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ANTICONVULSANT ACTIVITY OF ORIGINAL VALPROIC ACID M) Check for updates
AMINOETHERS IN CHOLINESTERASE INHIBITOR POISONING

Alisa V. Belskaya™, Aleksandra S. Melekhova, Veronika N. Zorina, Aleksandr Ya. Bespalov, Margarita V. Melnikova,
Anastasiya A. Bondarenko

Golikov Scientific and Clinical Center of Toxicology, St. Petersburg, Russia

Introduction. Cholinesterase inhibitors present in household chemicals, agrochemicals, and a number of medicinal products represent the
most common cause of acute intoxications accompanied by the development of convulsive syndrome. Delayed and repeated administration
of existing antidotes proves ineffective. Compounds that are promising for the development of alternative therapeutic agents include deriva-
tives of valproic acid.

Objective. Evaluation of the anticonvulsant efficacy of original valproic acid aminoethers in intoxication with phenylcarbamate as a cholines-
terase inhibitor.

Materials and methods. Experiments were conducted using outbred white male rats aged 3 months with a body weight of 200-240 g. The
tabular express method by Prozorovsky was used to determine the median lethal doses of the new compounds. To model the convulsive syn-
drome, phenylcarbamate was administered intraperitoneally to male rats at a dose of 1 mg/kg bw. The anticonvulsant activity of valproic acid
aminoethers — N-methyl-4-piperidinol (VAA), quinuclidinol (QVA), and tropinol (TVA) — was assessed. The preparations were administered
at doses of 21.5 mg/kg bw and 43 mg/kg bw after the onset of convulsions. The study was conducted using four experimental groups: phe-
nylcarbamate — P (n = 8), P+VAA (n = 16), P+TVA (n = 16), and P+QVA (n = 16). The test substances were dissolved in 0.9% sodium chloride
solution and administered intraperitoneally, taking interspecies dose conversion into account. The volume of the intraperitoneally administered
solution was 0.1 mL/100 g. The severity of the convulsive syndrome in the experiment was assessed using the Racine scale. The following
efficacy indicators were taken into account: latent period, severity and duration of convulsive syndrome, and mortality. Statistical processing
of the research results was performed using the Statistica 13.0 software package (Statsoft, USA).

Results. The established LD, values of the original valproic acid aminoethers under study correspond to class 3 of moderately toxic sub-
stances. At a dose of 21.5 mg/kg bw, the proportion of rats with severe convulsions significantly decreased in all groups; the fastest anticon-
vulsant effect was recorded in the QVA group (after 10 min, convulsions were absent). The efficacy of VAA and TVA at a dose of 43 mg/kg bw
was comparable to the dose of 21.5 mg/kg bw; in the QVA group, the proportion of animals with convulsions remained high after 10 min.
A significant reduction in the duration of convulsions was revealed in the QVA group at doses of 21.5 mg/kg bw and 43 mg/kg bw. A significant
decrease in the intensity of convulsions was detected in the VAA and QVA groups at a dose of 21.5 mg/kg bw, and at a dose of 43 mg/kg bw
in the VAA and TVA groups.

Conclusions. The new aminoethers of valproic acid exhibit anticonvulsant activity in intoxication with a reversible cholinesterase inhibitor. At
a dose of 21.5 mg/kg bw, QVA is the most effective; however, at a dose of 43 mg/kg bw, manifestations of toxicity are observed and VAA is
more effective. Despite animal mortality, TVA also demonstrates its efficacy at a dose of 43 mg/kg bw.
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MPOTUBOCYAOPOXXHASA AKTUBHOCTb OPUMMHAJIbHBIX AMUHO3®VPOB BAJIbIMPOEBOW
KUCJ10Tbl NMPU NHTOKCUKALN NHTMBUTOPOM XOJIMH3CTEPA3
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BBepeHune. Hanbonee pacnpocTpaHeHHOW MPUHUHOM OCTPbIX MHTOKCUKALWNA, COMPOBOXAAIOLLMXCS Pa3BUTMEM CYAOPOXHOrO CUHOPO-
Ma, SBSKOTCA MHMMOUTOPbI XONMHACTEPa3 B COCTaBe ObITOBOW XUMUW, arpOXUMUKATOB U Psifa eKapCTBEHHbIX cpeacTB. OTCpoYeHHoe
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1 NMOBTOPHOE MPUMEHEHME CYLLIECTBYHOLLIMX aHTUAOTOB ManoaekTBHO. K coeMHEHVSIM, NMEPCNEKTUBHBIM A5 paspaboTku ansrepHa-
TVBHbIX CPEeACTB Tepanuu, OTHOCATCSt MPOW3BOAHbIE BaNbNpPOEBO KMCOTbI.

