symp-
toms including dysesthesias and paresthesias (Roelofs et al.
1984; Thompson et al. 1984). Morphological and electrophys-
iological studies have shown that cisplatin-induced peripheral
neuropathy largely affects sensory neurons (Thompson et al.
1984). Cisplatin-induced peripheral neuropathy usually per-
sists for months and years even after the cessation of therapy
and is believed to be due to the accumulation of platinum-
based agents in the dorsal root ganglia (Gregg et al. 1992).

Chemotherapy-induced neuropathic pain thus prevents pa-
tients from completing their duration of treatment with life-
saving drugs leading to noncompliance or prevents
prolonging treatment they need. The treatment of
chemotherapy-induced neuropathic pain is difficult and often
accompanied by serious adverse effects (Park 2014).
Therefore, the development of effective and inexpensive and
selective novel drugs to be effective as analgesics in
chemotherapy-induced peripheral neuropathy is of utmost
importance.

Several pathophysiological mechanisms including oxida-
tive stress, activation of apoptotic pathways, changes in calci-
um homeostasis, myelinated and unmyelinated fibers loss,
and increased ion channel expression and activity have been
implicated in chemotherapy-induced neuropathic pain
(Quintdo et al. 2019). Antidepressants drugs such as
duloxetine have been found useful to alleviate this pain
(Smith et al. 2013). Other drugs that are usually used to treat
these pain conditions include anticonvulsant drugs that mod-
ulate or block voltage-gated Na + or Ca2+ channels (Sang and
Hayes 2006). Other anticonvulsive drugs such as benzodiaz-
epine site agonists, which enhance neuronal inhibition
through positive modulation of GABA-A receptor—mediated
neurotransmission are also effective. Reduced GABAergic or
glycinergic inhibition in the spinal dorsal horn (i.e., in the
sensory part of the spinal cord) is a major contributor to chron-
ic pain syndromes (Coull et al. 2003; Harvey et al. 2004),
suggesting that drugs that facilitate spinal inhibition might
be useful to treat chronic neuropathic pain. Thus in line with
this concept, previous work has shown that spinal injection of
benzodiazepine site agonists provides pain relief in several
rodent models of neuropathic pain and inflammation (Knabl
et al. 2008).

Mammalian GABA-A receptors are heteropentameric ion
channels assembled from a repertoire of 19 subunits. The most
common subtypes of GABA-A receptors contain two -, two
(- and one ~2-subunits. Pharmacological properties of the
different GABA-A receptor subtypes are best characterized
by the type of a-subunit present in the individual receptors
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(Olsen and Sieghart 2008). Experiments in genetically modi-
fied mice demonstrated a particular relevance of GABA-A
receptors with a2-type benzodiazepine pharmacology (o:2-
GABA ARs) for analgesic effects mediated by spinally applied
benzodiazepines (Knabl et al. 2008). These and subsequent
experiments (Knabl et al. 2009) have shown that the analgesic
actions of benzodiazepines site agonists occur independently
from their sedative action, which is mediated by the al-
GABA-A receptor subtype (Rudolph et al. 1999). Thus, the
identification of selective a2-GABA-A receptor subtype ago-
nists will provide leads for the development of novel and
effective analgesics.

Our discovery that flavonoids distinctly modulate/directly
activate GABA-A receptors identifies lead molecules and a
novel mechanism of channel modulation that could provide
society with effective adjunct or alternative analgesics to be
effective in chemotherapy-induced neuropathic pain that has
reduced side-effects compared to current therapies. Since we
have shown that selected flavonoids have enhanced efficacy at
«2-containing GABA-A receptors (Karim et al. 2011), thus it
is anticipated that flavonoids with selectivity towards o2-
GABA-A receptor subtype will be effective in alleviating neu-
ropathic pain associated with chemotherapy. Thus, we sought
to investigate 2’-Cl-6MF (Fig. 1) using electrophysiological
and in vivo studies for its effectiveness in cisplatin-induced
neuropathic pain.

Materials and methods

Cisplatin, gabapentin, morphine sulfate, PTZ, flumazenil, HZ
166, DMSO, and normal saline were purchased from Sigma
Aldrich, whereas naloxone (98%) was purchased from
Hangzhou Uniwise International Co., Ltd., China. Reagents
were also purchased from Aldrich Chemical Co. Ltd. (St
Louis, MO) and were of analytical grades. Human «l, o2,
32, and y2L DNA in pcDMS8 were provided by Dr. Paul
Whiting (Merck, Sharpe and Dohme Research Labs,
Harlow, UK), «3 and 33 in pGEMHE, and 31 in PCDMS8
were a gift from Dr. Bjarke Ebert (H. Lundbeck A/S, Valby,
Denmark).

Cl

Fig. 1 Structure of 2’-chloro-6-methylflavone
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Synthesis of 2’-chloro-6-methylflavone

Thin-layer chromatography was performed on pre-coated sil-
ica gel (0.2 mm, 60F,s,), Spots were visualized under ultravi-
olet light at 254, alkaline potassium permanganate solution
(0.5% w/v), and iodine vapors. Column chromatography
was performed on silica gel 60 (Merck). High-resolution ESI
mass spectra were registered on Bruker Bio Apex II 7 T in-
strument (Bruker Daltonics)."H NMR spectra were recorded
at 400 MHz using a Varian (Palo Alto, CA) Gemini 400 spec-
trometer. The chemical shift values are presented in ppm (8)
relative to tetramethylsilane (TMS) as an internal standard and
the coupling constant (J) is in Hertz.. '*C NMR spectra were
recorded at 100.5 MHz using a Varian (USA) 400 MI spec-
trometer. The chemical shift values are presented in ppm (5).

