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ABSTRACT

This research study focuses on addressing the limitations of current neuropathic pain (NP) treatments by
developing a novel dual-target modulator, E0199, targeting both Nay1.7, Nay1.8, and Nay1.9 and Ky7
channels, a crucial regulator in controlling NP symptoms. The objective of the study was to synthesize a
compound capable of modulating these channels to alleviate NP. Through an experimental design
involving both in vitro and in vivo methods, E0199 was tested for its efficacy on ion channels and its
therapeutic potential in a chronic constriction injury (CCI) mouse model. The results demonstrated that
E0199 significantly inhibited Nay1.7, Nay1.8, and Nay1.9 channels with a particularly low half maximal
inhibitory concentration (ICsg) for Nay1.9 by promoting sodium channel inactivation, and also effectively
increased Ky7.2/7.3, Ky7.2, and Ky7.5 channels, excluding Ky7.1 by promoting potassium channel acti-
vation. This dual action significantly reduced the excitability of dorsal root ganglion neurons and alle-
viated pain hypersensitivity in mice at low doses, indicating a potent analgesic effect without affecting
heart and skeletal muscle ion channels critically. The safety of E0199 was supported by neurobehavioral
evaluations. Conclusively, E0199 represents a ground-breaking approach in NP treatment, showcasing
the potential of dual-target small-molecule compounds in providing a more effective and safe thera-
peutic option for NP. This study introduces a promising direction for the future development of NP
therapeutics.
© 2024 The Authors. Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

NP is complex and can stem from various mechanisms, such as
anatomical changes and functional impairment. Peripheral and

Neuropathic pain (NP) is a common condition caused by le-
sions or diseases of the somatosensory nervous system [1]. Clin-
ical examples of NP include trigeminal neuralgia, postherpetic
neuralgia, and central post-stroke pain [2—4]. The pathogenesis of
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central sensitisation, malfunctioning descending inhibitory sys-
tems, activation of spinal glial cells, and changes in ion channels
are the common mechanisms [5]. Analgesics such as tricyclic
antidepressant  (TCA) nortriptyline, 5-hydroxytryptamine
norepinephrine reuptake inhibitor duloxetine, calcium channel
2-ligand gabapentin, sodium channel blocker lidocaine, and
opioid agonist morphine-controlled release tablets are commonly
used for the treatment of NP in clinical trials [2]. These medica-
tions have a limited therapeutic effect, and prolonged use can
lead to adverse effects such as immunological disorders and
physical dependence [1,2]. Therefore, the development of novel
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and potent medications for the treatment of NP is urgently
required.

Sodium channels are important targets for the development of
analgesic medications as they are essential for the release of action
potential (AP) [6]. Nay1.7 channels regulate the AP threshold and
contribute significantly to its upstroke [7]. In addition, Nay1.8 con-
tributes to most of the sodium current during the depolarisation
phase of the AP in neurons [8]. Moreover, Nay1.9 affects the depo-
larisation process of the resting membrane potential (RMP) and the
number of spontaneous and evoked discharges [9]. There are nine
subtypes of voltage-gated sodium channels, including Nay1.4 mainly
distributed in the skeletal muscles, Nay1.5 in the heart [1], and
Nay1.7, Nay1.8, and Nay1.9 in the peripheral nervous system [6,7,10].
Sodium voltage-gated channel alpha subunit 9 (SCN9A), coding
Nayl.7 channel, inactivation mutations cause congenital pain
insensitivity, whereas SCN9A gain-of function mutations cause
various pain syndromes, such as inherited erythromelalgia, parox-
ysmal extreme pain disorder, and small-fibre neuropathy [11]. Mu-
tations in the SCN10A, coding Nay1.8 channel, gene can cause small-
fibre neuropathy, and mutations in SCN11A, coding Nay1.9 channel,
can cause congenital pain insensitivity [9,11—14]. Therefore, the
development of analgesics targeting channels such as Nay1.7, Nay1.8,
and Nay1.9 is a top priority.

Currently, small-molecule blockers targeting Nay1.7, such as PF-
05089771, have undergone clinical studies; however, their anal-
gesic effects are unsatisfactory [15]. Besides, lacosamide, developed
by Union Chimique Belge Pharm (UCB), has been approved as an
adjunctive therapy for treating partial-onset seizures in several
countries worldwide. Nonetheless, reports are indicating less
effective pain treatment outcomes [16—18]. Small molecule in-
hibitors of Nay1.7, such as CNV1014802, have demonstrated effec-
tiveness in treating NP in rodent models [19,20]. Nay1.8 blockers,
such as PF-01247324, are highly effective in treating inflammatory
pain and spinal nerve ligation pain in rodent models [20]. In
addition to small molecules such as A-887826, which exhibits
analgesic activity in rodent models, there is VX-150, which has
progressed to the clinical trial stage [21,22]. The Nay1.9 blocker
ANP-230 alleviates pain hypersensitivity in mice with Nay1.98??25
mutations associated with familial episodic pain syndrome [23].
Several research groups worldwide are actively engaged in the
development of inhibitors targeting Nay1.7, Nay1.8, and Nay1.9,
making these highly promising targets in the current landscape of
small-molecule drug development.

The Ky7 channels play a crucial role in pain regulation by influ-
encing the RMP, thereby affecting neuronal excitability [6,24—28].
This channel has recently emerged as a key target for the develop-
ment of novel analgesics. The Ky7 channels are classified into five
subtypes, with Ky7.1 primarily found in the heart, Ky7.4 in the inner
ear, and Ky7.2, Ky7.3, and Ky7.5 commonly co-expressed in the
nervous system [24,25]. Reportedly, animals with the Ky7.2 channel
knocked out in the dorsal root ganglia (DRG) produce hyperalgesia,
and the Ky7.2 functional gain mutation can alleviate the pain of
“burning man syndrome” [20,29]. While novel Ky7 agonists, such as
retigabine, exhibit broad effectiveness, they also pose significant
risks when used to treat postherpetic neuralgia. Concerns related to
hepatotoxicity have prompted the withdrawal of flupirtine from the
market, and SCR2682 cells are not currently used in clinical studies.
The effectiveness of the mallotoxin isovaleric acid (E)-2-dodecenal
in pain models is yet to be verified [30]. Previously, our research
group developed the small molecule QO-58, which alleviates NP by
increasing the threshold for chronic constriction injury (CCI) [31].

The development of drugs for multiple targets is feasible
because most NP pathways are complex and targeting a single way
only can provide limited pain relief. Currently, there is no medi-
cation available that specifically blocks Nay channels. We focused
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on co-regulating the Nay channels and Ky7 channels and desig-
nated E0199 as a dual-action compound with the ability to activate
the Ky7 channel while simultaneously blocking the Nay1.7, Nay1.8,
and Nay1.9 channels. In addition, we confirmed its biological ac-
tivity in animals and cellular models.

2. Materials and methods
2.1. DNA constructs

Plasmids encoding human Ky7.5 and Nay1.1 (NM_001160132.2
and NM_001165963.4) were kindly provided by Hebei Medical
University (Shijiazhuang, China). Nay1l.6 (NM_0141914) were
kindly provided by Chinese Academy of Sciences (Shanghai, China).

2.2. Cells and transfection

Stable CHO cells expressing Ky7.1, Ky7.2, Ky7.4, and Ky7.2/7.3,
and stable HEK cells expressing Nay1.5 and Nay1.7 channels were
kindly provided by Hebei Medical University. Stable HEK cells
expressing Nay1.4 channels were kindly provided by Qingdao
University (Qingdao, China).

For transfection of cells, a mixture of 500 ng of plasmid, 300 ng
of green fluorescent protein (GFP), and 1.5 pL of FUGENE® HD
Transfection Reagent (Promega (Beijing) Biotech Co., Ltd., Beijing,
China) was prepared in 520 pL of DMEM-F12 (Gibco Life Technol-
ogies, Grand Island, NY, USA). The mixture was then applied to the
cell culture wells and incubated for 24—48 h. Recordings were
made after successful transfection.

For DRG neurons, this method has been previously described in
detail [32]. Nay1.8 and Nay1.9 currents as well as APs in control
were recorded in medium- and small-diameter DRG neurons of
untreated rats. AP in model was recorded in medium- and small-
diameter DRG neurons of CCI rats.

2.3. Whole-cell patch clamp recordings

Whole-cell clamp recordings were performed at room temper-
ature (25 °C) to measure transient sodium current and APs using
the amplifier (EPC 10) and PatchMaster. The patch pipettes were
pulled from borosilicate capillaries (2—4 MQ, with solution). Pipette
capacitance compensation and whole-cell membrane capacitance
of mediated current need to be compensated optimally. The series
resistance was compensated by 70%—80%. The signal low-pass
filtering frequency was set at 5 kHz and the acquisition rate at
20 kHz. The cells in the recording chamber (300 pL) was at a rate of
3—4 mL/min. All drugs were administered by perfusion system. The
solution exchange time was 1-2 s. Data were sampled 2—3 min
after achieving whole-cell configuration. Membrane currents or
APs were measured 3 min before drug administration.