Llenb. OueHka npoTUBOCYAOPOXKHOW 3(DMHEKTUBHOCTM OPUMMHANBHBIX aMUHOI(MUPOB BabMPOEBOWN KMCNOTbI MPU MHTOKCUKALMN UHIMOUTO-
POM XONMH3CTEPasbl — heHnnkapbamaTom.

Marepuanbl n meToabl. SKCNeprMeHTbl NPoBeaeHbl Ha HecnopodHbIX BefbIX KpbiCax-camuax Bo3pacTom 3 MecsLa 1 maccon tena 200-
240 r. Npy onpefenernn CpepHnX neTanbHbIX 03 HOBbIX COEANHEHNI CMONb30Bann Tabnn4HbIN Skcnpecc-meTog no B.6. MNpo3oposckomy.
[na MogennpoBaHns CyoOpPOXHOIro CUHAPOMA BHY TPMOPIOLLMHHO BBOAMAN KPbICaM-camuam heHnnkapbamar B fose 1 Mr/kr m.T. OueHmBanm
MNPOTUBOCYAOPOXHYIO aKTMBHOCTb aMMHOSMNPOB BaibNPoeBor KNCNOTbl: N-MeTun-4-nnnepunanHonsHei (ABK), xnHyk nugnHonsHein (XABK)
1 TponvHoBbIN (TABK), BBOAMMBIE B fo3ax 21,5 n 43 MI/Kr MT. mOcne Ha4ana cydopor. ViccnegoBaHne NpoBeaeHO Ha 4 OMbITHbIX rpynnax:
heHnnkapbamar «®» (n = 8), D+ABK (n = 16), D+TABK (n = 16), ®+XABK (n = 16). Viccnepyembie cybcTaHumm pacteopsinm B 0,9%-HOM pacTBo-
pe xnopuaa HaTpus 1 BBOAWUIM BHYTPUOPIOLLMHHO, C YHETOM MEXBWA0BOIo nepecyeTa Ao3. O6bem BBOAUMOrO BHY TPUOPIOLLMHHO pacTBopa
coctaenan 0,1 mn/100 r. Beipa>keHHOCTb CYyAOPOXHOro CUHAPOMA B 9KCMEpUMEHTE OueHnBanuv no wkane Racine. YunTbiBanm nokasarenm
3P HEKTUBHOCTU: NATEHTHbIN NEPUOL, BbIPAXXEHHOCTb 1 MPOAOIKUTENIBHOCTb CYAOPOXHOMO CUHAPOMA, NeTanbHOCTb. CTaTUCTUYECKYO 06-
paboTKy pe3ynsLTaToB MCCNeaoBaHs MPOM3BOANAN C MOMOLLbIO NakeTa nporpamMmel Statistica 13.0 (Statsoft, CLLA).

Pesynbratbl. YcTaHoBeHHbIe 3HaqeHVs J1, ) opyriHaibHbIX aMUHOS(MPOB BASIbMPOEBOW KUCOTbI COOTBETCTBYIOT 3-My KJIaCCy yMepeH-
HO TOKCU4YHbIX BeLlecTB. B fose 21,5 Mr/Kr MT. 3Ha4YMMO yMEHbLUANach 40N KPbIC C BbIPaXKeHHbIMI CyLOpOoraMm BO BCex rpynnax, Hambo-
nee BbICTPbIN MPOTUBOCYA0POXHBIN 3dhdeKT perncTpupoBani B rpynne XABK (4epe3 10 MUH cynopori oTcyTcTBOBanM). 9hdeKTUBHOCTb
ABK 1 TABK npu ncnonb3osaHumn B fo3e 43 Mr/kr M.T. 6bina conoctasmma ¢ goson 21,5 mr/kr m.T., B rpynne XABK yepes 10 MUH fOns XXun-
BOTHbIX C Cy4OpOramu octaBanacb BbICOKOW. [JOCTOBEPHOE YMEHbLLEHWE NPOAOIKUTENBHOCTY CYA0POr BbiBNEHO B rpynne XABK B fosax
21,5 1 43 Mr/kr M.T. [JOCTOBEPHOE CHVKEHME NHTEHCUBHOCTY CyA0por BbisBneHo B rpynnax ABK 1 XABK B nose 21,5 MI/kr M.T., rpynnax
ABK n TABK — B 103€ 43 Mr/Kr M.T.