Butyllithium (33.45 mmol) was added under nitrogen at-
mosphere to a solution of diisopropylamine (34.96 mmol) in
THF (25 mL) at — 78 °C and was stirred for 10 min then the
solution temperature was raised to 0 °C for 10 min then it was
cooled back to —78 °C. A solution of 2-hydroxy-5-methyl
acetophenone (1) (16.65 mmol) in THF (50 mL) was added
and the solution was stirred for 2 h at =78 °C followed by the
addition of solution of 2-chlorobenzoyl chloride (2)
(16.79 mmol) in THF (50 mL) and the resulting solution
was stirred at room temperature for 36 h. The reaction was
quenched by the addition of saturated ammonium chloride
solution. The resulting mixture was then extracted with di-
chloromethane and was washed with brine and dried using
sodium sulfate to produce 1-(2-hydroxy-5-methylphenyl)-
3-(2-chlorophenyl)propane-1,3-dione (3). Purification was
achieved by silica gel column chromatography (hexane:
EtOAc, 8:2). The resulted compound (3) (3.5 mmol) was
added to glacial acetic acid (7 mL) and was refluxed with
sulfuric acid (7 mmol) for 16 h at 120 °C.

The reaction mixture was concentrated under reduced pres-
sure. The crude product was purified by silica gel column
chromatography (hexane: EtOAc, 4:6) and recrystallized
using acetone to afford pure 2'-chloro-6-methylflavone (4).

2'-Chloro-6-methylflavone (4): "H-NMR (DMSO-d,,
400 MHz) § ppm: 7.78 (1H, dd, J=7.9, 1.4 Hz), 7.82 (m,
1H), 7.63 (1H, dd, J=8.2, 7.4 Hz), 7.53 (1H, dd, J=1.6,
0.5 Hz), 7.45 (1H, dd, J=8.2, 1.2 Hz), 7.34 (1H, dd, J=7.9,
7.4 Hz), 7.11 (1H, dd, J=8.3, 0.5 Hz), 6.95 (1H, dd, /= 8.3,
1.6 Hz), 6.56 (1H, s), 2.35 (3H, s). >*C-NMR (DMSO-d,,
100.5 MHz) § ppm: 177.65, 159.70, 154.2, 134.02, 133.94,

Scheme 1 Synthesis of 2'-
choloro-6-methylflavone. a
butyllithium, diisopropylamine,
2 hat—"78 °C; b Glac. AcOH,
conc H,SOy4, 16 h at 120 °C
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130.72, 130.60, 130.56, 128.33, 128.15, 127.33, 124.62,
123.43, 118.78, 105.61, 20.90. MS (ESI) m/z=271.1 [M+
1]. HRMS (ESI) calcd for C;¢H;;0,Cl [M* + H] 271.0526,
found 271.0527 (Scheme 1).

Expression of recombinant GABA receptors in
Xenopus oocytes

Oocyte preparation

Sexually mature female Xenopus laevis were maintained un-
der optimal conditions by authorized animal keepers at The
University of Sydney Animal House and fed standard frog
food. Stage V-VI oocytes were harvested under 0.1% tricaine
(3-aminobenzoic acid ethyl ester) anesthesia. Oocytes were
defolliculated by shaking for approximately 1 h at 18 °C in
collagenase (2 mg/mL) dissolved in OR2 solution containing
(in mmol/L): NaCl 96; KCI 2; CaCl2 1, MgCI2 1; HEPES 5,
pH 7.4. cDNA vectors were linearized with the appropriate
restriction endonucleases and capped transcripts were pro-
duced from linearized plasmids using the ‘mMessage
mMachine’ T7 transcript kit from Ambion (Austin, TX,
USA).

Stage V-VI oocytes were sorted and injected (Nanoject,
Drummond Scientific Co., Broomali, PA) with cRNA
reconstituted in nuclease-free water in a ratio of 1« (25 ng):
13 (25 ng): 5 (y) (125 ng). Oocytes were incubated for up to
4-8 days in standard ND96, pH 7.4, supplemented with pyru-
vate (2.5 mM), theophylline (0.5 mM), gentamycin (50 pg
/mL), and 2% horse serum at 18 °C.

Electrophysiology

Currents were recorded using the two-electrode voltage-clamp
technique according to our previously described method
(Karim et al. 2011). Glass microelectrodes were filled with
3 M KClI (0.5-2 MS2). Oocytes were clamped at —60 mV
and continuously perfused with ND96 solution (96 mM
NaCl, 2 mM KCI, 1 mM MgCl,, 1.8 mM CaCl,, 5 mM
HEPES, pH 7.5). Current amplitudes were calculated using
Chart program version 5 (ADInstruments, NSW, Australia).
Responses to GABA applications were normalized as [% = (I/
Imax) x 100, where [ is the peak amplitude of current response
and /max is the maximum current produced by GABA mea-
sured from individual cells. The enhancement of GABA-

2'-chloro-6-methylflavone (4)

@ Springer



Naunyn-Schmiedeberg's Arch Pharmacol

induced currents was tested by coapplying increasing concen-
trations of the drugs with a specific concentration of GABA
that produced approximately 10% of maximal activation.
EC10 was determined from the GABA dose-response curve,
constructed from 6 to 10 cells and calculated as the concen-
tration that produced 10% current of the maximum response
(current) produced by GABA. Current responses were nor-
malized as % potentiation = ((Idrug+GABA-IGABA)/
IGABA)100, where Idrug+GABA is the control GABA cur-
rent in the presence of a given concentration of a drug, and
IGABA is the amplitude of the control GABA current alone.