2.3.1. APs recording

The pipette solution contained the following components:
140 mM KC, 1 mM CaCl;, 2 mM MgCl;, 10 mM N-2-
hydroxyethylpiperazine-N-ethane-sulphonicacid (HEPES), and
11 mM ethyleneglycol-bis(2-aminoethylether)-N,N,N’,N’-tetra-
acetic acid (EGTA), with pH adjusted to 7.4 using KOH. The external
solution contained the following components: 150 mM NacCl, 5 mM
KCI, 2.5 mM CaClp, 1 mM MgCl,, 10 mM glucose, and 10 mM HEPES,
with pH adjusted to 7.4 using NaOH. All chemicals are purchased
from Sigma-Aldrich Corporation (Shanghai, China). The effects of
treatment with carbamazepine (CBZ, 30 pM), retigabine (RTG,
10 uM), RTG (5 uM) + CBZ (15 uM), and E0199 (1, 3, and 10 pM)
were recorded. CBZ was purchased by MedChemExpress LLC
(Herndon, VA, USA). RTG was purchased by Shanghai Titan



B. Zhang, X. Shi, X. Liu et al.

Technology Co., Ltd. (Shanghai, China). DRG neurons were sub-
jected to currents of different intensities (ranging from 0 to 600 pA,
with a gradient of 100 pA).

2.3.2. Nayl1.8: sodium current recording

The composition of the pipette solution was as follows: 70 mM
CsCly, 30 mM NaCl, 30 mM tetraethylammonium chloride (TEA-CI),
10 mM EGTA, 1 mM CaCl,, 2 mM MgCl,, 10 mM HEPES, 5 mM b-
glucose, 2 mM adenosine 5'-triphosphate disodium salt (Na;ATP),
and 0.05 mM guanosine triphosphate (GTP), with pH adjusted to 7.3
using CsOH. The composition of the external solution was as fol-
lows: 80 mM NaCl, 50 mM choline-Cl, 30 mM TEA-Cl, 2 mM CaCl,,
0.2 mM CdCly, 10 mM HEPES, and 5 mM b-glucose. The pH of
tetrodotoxin (TTX, 500 nM) was adjusted to 7.4 using NaOH. TTX
was purchased from Taizhou Kangte Biological Engineeering
Company (Taizhou, China). All chemicals were purchased from
Sigma-Aldrich Corporation. A prepulse voltage of —44 mV (500 ms)
was set, and subsequently the Nay1.8 current was excited using a
series of depolarisations in 50 ms steps (—80 to 0 mV in 5 mV in-
crements) [33,34].

2.3.3. Nayl1.9: sodium current recording

The composition of the pipette solution contained was as follows:
100 mM CsCl, 8 mM Nacl, 30 mM CsF, 5 mM EGTA, 2.4 mM CaCly,
1 mM MgCly, 10 mM HEPES, 4 mM NaATP, and 0.4 mM GTP. The pH
was adjusted to 7.3 using CsOH. The external solution was comprised
of: 40 mM NacCl, 100 mM choline-Cl, 3 mM KCl, 2.5 mM CaCl,, 1 mM
MgCl,, 10 mM HEPES, 10 mM glucose, 0.05 mM LaCls, and 100 nM
TTX. All chemicals are purchased from Sigma-Aldrich Corporation.
The pre-set voltage of —100 mV, 50 ms was used to apply a series of
50 ms steps of depolarisation excitations (ranging from —100 to —35
in 5 mV increments) to eliminate the Nay1.8 current.

2.3.4. Nayl.7, Nay14, and Nayl1.5 sodium current recording

The pipette solution contained the following components:
145 mM CsF, 5.6 mM NaF, and 5 mM HEPES, with a pH adjusted to
7.3 using CsOH. The external solution was composed of compo-
nents: 140 mM NaCl, 5.4 mM KCl, 1.8 mM CaCly, 0.5 mM MgCly,
5 mM HEPES, 5.5 mM bp-glucose, and 0.4 mM NaH,PO4, with pH
adjusted to 7.4 using NaOH. All chemicals are purchased from
Sigma-Aldrich Corporation. The protocol was set to incrementally
increase from —80 to 20 mV in increments of 10 mV steps to acti-
vate the Nay1.7 current, with each stimulus lasting for 50 ms.

2.3.5. Ky7.2, Ky7.1, Ky7.2/7.3, Ky7.4, and Ky7.5 channels current
recording

The pipette and external solutions were the same as those for
the DRG AP. The protocol was set to increase from —120 to 40 mV
(increase of 10 mV each time) to evoke the series of Ky7 currents,
and each time stimulation lasts for 2000 ms.

2.4. Animals

Sprague Dawley (SD) rats were used for the electrophysiological
studies of DRG neurons, and the test of concentration in tissues.
Male C57 (8—10 weeks old; Beijing Vital River Laboratory Animal
Technology Co., Ltd., Beijing, China) mice for all of the pain behavior
and other neurobehavior tests and pharmacological studies. Ani-
mals were group housed in a 12 h light/dark cycle at 22 + 1 °C with
free access to food and water. All animal experiments had comply
with the Animal Research: Reporting of In Vivo Experiments
(ARRIVE) guidelines and been carried out in accordance with the
U.K. Animals Act, 1986 and associated guidelines, EU Directive 2010/
63/EU for animal experiments, and the National Research Council's
Guide for the Care and Use of Laboratory Animals [35—38]. The
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Animal Ethics Committee of Hebei Medical University approved all
animal experiments (Approval No.: IACUC-Hebyd AP2023033).

2.5. Animal models of pain and drug administration

We used isoflurane anaesthesia to induce CCI in male C57 mice
to create the NP model. Following CCI surgery, cotton mats and food
were provided to comfort the animals, and NP behaviours were
evaluated every three days. NP following CCI was treated with
intraperitoneal (i.p.) injections of CBZ (20 mg/kg), RTG (10 mg/kg),
RTG (5 mg/kg) + CBZ (10 mg/kg), or E0199 (1, 5, and 20 mg/kg) at 9
a.m. every day (between 11 and 30 days).

2.6. Behavioural testing

2.6.1. Pain threshold test

The animals were acclimatised to their surroundings for at least
two days. Every behaviour underwent blind testing. Sensitivity to
mechanical stimulation was measured using von Frey hairs
(0.02—2.56 g, Stoelting, Chicago, IL, USA). A Hargreaves radiant heat
device (IITC Life Science Inc., Los Angeles, CA, USA) was used to
measure thermal sensitivity. The basal paw withdrawal latency for
the radiant heat test was set at a 30 s cut-off to avoid tissue damage.
The cold sensitivity was measured using a cold plate at 4 °C. The
basal paw withdrawal latency was set at a 60 s cut-off to prevent
tissue damage.

2.6.2. Open-field experiment and high-plus maze

In open-field experiment, the mouse was positioned with its
head facing outward in a stationary corner and then introduced to
the box aperture. The test lasted for 5 min. The camera and Smart
3.0 software (Mobile Datum, Shanghai, China) captured the entry of
mice into the central area. All measurements, including distance,
arrival time, and duration of stay in the central region, were
recorded. In high-plus maze, the test mouse was placed with its
head facing the dark arm at the junction of the open and dark arms
of the high-plus maze. The test lasted for 10 min. Smart 3.0 (Mobile
Datum) was used to record the time and number of entries into
open or dark arms [39].

2.7. Dual-target drug screening based on Ky7.2 and Nay1.7 channel
proteins: system preparation and virtual screening

2.7.1. System preparation

According to the commercial suppliers and in-house molecular
library, we have integrated a total of approximately 35,000 small
molecules to be screened. Afterwards, the molecular dataset un-
derwent conformational and energy optimization, involving the
creation of ionisation states, tautomerization, and energy minimi-
zation. Then, the crystal structures of Ky7.2 (Protein Data Bank
(PDB) ID: 7CR2, resolution: 3.20 A) and Nay1.7 (PDB ID: 5EKO;
resolution: 3.53 A) were fetched from the PDB, which were further
processed by “Prepare protein” tool under the “Macromolecules”
module, including removing water molecules, deleting hetero-
atoms, hydrogenating, building loop regions, and protonating the
protein structures, and so on.

2.7.2. Virtual screening

The virtual screening scheme mainly consisted of the following
steps: rapid screening via deep learning algorithms, re-evaluation
based on molecular docking, scaffold analysis, binding free energy
evaluation using molecular dynamics simulation, and biological
activity assessment. First, the ligand-target binding affinity of the
constructed molecular library was evaluated based on the simple-
structured graph neural network (SS-GNN) [40] deep learning
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model previously reported by our group, and a total of 210 mole-
cules were retained based on conformational evaluation and
scoring. The top 210 molecules were further comprehensively
assessed by molecular docking through LibDock and CDOCKER
modules, and molecules with consistent docking scores were used
for subsequent skeleton cluster analysis and molecular dynamic
simulation. Furthermore, the SA_score plug-in RDKit was applied to
evaluate molecular complexity to further judge the difficulty of
chemical synthesis.

2.8. Determination of drug concentration in tissue

In untreated rats, blank blood need to be collected, and brain,
DRG, liver and kidney were collected after decapitation. Rats in the
administration group were given caudal intravenous administration
(1 mg/kg). At 5 min, 15 min, 0.5 h, 1 h, and 2 h, we used isoflurane
anaesthesia and took blood from the abdominal aorta, then we
severed the head, and took the brain, liver and kidney, with the ice
box used to transfer the tissue to the —80 °C refrigerator. We made
the pretreatment of tissue, and then we prepared the sample solu-
tion for liquid chromatograph-mass spectrometry (LC-MS) analysis.