BbiBopbl. HoBble amMyHO3(VPBI BasbNPOEBOW KUCNIOThI MPOSIBASIOT MPOTUBOCYAOPOXKHYHO aKTUBHOCTb MPU MHTOKCKKALIMM 0BPaTUMbIM UHMU-
OUTOPOM XonMHacTepas. B noge 21,5 Mr/kr M.T. Hanbonee achpexkTBeH XABK, oaHako B 4o3e 43 MI/KI M.T. Habto4atoTCs MPOSIBIEHNSI TOKCKY-
HocTu 1 6onee adpdexTrBeH ABK. HecMoTps Ha neTansHOCTb »KMBOTHBIX, TABK Takke mposBnseT CBOK apeKTUBHOCTb B 03€ 43 MI/KI M.T.
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BanbnpoeBoM KNCNOTbI; Cy,D,OpO)KHbII;I CVHOPOM; I/IHI'I/I6I/ITOpr XONNHaCTEepPas; Kap6aMaTbI;

Ons untupoBaHus: benbckaa A.B., Menexosa A.C., 3opuHa B.H., Becnanos A.4., MensHukosa M.B., BoHgapeHko A.A. MpoTusocyno-
POXHAA aKTMBHOCTb OPUrMHAIbHbIX aMUHOSMUPOB BaNbMNPOEBOW KUCNOTbI MPU MHTOKCUKALMU UHMMOUTOPOM XONnHaCTepas. MeguvumHa
SKCTPEMasIbHbIX cuTyaumi. 2025. https:/doi.org/10.47183/mes.2025-327

DuHaHCUpOBaHWeE: CCNefOBaHVEe BbINOHEHO B paMKax rocyaapcTBeHHoro 3agaHns ®PMBA no Teme «PaspaboTka opurnHanbHbIX hapma-
LIEBTUHECKIX CYyDOCTaHLNIA — aHTaroHUCTOB MHMMOUTOPOB XONMHACTEpPadbl» (LWndp «poBoaHnK» Per. Ne 124022400179-8), a Takxe B pam-
Kax rocyapCTBEHHOro KOHTpakTa «PadpaboTka MeaVkaMeHTO3HOro CPeAcTBa KYNMpOBaHUSA CyAOPOXXHOMO CUHAPOMa 6E30THOCUTENBHO
BbI3BABLLEr0 ero XMMN4ecKoro akTtopar, mgp «Poca.

BnaropgapHocTu: Bepsege A.B. 3a moOMOLLb B CTaTUCTUHECKOM 06paboTke AaHHbIX, MpokoneHko J1.W. 3a cuHTe3 opurnHabHbIX amMUHO-
3(hMpPOB BaNbNpPOEBON KUCNOTbI.

CooTBeTCTBUE NPUHLMNAM 3TUKU: UCCNEL0OBAHNE BbINOHEHO C COBMIOAEHMEM NPaBW BUOSTUKY, YTBEPXXAEHHBIX EBPONENCKOM KOHBEH-
Liel o 3aLipmTe NO3BOHOYHbBIX XKMBOTHbIX, MCMOMb3yeMbIX OJ151 9KCrepMeHTabHbIX 1 Apyrix Lienei. MNpoBeneHme nccnenoBaHnii onobpeHo
Ha 3acefaHun 6rnoatudeckoro komuteta PIEY HKLUT nm. C.H. Tonvkosa ®PMBA Poccum (MpoTtokon Ne 1/22 ot 22.02.2022).