Animals

Sprague Dawley rats of either sex (50% male; 50% female) in
the weight range of 150-220 g were purchased from the
Department of Pharmacy, the University of Peshawar for
breeding purposes. The animal colony was established and
maintained in the animal house of the University of
Malakand. The animals had access to freshwater and standard
chow food ad libitum. The animals were maintained at 12 h
light and dark cycle and with room temperature maintained at
22-25 °C. All experimental procedures involving animals
were approved by the Animal Ethical Committee of the
Department of Pharmacy, University of Malakand
(DAEC/PHARM/2016/15), and were conducted according to
the guidelines of the UK animal scientific procedure act, 1986.

Cisplatin-induced neuropathic pain

A single-dose of cisplatin (0.4 pg, 4 ug, or 40 pg) was ad-
ministered by 22 G shallow subcutaneous (s.c.) injection to
the left hind paw (intraplantar injection) under 3% isoflurane
anesthesia. This caused rapid induction of neuropathy which
was evident within 1 h of injection (Deuis et al. 2014) and
lasted for several days (8 days). No adverse effects including
redness, swelling, or ulceration, were observed at the site of
injection.

Assessment of nociceptive thresholds

Thermal and mechanical allodynia were used for assessing the
pain threshold. Thermal allodynia was assessed using both hot
and cold temperatures.

1. Cold allodynia: Cold allodynia was performed according
to the modified acetone method previously described
(Deng et al. 2012). Rats were placed underneath inverted
plastic cages on an elevated metal mesh table. After ha-
bituation, an acetone bubble that formed at the end of a
blunt (1 c.c.) insulin syringe was gently presented to the
plantar surface of the hind paw. Acetone was applied to
the paws 5 times with a 3-min interval. The animals were
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observed for 20 s after the application of acetone. The
number of paw lifts, licks, and flinches was recorded over
5 min.

2. Hot plate test: Hot plate test was used to determine the
effects of test compounds on cisplatin-induced neuropath-
ic pain. This test was conducted according to the method
previously described (Deuis et al. 2014; Miri et al. 2015).
Heat allodynia was quantified by counting the number of
paw lifts, shakes, or flinches over 5 min at 42 °C using a
hot plate (HotPlate, IITC).

3. Mechanical allodynia: Mechanical allodynia was assessed
using a digital Von Frey anesthesiometer. The paw with-
drawal threshold (PWT) was assessed using a digital von
Frey (Von Frey anesthesiometer equipped with a rigid tip
(IITC Life Science, Woodland Hills, CA, USA). Rats
were placed underneath inverted plastic cages and were
positioned on an elevated mesh platform. Rats were
allowed to habituate to the chamber for 10 min before
testing. Stimulation to the hind paw plantar region was
applied through the floor of a mesh platform.
Mechanical stimulation was terminated upon paw with-
drawal. Cisplatin-induced decreases in mechanical paw
withdrawal were therefore defined as mechanical
allodynia (Rahn et al. 2008). The endpoint was confirmed
as paw withdrawal accompanied by head-turning, biting,
and/or paw licking. The required pressure was indicated
in grams and was considered to be the value of the paw
withdrawal threshold (PWT). Each rat was tested three
times, and the averages were considered to be the final
results. Behavioral assessment was done 24 h after cisplat-
in injection. All behavioral experiments were performed
in a blind fashion.

Drug administration

The effect of 2°-CI-6MF and other compounds was assessed
24 h after administration of the cisplatin. Group I animals
received only the normal diet with 0.9% NaCl alone and the
animals in groups II-VIII animals received cisplatin in saline
to a stock solution of 100 pg/10 ml. After 24 h, group III
received GBP (75 mg/kg), and group IV received HZ 166
(16 mg/kg). From groups V to VIII, animals were adminis-
tered a single i.p. injection of 2’-CI-6MF (1, 10, 30, and
100 mg/kg, i.p.). All the test compounds were administered
1 h before behavioral assessment. The involvement of GABA-
A receptors in the antiallodynic effect was assessed using
various antagonists including PTZ (15 mg/kg, i.p.) and
flumazenil (1 mg/kg, i.p.) which were administered 15 min
before GBP (75 mg/kg), HZ 166 (16 mg/kg) or 2°-Cl-6MF (30
and 100 mg/kg, i.p.) administration. Naloxone (1 mg/kg, i.p.)
was administered 15 min prior to morphine (5 mg/kg, i.p.) or
2’-Cl-6MF (100 mg/kg, i.p.) administration.
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PTZ, gabapentin, HZ 166, morphine, naloxone, and
flumazenil were dissolved in 0.9% saline whereas 2°-Cl-
6MF was dissolved in a vehicle consisting of normal saline
(95%), Tween 80 (4%), and DMSO (1%) and were adminis-
tered in a total volume of 10 ml/kg body weight except mor-
phine and naloxone which were administered in volume of
2 ml/kg body weight.

Computational modeling
Homology modeling and molecular docking

The binding mechanism of 2’-chloro-6-methylflavone was
studied by computational tools including homology modeling
and molecular docking. The 3D-complex of «232y2L was
generated by superimposing the GABARa2 model on hu-
man GABA Rl (present in GABAARx1p32y2, PDB ID:
6D6T). The x233y2L complex was generated by replacing
ol and 32 subtypes (present in 6D6T) with the GABA 2
model and (33 coordinates (taken from GABA,x5[33 sub-
type, PDB code: 6A96) in GABAARx132y2 (6D6T) The
complexes were created in pentameric form.