2.9. Statistical analyses

We state that all of the statistical analysis that the MS conforms to
the guidance described in Curtis et al. [41], and we had considered in
blinding and randomness, as well as power analysis, with statistical
analysis being conducted on sample numbers of a minimum of 5. All
data are expressed as mean =+ standard error of the mean (SEM), as
indicated in the figure legends. Statistical analyses were performed
using Prism GraphPad. Biochemical and behavioural data were
analyzed using a two-tailed Student's t-test (two groups) or two-way
analysis of variance (ANOVA), followed by a post-hoc Bonferroni test.
Electrophysiological data were tested processed one-way ANOVA
(for multiple comparisons) or two-way ANOVA.

A B

K,7.2: 7CR2
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3. Results

3.1. Screening of active small molecular compounds targeting both
Nay1.7 and Ky7.2 channels

We used the SS-GNN algorithm to perform virtual screening on
a library of approximately 35,000 small molecular compounds
based on the crystal structures of Ky7.2 and Nay1.7. The screening
process identified 210 small-molecule compounds with high scores
in both the Ky7.2 and Nay1.7 systems, as detailed in (Supplemen-
tary data, Fig. S1, and Table S1). The LibDock and CDOCKER modules
in Discover Studio 2020 were used to score these compounds.
Subsequently, cluster analysis was performed, and three types of
molecular skeletons with research value were mainly identified:
pyrazolo [1,5-a]pyrimidin-7(4H)-one, N-(1,2,4-thiadiazol-5-yl)
benzenesulfonamide, and 3-(piperazin-1-ylmethyl)-1,2,4-
oxadiazole (Fig. 1 and Table 1) (retain the first letter and the last
four digits). The top 20 compounds with high composite scores
were synthesized and individually tested for activity using elec-
trophysiological patch clamp assays at 20 pmol/L and the results of
the electrophysiological activity validation are presented in Table 1.
The top 5 compounds inhibiting Nay1.7 channel activity were
E0199 > QO-72 > Q0-58 > Q0-26 > JZJ003. At equivalent doses, the
top 5 compounds for opening the Ky7.2 channel were E0199 > QO-
72 > Q0-58 > E0304 > QO0-40 (Table 1). E0199 exhibited the highest
potency and was selected for the total synthesis because of its
strong effect on both the Nay1.7 and Ky7.2 channels, and its subtype
selectivity and pain-relieving mechanisms were further studied.

3.2. Preparation of compound E0199 in synthesis

Initially, N-benzylethanamine (SM1) was dissolved in dichloro-
methane (DCM) and then cooled to 0 °C. Triethylamine (TEA) and
DCM solution of ethyl 4-chloro-4-oxobutanoate (SM2) were added
to the above solution respectively. The reaction was allowed to
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. Three series of small molecular compounds obtained by clustering the skeleton.
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Table 1
Screening of active small molecular compounds targeting both Nay1.7 and Ky7.2 channels (n = 6).
Name Smiles LibDockScore_5EKO  |CDOCKER_ENERGY|_5EKO  LibDockScore_7CR2 |CDOCKER_ENERGY|_7CR2 Inhibition of Nay1.7  Increase of Ky7.2
current (20 uM) current (20 pM)

E0050 0=S(N(CC1)CCN1CC2=NOC(CCC(N3CCC(C)CC3)=0)= 166.798 46.4313 159.099 40.3233 0.24 + 0.04 1.14 £ 0.12
N2) (C4=CC=C(Cl)C=C4)=0

E0199 COC1=C(0OC)C=CC(CC(N2CCN(CC3=NOC(CCC(N(CC) 166.220 36.3446 159.685 30.7349 0.52 + 0.06 2.08 + 0.10
CC4=CC=CC=C4)=0)=N3)CC2)=0)=C1

E0045 CC(C)CC1=CC=C(S(N2CCN(CC3=NOC(CCC(N(C) 161.665 50.6015 159.878 33.9165 0.28 + 0.05 1.08 + 0.08
C4CCCCC4)=0)=N3)CC2) (=0)=0)C=C1

D5038  O=C(N1CCN(CC2=NOC(C3=CC=CC(Cl)=C3)=N2)CC1) 149.643 30.8385 139.429 28.2026 0.01 + 0.03 1.08 + 0.06
CC4=CC=C(F)C=C4

E0304 0=C(N(C1CCCCC1)C)CCC2=NC(CN(CC3) 147.654 35.7927 146.701 31.63 0.02 + 0.02 1.22 + 0.11
CCN3C(C4=CC=C(Br)04)=0)=N02

JZJ006  O=C1C(C2=CC=NC=C2)=CNC3=C(C4=CC=CC=C4) 137.943 12.156 123.572 16.1007 0.26 + 0.07 1.12 + 0.07
C(C(F) (F)F)=NN31

HW2 0=S(C1=CC=C (N2C(C3=CC=C(C)C=C3)=CC(C(F) (F) 135324 18.0093 126.358 5.51992 0.02 + 0.01 1.15 + 0.08
F)=N2)C=C1) (N ([H])C4=NC=NS4)=0

17J005 0=C1C=C(C2=CC=CN=C2)NC3=C(C4=CC=CC=C4) 134.838 17.3623 124.461 12.7371 0.11 + 0.01 1.19 + 0.10
C(C(F) (F)F)=NN31

JZJ003 0=C1C=C(C2=CC=CC=N2)NC3=C(C4=CC=CC=C4) 133.337 11.2184 122.789 15.9936 0.30 + 0.06 1.09 + 0.05
C(C(F) (F)F)=NN31

QO0-31 0=C1C=C(C2=CC=CC=C2)NC3=C(C4=CC=CC=C4) 133.241 7.5556 123.2 9.44925 0.18 + 0.04 1.21 + 0.09
C(C(F) (F)F)=NN31

V0546  COC1=CC=C(C2=NC(CN3CCN(C(C4=CC=C(C(C) (C)C) 131.243 33.4441 139.418 21.7078 0.03 + 0.01 1.11 + 0.06
C=(C4)=0)CC3)=N02)C=C1

J2976 CC1=C(C(N2CCN(CC3=NO((C4=CC=CC=C4)=N3) 127.471 27.8648 131.678 23.1237 0.04 + 0.02 1.06 + 0.07
CC2)=0)C=CC(C)=C1

HW1 0=5(C1=CC=C(C2=C(C)ON=C2C3=CC=CC=C3)C=C1) 127.121 5.60496 121.763 —0.133443 0.02 + 0.03 1.09 + 0.07
(N ([H])C4=NC=NS4)=0

S0412 CC1=CC=C(N2CCN(C(C3=NOC(C4=CC=C(F)C=C4)= 122.531 25.9099 126.206 24.5449 0.03 + 0.07 1.03 + 0.07
N3)=0)CC2)C=C1

Q0-66  O=C1C=C(CCI)NC2=C(C3=CC=C(Cl)C=C3)C(C(F) (F) 119.798 5.06265 101.894 3.78732 0.29 + 0.02 —
F)=NN21

Q0-28  O=C1C=C(C(F) (F)F)NC2=C(C3=CC=CC=C3)C(C(F) (F) 116.979 6.81069 106.995 8.81548 0.09 + 0.01 1.20 + 0.09
F)=NN21

QO0-58  0O=C1C=C(C2=C(CI)N=C(CI)C(F)=C2) 115.719 7.43223 131.423 4.99359 0.47 + 0.03 1.76 + 0.09
NC3=C(C4=CC=CC=C4)C(C(F) (F)F)=NN31

Q0-26  0=C1C=C(CCI)NC2=C(C3=CC=CC=C3)C(C(F) (F)F)= 111.926 1.93944 103.058 426212 0.30 + 0.04 1.03 + 0.05
NN21

Q0-72  0=C1C=C(C2=CC(F)=C(F)C(F)=C2F) 106.616 6.21882 126.345 2.53901 0.48 + 0.03 1.77 + 0.08
NC3=((C4=CC=CC=C4)C(C(F) (F)F)=NN31

QO0-40  O=C [5]C=C(CCI)NC [1] = C(C[11](.) = CC=CC 104.384 —7.38669 107.642 —2.12664 0.07 + 0.03 1.21 £ 0.10

[19] = C@11C=CC=C@19)C(C(F) (F)F)=NN(@2)@6

—: no data. The bold data means the greatest effect in each channel.
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proceed at ambient temperature for 2 h, then washed with an
aqueous solution of sodium bicarbonate and brine. The organic
phase was isolated, dehydrated using anhydrous sodium sulfate,
and filtered. The resulting solution was evaporated to extract ethyl
4-(benzyl(ethyl)amino)-4-oxobutanoate (intermediate 1, yield:
441%). Subsequently, 2-(3,4-dimethoxyphenyl)acetic acid (SM3)
was dissolved in DCM; N,N-dimethylformamide (DMF) and oxalyl
chloride were added and allowed to react at room temperature
overnight. After completion of the reaction, the system was
concentrated, dried, and set aside to obtain 2-(3,4-
dimethoxyphenyl)-acetyl chloride (intermediate 2). Subsequently,
SM4 and intermediate 1 were dissolved in acetonitrile, and the
mixture was then added to a solution of sodium in ethanol while
the temperature was controlled. The reaction was heated to 60 °C
and incubated overnight. The acetonitrile was concentrated and
removed, water was added, and the mixture was stirred and
extracted. The organic phase was combined and dried with anhy-
drous sodium sulfate.
Tert-butyl4-(5-(3-(benzyl(ethyl)amino)-3-oxopropyl)-1,2,4-

oxadiazol-3-yl)-methyl)piperazine-1-carboxylate (intermediate 3)
was obtained with an 81.5% yield. After dissolving intermediate 3 in
DCM, trifluoroacetic acid (TFA) was added, and the mixture was
stirred at room temperature until the reaction was complete, then
concentrated to dryness. The resulting solution was purified by
column chromatography to obtain N-benzyl-N-ethyl-3-(3-(piper-
azin-1-ylmethyl)-1,2,4-oxadiazol-5-yl)propanamide (intermediate
4). Finally, the intermediate 4 was dissolved in DCM and stirred,
followed by the addition of TEA. The temperature was then lowered
to 0 °C, the DCM solution of the intermediate 2 was added, and the
mixture was stirred overnight at room temperature. Water was
added to the system after the completion of the reaction. The organic
phase was washed twice, collected, and dried. It was then purified
using column chromatography (DCM/MeOH) to acquire the final
product, E0199 (4.32 g, yield: 51.3%. Fig. 2). The hydrogen and carbon
spectra and mass spectra of E0199 are shown in Figs. S2—S54.

R e
/OD/YOH 5 /O Cl
\O o \O 0

Fig. 2. Synthesis route of E0199: (A) Ethyl 4-chloro-4-oxobutanoate (SM2), dichloromethane (DCM), and triethylamine (TEA), 0 °C to room temperature, 2h; (B) tert-butyl (Z)-4-
amino-2-(hydroxyimino)ethyl)piperazine-1-carboxylate (SM4), CHsCN, and EtONa, 60 °C, overnight; (C) DCM and trifluoroacetic acid (TFA); (D)
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3.3. Effect of E0199 on Nay channels

The typical traces of EO199 acted on Nay1.7, Nay1.8, Nay1.9, Ny1.5,
Nay1.4, and Nay1.6 channels in different concentrations (Fig. 3A). We
observed the 10 pM CBZ channel inhibition ratio was 39.00% + 8.01%
for Nay1.7 and 28.02% + 14.11% for Nay1.8, respectively (Fig. 3B). To
observe the effect of E0199 on Nay channels, we investigated
whether 10 uM of E0199 could inhibit it. E0199 (10 pM) could inhibit
Nay currents with different ability, and the inhibition rates of Nay1.5,
Nay1.4, Nay1.1, Nay1.6, Nay1.7, Nay1.8, and Nay1.9 channels were
15.00% + 6.90%, 1.07% + 3.16%, 0.56% + 114%, 117% + 3.16%,
57.53% + 4.50%, 75.33% + 7.96%, and 46.82% + 7.03%, respectively
(Fig. 3C). The sequence of Nay channel inhibition of E0199 at 10 uM
was Nay1.8 > Nay1.7 > Nay1.9 > Nay1.5 > Nay1.6 > Nay1.4 > Nayl1.1
(Fig. 3C).

Nay1.7, Nay1.8, and Nay1.9 are preferentially expressed in the
sensory neurons of peripheral nerves and have been genetically
validated in human pain syndromes [42—44]. We screened the above
targets by conducting patch clamp activity at the cellular level and
determined that the half maximal inhibitory concentration (ICsg) of
E0199 inhibiting the Nay1.7 channel was 0.52 + 0.23 uM (Fig. 3D).
Then, the activation and inactivation processes of E0199 on the Nay
channels were examined. Using 10 uM E0199, the activation curve of
the Nay1.7 channel was observed to shift from —33.65 + 1.52 mV
to —38.58 + 2.11 mV, resulting in a 4.93 mV shift towards hyper-
polarisation (Fig. 3E). E0199 (10 uM) caused a leftward shift in the
inactivation curve of the Nayl.7 channel, moving it
from —69.55 + 11.81 mV to —75.36 + 8.81 mV. Additionally, it led to a
hyperpolarisation shift of 5.81 mV along the same direction (Fig. 3F).
We also observed the effect of E0199 on -V curves of Nay1.7 channel
(Fig. 3G). E0199 (1 uM) could significantly inhibit the current density
of Nayl.7 channel at —10 mV, reducing the current density
from —161.38 + 7.39 pA/pF to —74.60 + 7.71 pA/pF (Fig. 3H).

We found that the ICs¢ of Nay1.8 channel was 0.24 + 0.04 uM
(Fig. 31). The activation curve of the Nay1.8 channel shifted from

[N N
Boc— N\) /HNTOM j

3

(0]
- [N " N
L T

E0199

-(2-
oxalyl chloride and N,N-dime-

thylformamide (DMF), room temperature, overnight; and (E) DCM and TEA, 0 °C to room temperature, overnight.
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Fig. 3. Effect of E0199 on Nay channels. (A) Typical traces of the inhibition effect of E0199 on Nay1.7, Nay1.8, Nay1.9, Nay1.5, Nay1.1, Nay1.4, and Nay1.6 channels at different
concentrations. (B) Inhibitory effects of 10 pM of carbamazepine (CBZ) on Nay1.7 and Nay1.8 channels (n = 6 per group). (C) Inhibitory effects of 10 M of E0199 on subtypes of Nay
channels (n = 8 per group). (D) Concentration-dependent response curves of E0199 on Nay1.7 channel currents (n = 10). (E) Influence of E0199 concentration on activation curves of
Nay1.7 channel (n = 9). (F) Influence of E0199 concentration on the inactivation curves of Nay1.7 channels (n = 9). (G) Influence of E0199 concentration on the [-V curves of Nay1.7
channels (n = 9). (H) Influence of E0199 concentration on peak current density of Nay1.7 (n = 6). (I) Concentration-dependent response curves of E0199 on Nay1.8 channel currents
(n =9). (J) Influence of E0199 concentration on activation curves of Nay1.8 channel (n = 6). (K) Influence of E0199 concentration on the inactivation curves of Nay1.8 channels
(n = 7). (L) Influence of E0199 concentration on the [-V curves of Nay1.8 channels (n = 6). (M) Influence of E0199 concentration on peak current density of Nay1.8 channels (n = 6).
(N) Concentration-dependent response curves of E0199 on Nay1.9 channel currents (n = 6). (O) Influence of E0199 concentration on activation curves of Nay1.9 channel (n = 9). (P)
Influence of E0199 concentration on the inactivation curves of Nay1.9 channels (n = 8). (Q) Influence of E0199 concentration on the I-V curves of Nay1.9 channels (n = 8). (R)
Influence of E0199 concentration on peak current density of Nay1.9 channels (n = 6). Data are presented as mean + standard error of the mean (SEM) and were analyzed by one-way

analysis of variance (ANOVA)-Bonferroni test. Detailed information about the values and the statistical significance are presented in Table 2. P < 0.01 and

e

P < 0.001, compared

with control. Figs. 3D, I, and N using logisitic fitting and Figs. 3E, ], O, F, K, and P using Boltzmann fitting. ICso: half maximal inhibitory concentration.
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Table 2

Journal of Pharmaceutical Analysis 15 (2025) 101132

The effects of E0199 on channels activation and inactivation of Nay1.7, Nay1.8, and Nay1.9 channels.

Nay1.7 Vqj (mV)

Nay1.8 Vyj (mV)

Nay1.9 Vyj (mV)

Groups Activation n Inactivation n Activation n Inactivation n Activation n Inactivation n
Control -3365+152 10 —69.55+ 11.81 10 -16.06+1.19 13 —46.65+ 1.46 15 —-41.05+141 14 -88.85+8.69 13
E0199 100 nM 3578 +1.64 10 —74.98 + 8.05 10 -1752+x111 9 —5439 + 1.23" 11 -395+135 9 -92.53 + 11.79 9
E0199 300 nM  —40.01 +2.06 10 -76.02+6.81" 10 -1999+184 9 —64.47 +10.06™" 10 —3961+143 10 —94.55+09.11 8
E0199 1 uM —40.77 +2.01 9 -7699 +7.18™ 9 -2035+147 8 —62.42 + 579" 11 -3952+126 9 —-97.60 + 12.80™ 9
E0199 3 uM -4279+171 9 -7688 +691™ 9 -20.16+132 7 —67.19 + 1.30™" 12 -3949+124 10 -97.26 +11.61" 9
E0199 10 uM -3858+211 9 -7536 +881" 9 -1959 +1.06 6 —62.80 +9.79™ 8 -3895+073 11 -100.90 + 19.07"" 9

Data are presented as mean + standard error of the mean (SEM) and were analyzed by one-way analysis of variance (ANOVA). “P < 0.01 and **"P < 0.001, compared with

control. Vy,: voltage activation/inactivation midpoint.

16.06 + 1.19 mV to the left to 19.59 + 1.06 mV, resulting in a 3.53 mV
shift towards hyperpolarisation (Fig. 3]). The inactivation curve of
the Nayl.8 channel shifted from -46.65 + 146 mV
to —62.80 + 9.79 mV, resulting in a 16.15 mV shift towards the
hyperpolarisation direction (Fig. 3K). We also observed the effect of
E0199 on I-V curves of Nay1.8 channel (Fig. 3L). E0199 (300 nM)
observably inhibited the current density of Nay1.8 channel
at —10 mV. The current density decreased from —59.96 + 7.19 pA/pF
to —14.08 + 4.21 pA/pF (Fig. 3M).