The three-dimensional (3D-) structure of the GABA &2
subunit was built by homology modeling using a sequence
of GABAA&2 from the UniProtKB database (ID: P47869)
(Supporting Information, Table S1). Human
GABAARx 1322 structure is present in a complex with
GABA and drug flumazenil (PDB code: 6D6T). The percent
(%) identity between GABARa1 and GABA R«2 is 87%,
therefore GABA AR 1 was used as a template for modeling of
«2 subunit by SwissModel server (https://swissmodel.expasy.
org/). Model-Template sequence alignment is presented in
Fig. S1 (Supporting Information). The quality and the stereo-
chemical properties of the developed model were assessed by
the Ramachandran plot (http://servicesn.mbi.ucla.edu/
PROCHECK)) (Fig. S2). The neurotransmitter (GABA) bind-
ing site of GABA Rx2 was inferred by multiple structural
alignment of the model with the structures of human
GABA,x132y2 (PDB codes: 6D6T and 6CDU) and mouse
GABA a1l (PDB codes: 5OSB and 50SC). For structure
comparison of «2 subunit with &1 and &3 subunits, the coor-
dinates of a3 were taken from SwissModel repository of
models (https://swissmodel.expasy.org/repository/uniprot/
P34903) with accession number P34903 (GBRA3
HUMAN). Subsequently, in silico molecular docking was
carried out by Molecular Operating Environment (MOE
version 2009.14). For docking, Hydrogen atoms were added
on proteins, and partial charges were applied (based on
MMFF94x force field). The structure of the ligand was
generated and minimized by MOE (with MMFF94x force
field, RMS gradient=0.1 kcal/mol/A). During minimization,
MOE automatically adds hydrogen atom and partial charges
on the ligand. Triangle Matcher docking algorithm and

London dG scoring function were applied in docking.
Results were analyzed by UCSF-Chimera (https://www.cgl.
ucsf.edu/chimera/).

Statistical analysis

The data were expressed as mean + SEM. Data were analyzed
by unpaired ¢ test for the comparison of two groups and
ANOVA followed by Tukey’s post hoc test for more than
two groups. A P value less than 0.05 was considered statisti-
cally significant.

Results

Effect of 2'-CI-6MF at a1B2y2L and a2/3p1-3y2L
GABA, receptors

2’-Cl-6MF did not enhance the response to 10 uM GABA at
«1-subunit-containing receptors (Fig. 2). The figure shows a
sample current trace at ocl 32y2L receptors that indicate that
coapplication of 100 uM with 10 uM did not enhance GABA-
elicited currents (Fig. 2a). In contrast, 2’-Cl-6MF enhanced
GABA-elicited currents at «2(32y2L GABA-A receptors.
2’-Cl-6MF at 100 uM caused a 4.5-fold increase in the
GABA ECI10 response (Fig. 2b). 2’-CI-6MF also enhanced
the response to 10 uM GABA at «233y2L but has no effect
at «231y2L receptors. The concentration-response curves of
2’-Cl-6MF in the presence of GABA ECI10 response shows
that maximum potentiation of GABAEc;¢ induced currents
was 449 +31 and 356 +22% at «232y2L and «233y2L re-
ceptors (Fig. 2¢; Supplemental 2). 2°-Cl-6MF was also eval-
uated for possible potentiating effects of GABA at «331-
3y2L subtypes. 2’-CI-6MF also caused moderate enhance-
ment of GABA-elicited currents at «332/3y2L subtype, but
no increase was observed at «231y2L receptors (Fig. 3 a and
b). The concentration response curves of 2’-CI-6MF in the
presence of GABA ECI10 indicated that maximum potentia-
tion of 252 +35% at «232y2L and 260+45% (Fig. 3c;
Supplemental 3).To investigate the involvement of classical
high-affinity BDZ site on the potentiation of GABA-induced
currents (10 uM) by 2°-CI-6MF (30 uM), flumazenil (0.1, 1,
and 10 uM) was coapplied. Flumazenil reduced GABA-
induced currents at x232y2L receptors in a concentration-
dependent manner, with 10 uM blocking the response
completely, indicating that 2°-Cl-6MF (30 uM) enhanced
GABA-clicited currents via the classical BDZ binding site
on GABA-A receptors (Fig. 2d).

Cisplatin-induced thermal allodynia

Intraplantar administration of cisplatin (40 pg/paw) did not
induce thermal allodynia as it did not cause any observable
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Fig. 2 2’-C-I6MF acted as
positive allosteric modulators of
«1/2- subunit-containing GABA-
A receptors. a Current trace
showing the effect of GABA
(EC10: 10 uM) by 2’-CI-6MF
(100 uM) at human recombinant
«132y2L GABA-A receptors. b
Sample current trace showing the
effect of GABA (EC10: 10 uM)
by 2’-CI-6MF (100 pM) at hu-
man recombinant «232y2L
GABA-A receptors. ¢
Concentration-response curves
for 2°-CI6MF in the presence of
GABA (EC10=10 uM) at
recombinant «232y2L (e),
233 y2L (A), and «231y2L (¢)
receptor subtypes. d Effect of
flumazenil (Flu) on the
potentiation of GABA-induced
currents by 2’-Cl-6MF (30 uM) at
human recombinant «232y2L
GABA-A receptors. Data are
mean + SEM (n = 3-6 oocytes)
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changes in the number of paw lifts, shakes, or flinches. This
observation is consistent with previous studies (Deuis et al.
2014) and clinical observation (data not shown).

Cisplatin-induced mechanical allodynia

Figure 4 shows the effects of intraplantar injection of cisplatin
on the paw withdrawal threshold to mechanical stimulation.