We also researched that the ICsq value for the blocking of the
Nay1.9 channel was 0.16 + 0.05 uM (Fig. 3N). Additionally, the
activation curve of the Nay1.9 channel shifted from 41.05 + 1.41 mV
to the right to 38.95 + 0.73 mV, resulting in a 2.1 mV shift towards
polarisation (Fig. 30). Similarly, the inactivation curve of the Nay1.9
channel shifted from —88.85 + 8.69 mV to —100.90 + 19.07 mV
towards the left and moved 12.05 mV in the direction of hyper-
polarisation (Fig. 3P). We also observed the effect of E0199 on -V
curves of Nay1.9 channel (Fig. 3Q). E0199 (30 nM) could signally
restrain the current density of Nay1.9 channel under —40 mV, and
the current density decreased from -23.52 + 1.66 pA/pF
to —14.56 + 1.19 pA/pF (Fig. 3R).

Thus, the sensitivity of E0199 to the Nay channels was in the
following order: Nay1.9 > Nay1.8 > Nay1.7. The voltage activation
midpoint (V) effects of other E0199 concentrations on the so-
dium channel activation curve are presented in Table 2. Based on
the aforementioned results, E0199 had minimal impact on the Nay
channels activation curve shown above and did not significantly
shift the activation curves of the Nay1.7, Nay1.8, and Nay1.9 chan-
nels. E0199 induced the channel inactivation curves of Nayl.7,
Nay1.8, and Nay1.9 to shift towards the hyperpolarisation direction
in a dose-dependent manner, as shown in Table 2. These findings
indicated that E0199 primarily influenced the inactivation process
of the Nay1.7, Nay1.8, and Nayl.9 channels, facilitating channel
inactivation and impacting the extent of the shift of the inactive
curve in the sequence: Nay1.8 > Nay1.9 > Nay1.7.

3.4. Effect of E0199 on Ky7 channels

The opening activities of E0199 on Ky7.2—Ky7.5 channels were
observed at the cellular level. The degree of the opening of Ky7
channels appeared increasing in a dose-dependent manner. Typical
traces of the effects of E0199 and RTG on Ky7 channels (Fig. 4A). The
opening effects of RTG on Ky7 channels at 10 uM were as follows:
1.88 + 0.06, 1.90 + 0.08, 1.6 + 0.07, and 1.37 + 0.10 (Fig. 4B). The
maximum opening degree of E0199 to the Ky7 channel was
observed at 10 pM, and the opening multiple of E0199 for the Ky7.2
channel at 10 pM was 2.08 + 0.1. The opening multiple of Ky7.2/7.3
channels was 1.23 + 0.04, 1.30 + 0.05 for Ky7.4 channels, and
1.80 + 0.14 for Ky7.5 channels, but with minimal impact on Ky7.1
channels (Fig. 4C). Concentration for 50% of maximal effect (ECsp) of
E0199 on Ky7.2 channels was 0.50 + 0.07 uM (Fig. 4D). Effect of
E0199 on I-V curves of Ky7.2 channel (Fig. 4E). EO199 at 10 uM

concentration shifted the activation curve of Ky7.2
from —20.06 + 1.42 mV to —50.44 + 19.42 mV and a 30.38 mV shift
in the direction of hyperpolarisation (Fig. 4F). E0199 (1 uM) could
significantly increase the current density of Ky7.2 channel
at —10 mV, from 8.49 + 2.03 pA/pF to 21.56 + 4.43 pA/pF (Fig. 4G).

Concentration for ECsg of E0199 on Ky7.2/7.3 channels was
12.78 + 0.04 nM (Fig. 4H). Effect of E0199 on [V curves of Ky7.2/7.3
channel (Fig. 41). The activation curve of the Ky7.2/7.3 channel
shifted left from —22.40 + 3.52 mV to —53.45 + 3.26 mV and moved
31.05 mV towards hyperpolarisation (Fig. 4]). E0199 (300 nM) could
significantly increase the current density of Ky7.2/7.3 channel
at —10 mV, from 21.71 + 3.97 pA/pF to 50.15 + 7.05 pA/pF (Fig. 4K).

Concentration for ECso of E0199 on Ky7.4 channels was
0.19 + 0.02 pM (Fig. 4L). Effect of EO199 on [-V curves of Ky7.4
channel (Fig. 4M). The activation curve of the Ky7.4 channel shifted
from —15.32 + 147 mV to —31.14 + 1.54 mV and exhibited a
15.82 mV shift towards hyperpolarisation (Fig. 4N). E0199 (100 nM)
observably increased the current density of Ky7.4 channel
at —10 mV, from 35.05 + 2.40 pA/pF to 59.78 + 3.84 pA/pF (Fig. 40).

Concentration for ECsg of E0199 on Ky7.5 channels was
2714 + 3.06 nM (Fig. 4P). Effect of E0199 on I-V curves of Ky7.5
channel (Fig. 4Q). The activation curve of the Ky7.5 channel shifted
from —43.80 + 1.09 mV to —68.16 + 15.98 mV and moved 24.36 mV
towards hyperpolarisation (Fig. 4R). E0199 (30 nM) significantly
enhanced the current density of the Ky7.5 channel at —10 mV, from
11.77 + 1.83 pA/pF to 19.82 + 2.54 pA/pF (Fig. 4S).

Therefore, the sensitivity of E0199 to the Ky7 channel was in the
order: Ky7.2/7.3 > Ky7.5 > Ky7.4 > Ky7.2. E0199 induced the acti-
vation curve of Ky7.2—Ky7.5, which shifted towards the hyper-
polarisation direction in a dose-dependent manner, as shown in
Figs. 4F, J, N, and R and Table 3. In summary, E0199 activates
Ky7.2—Ky7.5 channels, moving their activation curve towards the
hyperpolarisation direction and opening Ky7 channels. The order of
mobility was Ky7.2/7.3 > Ky7.2 > Ky7.5 > Ky7.4.

3.5. Effect of E0199 on the excitability of DRG neurons in CCI model
rats

The animals were divided into the following groups: control
group, model group, 30 uM CBZ group, 10 pM RTG group, RTG
(5 uM) + CBZ (15 uM) group, and various dose groups of E0199 (1, 3,
and 10 pM). Step stimulation was used to observe the effect of each
drug group on the number of AP. Compared with control group
(under 500 pA stimulation), the number of APs in the model group
increased from 3.11 + 0.85 to 4.33 + 0.12, and the amplitude
increased from 94.25 + 4.38 to 124.75 + 1.76 mV. Rheobase
decreased from 322.22 + 64.80 to 188.24 + 19.53 mV. The threshold
decreased from —6.84 + 2.51 to —15.94 + 1.20 mV. The RMP was
increased from —58.52 + 1.47 to —49.42 + 1.49 mV, indicating the
successful modelling of the model group (Fig. 5).

Compared to the model group (under 500 pA stimulation), the
AP numbers of the 30 uM CBZ, 10 uM RTG, RTG (5 pM) + CBZ
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(15 uM), and 1, 3, and 10 pM E0199 dose groups decreased from
433 + 0.12 to 2.67 + 0.66, 2.33 + 0.98, 1.67 + 0.74, 0.49 + 0.29,
0.30 + 0.17, and 0.09 + 0.05, respectively (Figs. 5A and B). E0199 at
concentrations of 1, 3, and 10 pM E0199 showed more optimized
inhibition of AP number than other groups. The AP amplitude of
30 uM CBZ, 10 uM RTG, RTG + CBZ, and 1, 3, and 10 uM of the E0199
dose group decreased from 124.75 + 0.95 mV in the model group to
108.66 + 2.03,111.74 + 0.36, 98.86 + 1.66, 105.8 + 1.14, 99.03 + 1.30,
and 96.6 + 1.01 mV, respectively (Fig. 5C). E0199 (10 pM) inhibited
the amplitude of AP better than the other groups.

The rheobase of the AP for the 30 uM CBZ, 10 uM RTG,
RTG + CBZ, and 1, 3, and 10 uM E0199 dosing groups increased from
19444 + 1891 pA in the model group to 333.33 + 6146,
375.00 + 75.00, 400 + 48.80, 375.00 + 41.19, 400.00 + 42.26,
44285 + 36.88 pA, respectively (Fig. 5D). EO199 at concentrations
of 1, 3, and 10 uM was found to significantly increase the rheobase
of CCI model mouse DRG neurons, whereas E0199 improved the
rheobase better than the RTG + CBZ group (Fig. 5D). The peak width
of AP was not significantly affected by the administration group
(Fig. 5E). The AP threshold for the 30 uM CBZ, 10 uM RTG,
RTG + CBZ, and the 1, 3, and 10 uM E0199 groups were increased
from -1585 <+ 115 mV in the model group
to —9.48 + 2.72, —10.55 + 1.88, —6.68 + 1.19, —10.53 + 2.34, —7.14
+ 2.34, and —4.30 + 2.88 mV, respectively (Fig. 5F). The RTG + CBZ
group, as well as the 3 and 10 uM E0199 groups, significantly
increased the AP threshold (Fig. 5F). Notably, the threshold in the
10 uM E0199 group was higher than that in the RTG + CBZ group.

Furthermore, we measured the RMP, a parameter closely associ-
ated with Ky7 channels, and identified that the RMP of AP in the
30 uM CBZ, 10 uM RTG, RTG + CBZ, and the 1, 3, and 10 uM E0199
dose groups decreased from —49.42 + 1.48 mV in the model group
to —57.36 + 4.28, —66.84 + 3.58, —59.47 + 0.74, —65.83 + 2.68,
—67.5 + 2,69, and —67.96 + 2.63 mV, respectively (Fig. 5G). The effect
of the E0199 dose groups on AP RMP was better than that of the RTG
group, and each dose of E0199 significantly increased RMP towards
the hyperpolarisation direction. In summary, E0199 significantly
influenced AP firing parameters in a dose-dependent manner,
affecting the threshold, rheobase, amplitude, and RMP.

3.6. Impact of E0199 on pain behaviour in CCI model mice

The thresholds of thermal, cold, and mechanical withdrawal in the
CCI models decreased significantly on Day 3 of modelling and stabi-
lised by Day 9, and intervention therapy began on Day 11 (Fig. 6A).

The thermal withdrawal threshold of the 10 mg/kg RTG and RTG
(5 mg/kg) + CBZ (10 mg/kg) groups was significantly increased on
Day 11, and the effects of the 20 mg/kg CBZ and 1 5, and 20 mg/kg
E0199 dose groups began to exhibit effects on Day 13. All treatment
groups exhibited a consistent trend of increasing the thermal
withdrawal threshold with subsequent administration. During
treatment, 20 mg/kg E0199 increased the thermal withdrawal
threshold to a greater extent than that in the RTG + CBZ and other
groups (Fig. 6B and Table S2).

Subsequently, we observed the mechanical withdrawal
threshold in the CCI model mice. The effect of 20 mg/kg E0199
became apparent on Day 11 and was superior to that of all other
dosage groups. In both RTG + CBZ and 5 mg/kg E0199 groups, the
effect occurred 13 days after drug administration, and the me-
chanical withdrawal threshold increased significantly. On Day 15,
1 mg/kg of E0199 showed a significant increase in the mechanical
withdrawal threshold. Notably, the RTG (10 mg/kg) and CBZ
(20 mg/kg) groups showed a slower onset of action with a signifi-
cant increased in the mechanical withdrawal threshold on Day 17
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(Fig. 6C and Table S3). Compared with the other treatment groups,
20 mg/kg of E0199 significantly alleviated mechanical hypersensi-
tivity, exhibiting superior efficacy.

Then, we investigated the cold withdrawal threshold in CCI model
mice. The RTG + CBZ group, along with the 1, 5, and 20 mg/kg of
E0199 groups, demonstrated effectiveness starting on Day 11,
exhibiting superior efficacy compared with the other groups. The RTG
(10 mg/kg) and CBZ (20 mg/kg) groups exhibited efficacy starting on
Day 13, resulting in a significant increase in the cold withdrawal
threshold. Throughout the subsequent administration process, both
the 20 and 5 mg/kg E0199 groups maintained higher cold withdrawal
thresholds than other groups (Fig. 6D and Table S4).

Interestingly, for thermal withdrawal threshold within 15 days
after treatment discontinuation, both the 5 mg/kg E0199 and
RTG + CBZ groups maintained significantly higher thermal with-
drawal thresholds than the model group (Fig. 6E). After discontinu-
ation of treatment within 15 days, the 5 mg/kg E0199 group
maintained a higher mechanical withdrawal threshold, whereas the
RTG + CBZ group gradually approached the model group in terms of
mechanical withdrawal threshold (Fig. 6F). After discontinuation of
treatment within 15 days, the 5 mg/kg E0199 group and the RTG + CBZ
group continued to maintain higher cold withdrawal thresholds than
the model group (Fig. 6G). In conclusion, E0199 significantly alleviated
thermal, mechanical, and cold hypersensitivity in CCI mice. The
therapeutic effects persisted even after treatment discontinuation,
and the efficacy of E0199 surpassed that of the combination drug

group.

3.7. Impact of E0199 on locomotor behaviour in open field and
elevated plus maze

Compared to the model group, both the E0199 and RTG + CBZ
groups significantly prolonged the time and the distance of
movement in the central open field. Each dose group of E0199
significantly enhanced the total distance and average speed of
movement of CCI model mice in the open field (Figs. 7A—E).
Additionally, we observed the effect of E0199 on the locomotor
behaviour of the CCI model mice in an elevated plus maze. E0199
effectively improved the exploratory ability of CCI model mice in
the elevated plus maze. E0199 at a dose of 20 mg/kg significantly
increased movement time in the open arms and central zone
compared to the model group, with no significant difference be-
tween the blank and sham surgery groups. The time spent in the
open arms increased from 1.01 + 0.41 s in the model group to
10.64 + 1.40 s (Figs. 7F and G), and the movement time in the
central area increased from 9.77 + 2.34 s to 30.92 + 7.42 s (Fig. 7H).
There was no significant difference in total speed in zone in
different groups (Fig. 7I). CCI model mice treated with E0199 at
dosages of 1, 5, and 20 mg/kg showed a significant reduction in the
proportion of movement time spent in the dark arms, reducing
from 88.37% + 3.06% to 67.51% + 4.17% and 61.68% + 2.99%,
respectively (Fig. 7]). In conclusion, E0199 and RTG + CBZ treat-
ments significantly enhanced movement in the central open field
and improved exploratory behaviour in the elevated plus maze in
CCl-induced mouse models.

3.8. Drug concentration of E0199 in the brain and DRG

The concentration in the brain was much lower than the con-
centration in DRG and plasma until 1 h after intravenous admin-
istration. E0199 demonstrated an average plasma drug
concentration of 223.3300 + 21.8000 ng/mL at 15 min, with drug
content in the DRG measured at 0.1400 + 0.0100 ng/mg and in
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Fig. 4. Effect of E0199 on Ky7 channels. (A) Typical curves of influence of 10 uM of E0199 on Ky7.2, Ky7.2/7.3, Ky7.4, and Ky7.5 channels. (B) Current amplification of retigabine (RTG)
(10 uM) for subtypes of Ky7 channels (n = 6 per group). (C) Current amplification of E0199 (10 uM) for subtypes of Ky7 channels (n = 6 per group). (D) Concentration-response

10



B. Zhang, X. Shi, X. Liu et al.

Table 3

The effects of E0199 on channels activation of Ky7.2—Ky7.5 channels.

Journal of Pharmaceutical Analysis 15 (2025) 101132

Ky7 channels
groups

Ky7.2 Vi3 (mV)

Ky7.2/7.3 Vyj2 (mV)

Ky7.4 Vi3 (mV)

Ky7.5 Vi3 (mV)

Activation n Activation n Activation n Activation n
Control —20.06 + 1.42 11 —22.40 +3.52 11 -15.32 + 1.47 24 —43.80 + 1.09 13
3nM - - - - —16.96 + 1.16 10 - -
10 nM — — — - —19.01 = 1.14 10 — —
30 nM - - - - -29.31 + 1.64™ 8 - -
100 nM 4032 + 227 10 -21.12 £ 2.39 9 -28.34 + 0.82" 8 —44.79 + 3.01 9
300 nM —39.87 + 22" 10 -30.31 +2.81™" 9 -31.79 + 113" 6 —50.08 + 1.52 6
1uM -39.97 + 11.77 9 ~29.87 + 1.82""" 8 —~31.93 £ 0.90™" 6 -58.32 + 1.72" 9
3 uM 4991 + 14.63™ 8 —~41.91 + 2477 8 ~29.68 + 144" 6 ~54.26 + 1.30" 6
10 uM —50.44 + 19.42™"" 7 —53.45 +3.26™" 8 -31.14 + 1.54™" 6 —68.16 + 15.98"" 6

Data are presented as mean + standard error of the mean (SEM) and were analyzed by one-way one-way analysis of variance (ANOVA). "P < 0.05, *"P < 0.01, and "*"P < 0.001,

compared with control. —: no data. Vy,. voltage activation/inactivation midpoint.

brain tissue at 0.0046 + 0.0004 ng/mg. Consequently, the plasma
drug concentration was approximately 49264.7000 times higher
than the brain concentration (Table 4), suggesting a low blood-
brain barrier permeability of E0199 and indicating its predomi-
nant action in the periphery with minimal central nervous system
side effects. Notably, the drug concentration in the DRG signifi-
cantly exceeded that in brain tissue, and was being approximately
31.6200 times higher, implying that E0199's analgesic effects are
primarily mediated through its action on the peripheral DRG.
E0199 was <0.0900 detectable in liver tissue 1 h after adminis-
tration, and was <0.0018 in kidney tissue after administration
throughout the 2 h, indicating that E0199 does not accumulate in
the liver and kidney, which means that E0199 may have low
hepatorenal toxicity.

3.9. E0199 molecular dynamics simulation in Nay1.7 and Ky7.2
channels

To better evaluate the binding of E0199 to the Nay1.7 and Ky7.2
channels, we constructed the studied systems by molecular dock-
ing and performed 100 ns molecular dynamics simulations of the
study system. Based on the equilibrium trajectories, we conducted
the representative conformations comparison and energy profile
analysis with CBZ and RTG as reference (Fig. 8A). All the studied
systems could reach dynamic equilibrium after 50 ns, and both
binding free energies and decomposition free energies were
calculated based on the dynamic trajectories of 50—100 ns via
molecular mechanics/generalized born surface area (MM/GBSA)
approach. For the Ky7.2 system, the binding free energy of E0199
(—65.05 kcal/mol) was significantly superior to that of the positive
control drug RTG (—38.03 kcal/mol). Similarly, for the Nay1.7 sys-
tem, the binding free energy of E0199 (—48.78 kcal/mol) was higher
than that of the positive control drug CBZ (—25.57 kcal/mol)
(Fig. 8B).