Fig. 3 Effect of 2’-C-16MF on
a3-subunit-containing GABA-A
receptors. a Current trace
showing the effect of GABA
(EC10: 10 uM) by 2’-CI1-6MF
(100 uM) at human recombinant
«332y2L GABA-A receptors. b
Sample Current trace showing the
effect of GABA (EC10: 10 uM)
by 2’-CI-6MF (100 uM) at
human recombinant «3(31y2L
GABA-A receptors. ¢
Concentration-response curves
for 2°-CI6MF in the presence of
GABA (EC10=10 uM) at
recombinant «332y2L (e),
«233y2L (A) and a231y2L (¢)
receptor subtypes. Data are mean
+ SEM (n =3-6 oocytes)
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Panel A shows that a single injection of cisplatin 40 pg/paw
caused a significant decrease in paw withdrawal threshold
over 3 days (*p < 0.05, ***p < 0.001; Student ¢ test
(unpaired) that lasted for several days (data not shown).
Panel B shows the cisplatin dose-dependently caused a signif-
icant decrease in paw withdrawal threshold at the doses of
0.4-40 pg/paw after 24 h (**p < 0.05, ***p < 0.001. One
way ANOVA followed by Tukey’s post hoc test).
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Fig. 4 An animal model of chemotherapy-induced neuropathy based on
the intraplantar injection of cisplatin. a Intraplantar injection of cisplatin
40 pg significantly reduced paw withdrawal threshold to mechanical
stimulation via Von Frey rigid filament compared to control (0.9%
saline).*p < 0.05,%**p < 0.001 compared with control. Data were

Antinociceptive effect of 2’-CI-6MF on cisplatin-
induced mechanical allodynia

Figure 5 depicts the effect of 2’-Cl-6MF on cisplatin-evoked
mechanical allodynia. Administration of cisplatin (40 pg/
paw) caused a significant decrease in paw withdrawal thresh-
old after 24 h compared to control (F (6, 35)=43.30,
**%p < 0.001). Administration of animals with 2’-Cl-6MF,
GBP or HZ 166 significantly increased the paw withdrawal
threshold in cisplatin-induced mechanical allodynia compared
to cisplatin (F (6, 35) = 43.30, **p <0.001). 2°-Cl-6MF dose-
dependently reversed cisplatin-induced reduction in paw with-
drawal threshold at 10, 30, and 100 mg/kg, i.p. (#p < 0.05,
#1 <0.01) compared to cisplatin group. No significant reduc-
tion in paw withdrawal threshold was observed with 2°-ClI-
6MF at 1 and 10 mg/kg. GBP, administered as a reference
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Fig.5 Antiallodynic effect of 2°-Cl-6MF in cisplatin-induced mechanical
allodynia at 24 h. **#p < 0.001 compared with control. *p < 0.05,
#p < 0.01, compared to cisplatin group. Data are presented as mean =
SEM, n =8. Statistical significance was determined using one way
ANOVA followed by Tukey’s post hoc test
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analyzed by Student ¢ test (unpaired). b A single intraplantar injection
of cisplatin (0.4-40 pg/paw) caused mechanical allodynia dose-
dependently (data shown at 24 h). **p < 0.01; ***p < 0.001 compared
with control (one way ANOVA followed by Tukey’s post hoc test). Data
are expressed as mean + SEM, n = 8 rats/group

drug, also significantly reversed cisplatin-induced mechanical
allodynia at 70 mg/kg (**p < 0.001).

Elucidation of the mechanism of action

To assess the involvement of GABAergic mechanisms in the
antiallodynic effect of 2°-CI-6MF, PTZ (15 mg/kg, i.p.) was
administered 15 min before GBP (70 mg/kg), HZ 166
(16 mg/kg), and 2’-CIl-6MF (30 and 100 mg/kg) administra-
tion (Fig. 6). The results showed that both PTZ and flumazenil
reversed the increases in paw withdrawal threshold (g) caused
by 2’-Cl-6MF indicating the involvement of GABA-A recep-
tors. A similar reversal of the antiallodynic effect of HZ 166
(16 mg/kg) was observed with flumazenil (3 mg/kg, i.p.) pre-
treatment. In contrast, PTZ did not inhibit GBP-induced en-
hancement of paw withdrawal threshold indicating that the
antiallodynic effect of GBP is mediated by GABAergic mech-
anisms but does not involve GABA-A receptors. Furthermore,
to rule out the role of opioid receptors in the antinociceptive
effect of 2’-Cl-6MF, animals administered with either 2’-Cl-
6MF (100 mg/kg, i.p.) or morphine (5 mg/kg, i.p.) were
pretreated with NLX (1 mg/kg, i.p.). Pretreatment with NLX
completely abolished the antinociceptive effect of morphine.
In contrast, NLX did not inhibit the antinociceptive effect of
2’-Cl-6MF (100 mg/kg, i.p.) ruling out the involvement of
opioid receptors (Fig. 6b).

Homology modeling and molecular modeling

Homology modeling was employed to generate the 3D-
coordinates of «2 subunit to constitute «2(32y2L and
«233y2L complexes. The developed models were used in
molecular docking studies. The structure of human GABA
«132vy2 (PDB code: 6D6T) was used as a template to
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Fig. 6 Effect of PTZ (15 mg/kg, i.p.) on the antiallodynic effect of GBP
or 2’-Cl-6MF and flumazenil (Flu) on HZ 166 (16 mg/kg, i.p.) or 2°-Cl-
6MF (a); or effect of NLX (1 mg/kg, i.p.) on the antiallodynic effect of
MOR (5 mg/kg, i.p.) or 2’-CI-6MF (100 mg/kg) (b) in mechanical
allodynia at 24 h using digital Von Frey anethesiometer. ***p < 0.001