Based on the decomposition free energy analysis, the key
amino acids (|energy contribution| > 0.5 kcal/mol) that facilitate

ligand binding were identified. Comparison of the binding of
E0199 and RTG in Ky7.2 revealed that the residues located on
chains A, C, and D contribute more to the energy of E0199 binding
than RTG, especially the residues located on chain C (-12.92
vs. —4.94 kcal/mol) (Fig. 8C). Additionally, key amino acid W236 at
the active site of the Ky7.2 receptor showed robust energy con-
tributions in both the E0199 (—4.69 kcal/mol) and the RTG systems
(—4.89 kcal/mol) (Fig. 8C). In addition, the binding of E0199 and
CBZ on the Nayl.7 receptor was compared. The total energy
contribution of the key residues to E0199's binding to Nay1.7 re-
ceptor considerably exceeded that of CBZ (—22.38 vs. —12.21 kcal/
mol) (Fig. 8D).

In addition, E0199 formed strong m—m stacking interactions
with F304 in chain A and F100, F104, and F112 in chain C of the
Ky7.2 receptor. Additionally, E0199 engaged in strong hydrophobic
interactions with L299 and 1300 in chain A, L101 and V108 in chain
C, and W236, F240, and L268 in chain D (Fig. 8E). In contrast, RTG
formed strong w—m stacking interactions with F100 and F104 in
chain C, and F240, and F305 in chain D of the Ky7.2 receptor, and
also interacted hydrophobically with L299 and 1300 in chain A by
forming hydrogen bonds with W236 (Fig. 8F). Compared to RTG,
E0199 could engage in additional hydrophobic interactions around
the active pocket of the Ky7.2 receptor, suggesting greater stability
in the binding site.

E0199 formed hydrogen bonds with Y1537 and R1602 and
exhibited strong hydrophobic interactions with F1598, R1605, and
11588 of the Nay1.7 receptor (Fig. 8G). As shown in Fig. 8H, CBZ
could engage in T—m stacking interactions with F1598 and Y1573 in
the Nay1.7 receptor, along with hydrophobic interactions with
V1541, M1582, and R1608. E0199 demonstrated stronger hydrogen
bonding interactions with amino acid residues surrounding the
active pocket than CBZ, suggesting more stable binding in the
Nay1.7 receptor relative to CBZ.

Our findings reveal that E0199, which exhibits superior binding
free energy to both Ky7.2 and Nay1.7 targets compared to RTG and
CBZ, exhibits a relatively strong binding capacity to the receptors.

curves of E0199 on Ky7.2 channel currents (n = 7). (E) Effects of different concentrations of E0199 on the I-V curves of the Ky7.2 channels (n = 7). (F) Effects of E0199 concentrations
on Ky7.2 activation curves (n = 7). (G) Influence of E0199 concentration on peak current density of Ky7.2 (n = 6). (H) Concentration-response curves of E0199 on Ky7.2/7.3 channel
currents (n = 8). (I) Effects of different concentrations of E0199 on the [V curves of the Ky7.2/7.3 channels (n = 8). (J) Effects of E0199 concentrations on Ky7.2/7.3 activation curves
(n = 8). (K) Influence of E0199 concentration on peak current density of Ky7.2/7.3 (n = 6). (L) Concentration-response curves of E0199 on Ky 7.4 channel currents (n = 6). (M) Effects
of different concentrations of E0199 on the [-V curves of the Ky7.4 channels (n = 6). (N) Effects of E0199 concentrations on Ky7.4 activation curves (n = 6). (O) Influence of E0199
concentration on peak current density of Ky7.4 (n = 6). (P) Concentration-response curves of E0199 on Ky7.5 channel currents (n = 6). (Q) Effects of different concentrations of E0199
on the I-V curves of the Ky7.5 channels (n = 6). (R) Effects of E0199 concentrations on Ky7.5 activation curves (n = 6). (S) Influence of E0199 concentration on peak current density
of Ky7.5 (n = 6). Data are presented as mean + standard error of the mean (SEM) and were analyzed by one-way analysis of variance (ANOVA)-Bonferroni test. Detailed information
about the values and the statistical significance are presented in Table 3. ""P < 0.01 and *"P < 0.001, compared with control, Figs. 4D, H, L, and P using logisitic fitting and Figs. 4F, ], N,
and R using Boltzmann fitting. ECso: concentration for 50% of maximal effect.
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Fig. 5. Effects of E0199 on excitability parameters of L4—L6 dorsal root ganglia (DRG) neurons in chronic constriction injury (CCI) model rats. (A) Typical curves of the action
potential (AP) of 30 pM carbamazepine (CBZ), 10 uM retigabine (RTG), RTG (5 pM) + CBZ (15 uM), and 1, 3, and 10 uM E0199 in the CCI model rat DRG neurons (500 pA). (B) Number
of APs in the model and each treatment group under different intensities of current stimulation. (C) Amplitude of AP in the model group and each treatment group under 500 pA
stimulation. (D) Rheobase for AP burst in the model group and each treatment group. (E) Peak width of AP in the model group and each treatment group under 500 pA stimulation.
(F) AP thresholds of the model group and each treatment group under 500 pA stimulation. (G) Resting membrane potential (RMP) in the model group and each treatment group.
Data are presented as mean + standard error of the mean (SEM) and were analyzed by one-way analysis of variance (ANOVA)-Bonferroni test. **#P < 0,001, compared with control;

o

P < 0.05, P < 0.01, and **"P < 0.001, compared with model group (ANOVA-Bonferroni test, n = 8 per group).

These findings, elucidated through molecular dynamics simulation,
comprehensively explain the intrinsic mechanisms underlying the
superior efficacy of E0199 compared to individual administration of
the positive control drugs RTG and CBZ.

4. Discussion
The mechanism of NP is complicated, with abnormal electrical

activity in the primary afferent nerve fibres that play a key role in
NP following peripheral nerve injury. Ky7 and Nay channels are

12

widely distributed on neurons in the DRG, including small and
medium-sized neurons innervated by unmyelinated C-fibres and
thinly myelinated A-fibres, as well as large neurons innervated by
Ap-fibres. Channels such as Ky7.2, Ky7.3, and Ky7.5 are present in
these neurons [27,45]. Nayl.7, Nay1.8, and Nay1l.9 are predomi-
nantly found in small- and medium-sized neurons innervated by
nociceptive sensors, and Nay1.7 is distributed in mechanosensitive
large neurons [46]. Mutations leading to increased Nay1.7 channel
function are closely associated with erythromelalgia, paroxysmal
extreme pain disorder, and small fibre neuropathy, whereas loss-
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Fig. 6. Effect of E0199 on pain behaviour in chronic constriction injury (CCI) model mice. (A) Protocol of pain behaviour tests in CCI model mice. (B—D) Effects of 20 mg/kg car-
bamazepine (CBZ), 10 mg/kg retigabine (RTG), RTG (5 mg/kg) + CBZ (10 mg/kg), and E0199 (1, 5, and 20 mg/kg) on the thermal (B), mechanical (C), and cold (D) withdrawal
thresholds in CCI model mice. (E-G) Changes in the thermal (E), mechanical (F), and cold (G) withdrawal thresholds 15 days after discontinuation of administration. Data are
presented as mean + standard error of the mean (SEM) and were analyzed by one-way analysis of variance (ANOVA)-Bonferroni test. *"P < 0.001, compared with model group

(n = 8 per group).

of-function mutations are associated with painlessness, high-
lighting the crucial role of Nay1.7 in pain modulation. NP resulting
from nerve injury is closely linked to upregulation of Nay channels
and downregulation of Ky7 channels in the DRG. Ky7.2/7.3 and
Nay1.7 channels show co-localisation at the axon initial segment of
myelinated fibres in peripheral DRG neurons [47], where the axon
initial segment serves as the primary origin of NP signals [48].
Therefore, inhibiting Nay channels and enhancing Ky7 channels
may synergistically contribute to the treatment of NP.

Interestingly, ciguatoxins can induce cold allodynia in rodents
by activating sodium channels and inhibiting potassium channels
[49,50]. In animals with ciguatoxin-induced cold allodynia, lamo-
trigine and flupirtine effectively relieve pain [49], and alleviated
cold allodynia caused by ciguatoxins [49]. In addition, lamotrigine
and flupirtine can effectively open potassium ion channels while
inhibiting sodium ion channel activity, demonstrating that the
simultaneous modulation of sodium and potassium channels can
effectively regulate NP. This case further illustrates that simulta-
neous modulation of sodium and potassium channels can effec-
tively regulate the hypersensitivity induced by neurotoxins.
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Advancements in resolution of the structures enable greater in-
sights into the Nay1.7 and Nay1.8 channels [51,52], and the potential
for the development of highly selective small-molecule compounds
has become feasible [53]. However, clinical trial results for small-
molecule blockers targeting Nay1.7 and Nay1.8 as single targets for
pain treatment have yielded less than favourable outcomes [54].
Similarly, for Ky7 channels, the analysis of co-crystal structures with
a batch of small-molecule compounds [55,56] revealed the activation
mechanisms following the binding of small-molecule drugs to the
channels [57,58]. Leveraging computer-aided drug design and arti-
ficial intelligence screening methods, we envision the development
of a class of small-molecule compounds that simultaneously target
Ky7 and Nay channels, particularly focusing on their peripheral
distribution. The design offers three key advantages: first, dual tar-
geting synergistically boosts efficacy; second, focusing on peripheral
targets minimizes the risk of central side effects; and third, aiming at
the DRG as primary nociceptive sensory neurons eliminates the need
for extensive blood-brain barrier penetration.