construct the model of GABA, «2. The percent (%) identity
between template and model was 87% with 78% query cov-
erage, and 0.0 E-value (Table S2). Moreover, GABA A 2 pos-
sesses 87% and 85% identities with GABA, a1 and
GABA A5, respectively. The structural topologies of the tem-
plate and «2 model were similar. The «2 model possesses 407
residues with an extracellular domain (ECD, residues 38—
252), four transmembrane regions so-called M1 to M4, and
an intracellular domain (ICD). M1 is composed of twenty
residues (from 253 to 273) which are connected with M2 (of
eighteen residues, 282-300) via loop region (274-281). M2
faces the ion channel and is linked with an extracellular loop
(301-311) which connects M2 and M3 (312-337), whereas
M3 and M4 (344-372) are connected through an ICD which is
composed of 72 residues (340—412). This ICD region was
stripped off from the model to align the coordinates of the
model on the structure of the template. A signatory Cys-loop
is located at the ECD constituted by an amino-terminal oc-
helix and ten [3-strands folded into a (3-sandwich. The neuro-
transmitter (GABA) binds at ECD between the «2-32 inter-
face while benzodiazepines (BZD) and allosteric modulator
(flumazenil) bind at the «2-y2 interface. Several other modu-
lators including pregnenolone sulfate, alphaxalone, and
THDOC bind at M2-M4 and M 1-M4 regions of «2, respec-
tively. The GABA binding site at the 32 subunit is composed
of Tyr97, Tyrl57, Phe200, and Tyr205 which stabilize the
NHj; group of GABA via 7-cation interactions. The side-
chain carboxylate group of Glul55 and Thr202 interacted
with the amino nitrogen and carboxylate group of GABA,
respectively through ionic interaction and hydrogen bond.
The binding residues of «1 and «2 subunits are completely
identical. The GABA binding site at «l is constituted by
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compared with control. *p < 0.05, #p < 0.01, ¥ < 0.001 compared to
cisplatin group. Data are presented as mean + SEM, n = 8. Statistical
significance was determined using one way ANOVA followed by
Tukey’s post hoc test

Phe65, Arg67, Leull8, Leul28, and Thr130 which are iden-
tical to Phe92, Arg94, Leul45, Leul55, and Thr157 of the o2
subunit. Similar to Phe65(x1), Phe92(x2) forms the floor of
the binding pocket and offers hydrophobic interactions,
whereas side-chain guanidinium moiety of Arg94(x2) facili-
tates electrostatic interactions with the carboxylate group of
GABA. Therefore, Phe92 and Arg94 of the 2 subunit play a
crucial role in the binding of the substrate molecule. The ben-
zodiazepine (BZD) binds at ECD of «2 which is composed of
Phel27, His129, Ser186, Tyr187, Alal88, 1le230, Ser232,
Ser233, Thr234, Tyr237, and Val239, this ECD faces
«2—y?2 interface. These residues of &2 are identical to the
Phel100, His102, Ser159, Tyr160, Alal61, Val203, Ser205,
Ser206, Thr207, Tyr210, and Val212 of human «1 subunit.
Phel27, Tyr187, and Tyr237 of o2 interact with the diazepine
ring and Thr142 of y subunit mediated an H-bond with the
carbonyl group of flumazenil. Moreover, flumazenil also
formed H-bonds with His102(y), His129(x2), Ser232(«2),
Tyr187(«2), and 7t-7t interactions with Tyr237(x2). At the
«2-3 interface, flumazenil interacts with Asn41 and Gln64
of 33 through hydrophobic contacts. Another modulator,
pregnenolone sulfate (PS) binds between the M3-M4 region
of &l and «2 subunits mainly through hydrophobic interac-
tions. The residues of a1 (Phe295, Ser298, Glu302, Arg316,
Lys390, 11e391, Leu394, Ser395, Ala398, Phe399, and
Leud02) were identical to Phe323, Ser326, Glu330, Thr333,
Phe337, Serd13, Ile417, Metd20, Serd21, Vald24, and
Phe425, are Leu428 of «2 model. The Arg316 of «l1 interact
with the sulfate group of the compound through an H-bond.
However, human 2 possesses serine residue instead of argi-
nine which does not offer H-bond to PS at this site.
Alphaxalone (ALP) and tetrahydro deoxy corticosterone
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(THDOC) binds at the region between TM1(x) and TM3 (3)
at al-2, al-f3, and «2-f2 complexes. ALP mediates hy-
drophobic interaction with Trp273 and Tyr304 and H-
bonding with GIn269 of «2. In the 1 subunit, ALP formed
H-bond with Thr306 which is replaced by Leu in &2, which
does not offer H-bond to ALP. At the 33 subunit, Phe301 and
Tyr304 (located at M3) stabilize the substituted -OH and car-
bonyl moieties of THDOC via hydrophobic interactions.

We have docked the compound, 2°-Cl-6-MF at all the pre-
dicted binding sites in «232y2L and «233y2L complexes.
The docking results indicated that 2’-C1-6-MF favorably binds
at BZD binding region located at «2-y2 interface in «2(32y2L
complex, where flavone oxygens interact with the side chain —
OH of Ser323(«2) and OH of Thr142(y2) at a distance of
1.92 A and 2.57 A, respectively. The methyl-substituted phe-
nyl ring of the compound is located at the ECD region of «2
where the side chains of Tyr237, His129, Alal88, Tyrl187,
and Phe127 stabilize the compound through hydrophobic in-
teractions. The chlorophenyl moiety of the compound is ori-
ented towards the ECD region of y2 subunit where several
residues including Tyr58, Glul89, Asp56, Ala79, Phe77,
Thr142, and Met130 provides hydrophobic interactions to
the compound. The compound did not show favorable

Fig. 7 a The extracellular domain of the ®2(32y2L complex is shown.
The «2, 32, and y2 subunits are shown in hot pink, yellow, and blue
colors, respectively. The binding mode of 2’-CI-6MF at the «2-y2 inter-
face is highlighted. The ligand is shown in the green stick model, binding
residues of a2 and y2 are depicted in hot pink and blue stick models,
respectively. Hydrogen bonds are shown in black lines. b The 3D-
structure of the a2(33y2L complex is shown. The «2, 33, and y2

binding interaction at the GABA binding site, which is also
evident from its docking score (+2.85). The docking score of
the compound at the «2-y?2 interface is — 6.50 which is greater
than the binding scores of 2°-CI-6MF at M1(x2)-M3([32) re-
gion (—4.74) and M3-M4(«2) region (—4.10). Furthermore,
the compound was found to be surface-exposed when docked
at the transmembrane regions. The docking scores indicate
that the compound preferentially binds at the «2-y2 interface.
The docked view of the compound at the x2-y2 interface is
shown in Fig. 7a. Similarly, when docked at different predict-
ed pockets of ®2(33y2L complex, the compound showed sig-
nificant binding at the «2-y2 interface as compared to the
«2-33 interface and transmembrane regions of «2 and 33
subunit. The main chain amino group and the side chain —
OH of Ser233 of «2 subunit provides bidentate interactions
to the flavone oxygen of the compound in x233y2L complex.
The docked view of the compound at GABA binding site at
the «2-33 interface suggests that the compound may interact
with the amino and the —OH groups of Thr202 of the (33
subunit, however, the docking score at this site (—2.17) is very
low as compared to the other sites. The docking score of the
compound at an &2-y2 interface (BZD binding site) was —
9.87, which was significantly higher than the docking score of

K184

K231  S233

subunits are shown in green, red, and yellow colors, respectively. The
top view of ECD region of «233y2L is presented to show the binding
regions. The binding mode of 2’-CI-6MF at the a2-y2 interface is
highlighted. The ligand is shown in the magenta stick model, binding
residues of «2 and y2 are depicted in the green and yellow stick model,
respectively. Hydrogen bonds are shown in black lines
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the compound at other predicted binding sites. The binding
interactions of the compound are shown in Fig. 7b. The
docking results suggest that the compound has preferential
binding potential towards the «2-y2 interface in both the
complexes.

Discussion

Cisplatin is used in chemotherapy in the treatment of various
types of cancers including lung, ovarian, and breast cancers
(van der Burg et al. 2002; Woods et al. 1990). Several patho-
physiological mechanisms including increased ion channel
expression and activity are implicated in the pathophysiology
of cisplatin-induced neuropathic pain (Quintdo et al. 2019).
Reduced GABAergic or glycinergic inhibition in the spinal
dorsal horn (i.e., in the sensory part of the spinal cord) is
implicated in chronic pain syndromes (Coull et al. 2003;
Harvey et al. 2004; Zeilhofer 2008). BDZ-sensitive GABA-
A receptors include either 1, a2, a3, or a5, together with a 3
subunit and a 'y2 subunit in a stoichiometric ratio of 2:2:1
(Barnard 2001). Of special interest are «2- and x3-GABA-
A subtypes selective agonists which are effective in treating
chronic neuropathic pain. For example, HZ166 with preferen-
tial 2 and «3 subtype selectivity was found to possess
antihyperalgesic effects in chronic constriction injury (CCI)
of the sciatic nerve in mice (Di Lio et al. 2011).

We have previously shown flavonoids differentially mod-
ulate GABA-A receptors (Karim et al. 2011). They have en-
hanced efficacy at x2-containing GABA-A receptors (Karim
etal. 2011). Thus, in the present study, we investigated 2’-Cl-
6MEF for their effects on recombinant «1, &2, and &3 subtypes
containing GABA-A receptors expressed in Xenopus oocytes.
We found that 2’-CI-6MF selectively potentiated GABA-
elicited «232/3y2L and «332/3y2L GABA-A receptor sub-
types. 2’-CI-6MF also did not cause any enhancement of
GABA-induced current at «c132y2L subtype. Furthermore,
flumazenil blocked the potentiation induced by 2’-Cl-6MF
at indicating the involvement of classical high-affinity benzo-
diazepine site in its potentiation of GABA effect. This is in
contrast to findings obtained with 2’-MeO6MF (Karim et al.
2012) and 3-OH-2’-MeO6MF (Karim et al. 2011) where
flumazenil failed to block both GABA potentiation at selected
GABA-A receptor subtypes and x232y2L GABA-A receptor
subtype anxiolytic effects in mice. It appears that the halogen
substitution for the methoxy group at the 2’ position of ring C
confers benzodiazepine sensitivity to this compound.

Next, we evaluated the effects of 2’-Cl1-6MF on mechanical
allodynia in the Von Frey test. The results showed that 2’-Cl-
6MF (10-100 mg/kg) exerted a significant antiallodynic effect
as it reversed decreases in paw withdrawal threshold caused
by cisplatin. To assess the involvement of GABA-A receptors,
pretreatment of animals with PTZ reversed the enhancement
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of paw withdrawal threshold by 2’-CI-6MF indicating that
antiallodynic effects of 2’-CI-6MF possibly involve 232/
3v2L GABA-A receptor subtypes. The involvement of BDZ
in the antinociceptive effect of 2’-Cl-6MF was also evaluated
using flumazenil and the results showed amelioration of the
antiallodynic effects of 2°-Cl-6MF. The results of electrophys-
iological and behavioral studies indicate that 2°-Cl-6MF ex-
hibit a profile which is matched by most flavonoids which
mediate their pharmacological effects via the BDZ site of
GABA-A receptors. For example, 6-chloroflavone, 6-
fluoroflavone, 6-bromoflavone, 6-hydroxyflavone, and 6,20-
dihydroxyflavone demonstrated to be a positive modulator at
GABA-A receptors acting via flumazenil-sensitive high-affin-
ity classical benzodiazepine sites (Hanrahan et al. 2015; Ren
et al. 2010).