In our preliminary screening, we identified 210 candidate small-
molecule compounds and verified their activities and relative
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Fig. 7. Impact of E0199 on locomotor behaviour in open field and elevated plus maze. (A) Typical trajectories of each group of the chronic constriction injury (CCI) model mice in the
open field. (B) Impact of E0199 on the total distance of the CCI model mice in an open field. (C) Effect of E0199 on the central movement time of the CCI model mice in an open field.
(D) Impact of EO199 on the central distance of the CCI model mice in an open field. (E) Effect of E0199 on the mean motion speed of the CCI model mice in the open field. (F) Typical
trajectories of each group of the CCI model mice in the elevated plus maze. (G) Effect of E0199 on open arm time in the CCI model mice. (H) Effect of E0199 on movement time in the
central region of CCI model mice. (I) Effect of E0199 on the total speed of CCI model mice. (J) Effect of E0199 on close arm time in CCI model mice. Data are presented as

mean =+ standard error of the mean (SEM) and were analyzed by one-way analysis of variance (ANOVA)-Bonferroni test. ““P < 0.01 and ***P < 0.001, compared with model group
(n = 8 per group). CBZ: carbamazepine; RTG: retigabine.
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Table 4

Journal of Pharmaceutical Analysis 15 (2025) 101132

The concentration of E0199 in rat plasma, dorsal root ganglia (DRG), brain, kidney, and liver at 5 min, 15 min, 0.5 h, 1.0 h, and 2.0 h.

Time Concentration of E0199 (ng/mL in plasma, ng/mg in other tissues)

Tissues 5 min (n = 4) 15 min (n = 5) 0.5h(n=4) 1.0h(n=4) 20h(n=4)
Plasma 1027.6700 + 95.6900 223.3300 + 21.8000 121.6700 + 10.6800 6.0500 + 1.0100 <0.2500

DRG 0.2800 + 0.0320 0.1400 + 0.0120 0.0920 + 0.0017 0.0840 + 0.0006 0.0770 + 0.0030
Brain 0.0074 + 0.0008 0.0046 + 0.0004 0.0034 + 0.0005 0.0024 + 0.0001 0.0020 + 0.0005
Kidney <0.0018 <0.0018 <0.0018 <0.0018 <0.0018

Liver 0.0530 + 0.0033 0.0240 + 0.0037 0.0160 + 0.0009 <0.0900 <0.0900

subtype selectivity for the most promising compound E0199
(Supplementary data, Figs. S1—S4, and Table S1). For the Nay
channels, E0199 exhibited a low ICsq for the AVy; of Nay1.8 chan-
nels of inactivation, as low as, 33.1 + 10.8 nM (Supplementary data
and Fig. S5). For the Ky7 channels, E0199 demonstrated an ECsg
order for channel opening as follows: Ky7.2/3 > Ky7.5 > Ky7.4 >
Ky7.2, with remarkable sensitivity to Ky7.2/3 as low as
12.78 + 0.01 nM. In terms of the degree of hyperpolarisation shift in
the activation curves, E0199 demonstrated modulatory efficacy in
the following order: Ky7.2/7.3 > Ky7.5 > Ky7.2 > Ky7.4. Additionally,
E0199 exhibited a low ECsq for the AVy; of Ky7.2/7.3 channels, as
low as 2.56 + 0.46 uM (Supplementary data and Fig. S6). Above all,
compound E0199 displayed obvious potential to Ky7.2/7.3, which
contribute to M currents. Concurrently, the ICsq inhibitory activity
of E0199 on the peripheral sodium channel is in the order of
Nay1.9 > Nay1.8 > Nay1.7. E0199 inhibited Nay channels, which had
a minimal impact on the activation curve but predominantly
affected the inactivation curve, causing a shift in the inactivation
curve in the following order: Nay1.8 > Nay1l9 > Nayl.7. E0199
mainly affected peripheral sodium channels, such as Nay1.8, Nay1.9,
and Nay1.7, which play a more optimized role in regulatory activity
and have a strong regulatory effect on TTX-resistant (TTX-R) so-
dium channels (Nay1.8 and Nay1.9). Summarily, E0199 exhibited
excellent sensitivity in both Ky7 (Ky7.2/7.3, Ky7.5, and Ky7.2) and
TTX-R Nay channels (Nay1.8 and Nay1.9).

Although research labs worldwide are engaged in the devel-
opment of analgesics targeting Ky7, Nay1.7, Nay1.8, and Nay1.9, few
small-molecule compounds have advanced to the clinical stage.
RTG and flupritine were withdrawn from the market owing to se-
vere adverse reactions, including blue-purple deposits in the retina
and skin and liver damage [59,60]. Currently, no drugs targeting
Nay1.7 are available in the market. BIIBO74 was discontinued after
phase Il clinical trials owing to its inferior efficacy compared to that
of the placebo group [61]. PF-05089771 was also ineffective in
treating diabetes-induced NP [15]. The development of analgesics
targeting Nay1.7 is exceedingly challenging. Despite considerable
interest in the development of blockers targeting Nay1.8, such as A-
803467 and PF-01247324, the compounds targeting Nay1.8 and
Nay1.9 channels have not yet been incorporated in clinical trials
[62,63]. Based on this, our newly developed small-molecule com-
pound targeted two types of channels, paving the way for the
development of novel analgesics. Compared to most currently
developed Ky7 channel openers, our compound (E0199) demon-
strates excellent sensitivity with an ECsg activity superior to cele-
coxib, RTG, linopirdine, and other compounds, exhibiting ECsg as
low as 0.50 pM [26,64]. Currently, there are no specific blockers for
regulating the Nay1.9 channel, and our compound, E0199, has a
superior ICsp activity to block the Nay1.9 channel compared to
compounds such as bupivacaine, benzocaine, amitriptyline, and
loperamide [65—67]. E0199 as a non-specific inhibitor for Nay1.8
channel, still surpassed that of compounds vinpocetine, which was
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reported as an inhibitor of Nay1.8 channel [68]. Therefore, E0199
simultaneously exerted potent regulatory effects simultaneously on
Ky7 channels and Nayl.9, Nay1.8, and Nayl.7 channels. E0199
changes the RMP of neurons by opening Ky7 channels and blocking
peripheral Nay1.9, Nay1.8, and Nay1.7 channels to stop APs. This is
achieved by blocking Nay1.9 channels in particular, which stop
neurons from firing APs at low membrane potentials. This dual-
channel modulation is a critical advantage of E0199 for inhibiting
aberrant neuronal firing.

By opening the Ky7 channel, the new compound E0199 effec-
tively lowered the RMP of neurons and prevented the abnormal
discharge of DRG neurons in CCI model rats. In addition, it can
modulate the rhythm of AP release by changing the rheobase and
the threshold for AP burst. Notably, compound E0199 did not
affect Ky7.1, human ether-a-go-go related gene (HERG) (Supple-
mentary data and Fig. S7), or Nay1.5 channels, which are widely
distributed in the heart, nor did it affect the Nay1.4 channel, which
is prevalent in muscles, and does not affect the Nay1.1 or Nay1.6,
which are distributed in the central nervous system (Fig. 3). By
regulating the aforementioned ion channels, E0199 stabilises
neuronal membranes, thereby effectively alleviating pain. E0199
exhibited significant therapeutic efficacy in mice with CCI-
induced NP, with efficacy visible at a dose of 1 mg/kg (Supple-
mentary data and Tables S2—S4). Besides, E0199 had a few effect
on DRG excitability in normal animals, which indicated that E0199
was fairly safe (Supplementary data and Fig. S8). Moreover, E0199
significantly improved rodent performance in the rotarod and
balance beam walking tests in the CCI model mouse (Supple-
mentary data and Fig. S9). Additionally, E0199 did not affect social
behaviours in mice or induce depression-like behaviours after
administration (Supplementary data and Fig. S10). Furthermore,
the acute toxicity of E0199 in CCI model mice was assessed, and
median lethal dose (LDsp) was found to be 67.23 + 0.50 mg/kg i.v.,
with the median toxic dose (TDs5g) of 88.01 + 1.41 mg/kg (i.p.)
(Supplementary data and Fig. S11). After continuous administra-
tion, there were no abnormalities in 12 items of blood biochem-
istry in mice, suggesting that E0199 does not cause obvious liver
and kidney damage in animals at the therapeutic dose, has few
side effects, and is relatively safe (Supplementary data and
Table S5). Based on molecular dynamics simulations, E0199
exhibited a stronger binding affinity for the receptors than RTG
and CBZ. This result suggests that intrinsic factors may have
contributed to the superior efficacy of E0199. Futhermore, E0199
had good cardiac safety at therapeutic doses (Supplementary data
and Fig. S12). Most importantly, unlike other small-molecule
compounds, E0199 demonstrates a low blood-brain barrier
penetration rate and primarily acts on the peripheral system
(Supplementary data, Tables 4, S6, and S7 and Fig. S13). This es-
tablishes a solid foundation for the regulation of peripheral NP.
Therefore, E0199 exhibited an excellent safety profile and phar-
macological activity both in vitro and in vivo.
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Fig. 8. Computational studies of E0199 in Ky7.2 and Nay1.7. (A) Chemical structures of ligands in simulation systems. (B) Root-mean-square deviation (RMSD) analysis of the four
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5. Conclusion

We focused on developing novel small-molecule compounds
that target both the Nay channel inhibition and Ky7 channel acti-
vation, providing a new avenue for the development of small-
molecule drugs for NP treatment. This approach offers a prom-
ising compound framework for the development of novel small-
molecule analgesics and has significant scientific research value.
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