The antiallodynic effects of 2’-Cl-6MF were found to be
comparable with gabapentin (GBP). Gabapentin is used clin-
ically in the treatment of diabetes and chemotherapy-induced
neuropathic pain (Jensen et al. 2009). However, its
antihyperalgesic effects are accompanied by adverse effects
including sedation dizziness, motor incoordination, and atax-
ia. This may be due to complex mechanisms of gabapentin
including activating the heterodimeric GABAB receptors and
enhancing the NMDA current at GABAergic interneurons. It
may also block AMPA-receptor—mediated transmission in the
spinal cord, and activate ATP-sensitive K+ channels. The
antinociceptive effects of gabapentin may be mediated via
the 26 subunit of spinal N-type Ca2+ channels (Cheng and
Chiou 2006). Our results are consistent with these findings
where PTZ failed to block the antinociceptive effects of
gabapentin in the Von Frey test.

The findings that cisplatin does not appear to cause thermal
allodynia are consistent with previous studies wherein no sig-
nificant change either in cold or heat allodynia has been found
with an intraplantar injection of cisplatin (Park et al. 2013; Ta
et al. 2009). This was believed to be due to the accumulation
of high local concentrations of cisplatin at the sensory nerve
endings as a result of the intraplantar injection. This high
concentration is achieved via accumulation of the cisplatin
in the sensory nerve endings through copper transporters and
thus results in the development of sensory neuropathy (Liu
et al. 2013). Intraplantar injection of platinum-based chemo-
therapeutics agents directly exposes peripheral sensory nerve
endings to the high local concentration of cisplatin (Lancaster
et al. 2013; Sprowl et al. 2013) reflecting the accumulation
that results from intravenous administration in clinical set-
tings. Thus, this model accurately reflects the clinical presen-
tation of cisplatin-induced neuropathy wherein mechanical
allodynia is present, but cold and heat allodynia are absent
(Deuis et al. 2014).

Flavonoids have been shown to traverse the blood brain
barrier (BBB) and are able to localize in specific brain areas,
suggesting that they are potential candidates for
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neuromodulatory effects. For example, we have previously
shown that the pharmacokinetic studies of 6-methoxyflavone
indicated that it not only crosses BBB but can also achieve
considerable concentration in various brain areas including
brain stem and cerebral cortex involved in the modulation of
neuropathic pain (Akbar et al. 2017).

Computational modeling has been used extensively to de-
termine the three-dimensional structures of proteins of inter-
est, hit finding, and lead optimization (Prieto-Martinez et al.
2019). In silico techniques have played a crucial role in the
discovery of drug-like-compounds that are currently in clini-
cal use, for example, several molecules have been identified
for the treatment of glaucoma, nonsmall-cell lung cancer, in-
fluenza virus infections, and acquired immunodeficiency syn-
drome using computer-aided drug design (CADD) ap-
proaches. CADD is segregated in the structure-based
(SBDD) and the ligand-based drug design (LBDD) methods
that use the structural information of the protein and ligands,
respectively. Herein, we have applied SBDD methods includ-
ing homology modeling and molecular docking which are
used for the prediction of the structures of protein and their
binding with the inhibitors, respectively. Using homology
modeling tools, the coordinates of the o2 subtype was gener-
ated and inserted into «2(32y2L and «233y2L complexes.
Later, the binding of 2’-CI-6MF within these complexes was
studied by docking which demonstrated that 2°-CI-6MF may
target the neuromodulator binding site of the receptors. The
binding site of GABA,&2 subunit was compared with the
binding sites of GABA &1 and GABA 3 subunits by se-
quence and structural alignment. Most of the binding residues
in &2 subunit (Phel27, His129, Lys183, Ser186, Tyr187,
Alal88, Tyr189, Thr190, Ser232. Ser233, Thr234, Gly235,
and Tyr237) were completely identical in all three subunits
(Table S3, supporting information). However, Thr199 («2)
and Thr216 («3) are replaced with Argl64 in «l subunit.
Moreover, Ser192 of &2 is replaced with Ala in «1 and o3.
While Glu228(x2) and Glu253(«3) are replaced with Gly
residue in 1, similarly, Thr229 of «2 subunit is replaced with
Ile moiety in both «1 and a3 subunit. More interestingly,
11e230 of «2 and Ile255 of o3 are changed with Val203 in
a1 subunit. This [1e230(x2) play important role in the stabi-
lization of chlorophenyl ring of 2°-Cl-6MF through hydropho-
bic interactions. Due to the smaller side chain of Val and high
conformational flexibility of «1 subunit, Val residue found to
be located far from the compounds, and the hydrophobic in-
teraction was lost at this positon. The aligned view of these
subunits are shown in Fig. S3 in supporting information.

To the best of our knowledge, this is the first study that
evaluates the antiallodynic effect of a novel synthetic flavone,
2’-Cl-6MF on mechanical allodynia caused by cisplatin.
Furthermore, the antiallodynic effects of 2’-CI-6MF are most
likely mediated via classical benzodiazepine sites of «2 and/or
«3-containing GABA-A receptors. Thus, 2°-CI-6MF may

provide a lead for the development of safe and effective agents
for treating chronic neuropathic pain caused by cisplatin.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00210-020-02021-x.
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