MoTeHumanbHbI KOHMNKT UHTEPECOB: aBTOPbI 3asBNAOT 06 OTCYTCTBUM KOH(MKTA MHTEPECOB.

<l Benbckas Anvca BnagummposHa belskayaalisa@gmail.com

Ctatbs noctynuna: 10.06.2025 MNocne gopaboTku: 04.08.2025 MpuHsaTa K nybnukauun: 22.09.2025 Online first: 17.10.2025

INTRODUCTION

Poisoning with cholinesterase inhibitors remains the
primary cause of generalized convulsive syndrome of
toxic etiology. Substances in this group include irre-
versible inhibitors, primarily organophosphorus com-
pounds (OPCs), and reversible inhibitors, such as de-
rivatives of carbamic acid (carbamates). Carbamates
and OPCs are used as components of agricultural and
household chemicals (pesticides, insecticides), as well
as plasticizers and polymeric materials. Carbamates
are also widely applied in the pharmaceutical indus-
try as part of medicinal products [1, 2]. The number
of victims of poisoning with cholinesterase inhibitors
(household poisonings, agrochemical poisonings, drug
overdoses, or suicides) amounts to several million per
annum worldwide.

The toxic effects of cholinesterase inhibitors on the
body are manifested in the development of miosis,
bronchospasm, hypersecretion, vomiting, arrhythmia,
and respiratory failure. These conditions result from en-
hanced muscarinic and nicotinic stimulation due to the
inhibition of acetylcholinesterase (AChE) activity. This in-
hibition promotes the accumulation of acetylcholine in
neuronal synapses and the development of cholinergic
syndrome [3]. Additionally, butyrylcholinesterase, carbo-
xylesterase, and some other enzymes are inhibited [1,
4, 5]. At the level of the central nervous system (CNS),
intoxication effects include generalized convulsive sei-
zures, which can last for more than 30 min and involve
significant damage to neurons and neuroglial cells in the
brain. Furthermore, cholinergic manifestations are sup-
plemented by glutamatergic excitotoxicity, progression
of neuroinflammation and neurodegeneration. Victims
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may experience persistent neurological disorders for an
extended period of time [6].

It appears evident that a timely and effective sup-
pression of convulsions is essential for improving the
survival rates after acute poisoning with cholinesterase
inhibitors, as well as for ensuring neuroprotection and
prevention of CNS dysfunction in the long-term post-
intoxication period. However, the existing antidote ther-
apy is primarily aimed at reducing severity and prevent-
ing fatalities in the earliest stages of intoxication (prior
to the onset of convulsions).

The effectiveness of antidote therapy decreases
significantly when administered during actively devel-
oping or established convulsive syndrome. In particu-
lar, atropin [5] acts only on muscarinic, rather than on
nicotinic, cholinergic receptors [6]. This compound is
most effective when administered prophylactically or
within the first minutes after exposure. Oximes, such
as pralidoxime, etc., are recommended as prophy-
lactic antidotes and exclusively for organophospho-
rus compound (OPC) poisoning [4]. Among benzodi-
azepines, which interact with gamma-aminobutyric
acid (GABA) receptors, midazolam is preferred due
to its rapid action, attributed to its high penetrative
properties across the blood-brain barrier (BBB) [5].
However, their efficacy may be significantly reduced
due to a substantial decline in the expression of re-
ceptor subunits and structurally associated proteins
and enzymes capable of interacting with these sub-
stances within 10-20 min after exposure [6]. This
greatly increases the share of refractory (antidote-re-
sistant) convulsions.

The above-mentioned considerations underscore
the necessity for developing new effective means to
suppress convulsive syndrome in poisoning with cho-
linesterase inhibitors. One promising direction consists
in the development of anticonvulsant agents based on
derivatives of valproic acid. It is known that valproic
acid participates in pre- and postsynaptic modulation
of GABAergic signaling, affects sodium, calcium, and
potassium channels, can increase extracellular lev-
els of serotonin and dopamine in the hippocampus,
modulate neurogenesis, and exert a neuroprotective
effect [7]. However, the high effective dose of this an-
ticonvulsant for generalized convulsive syndrome (over
150 mg/kg bw) limits its use as an antidote. Moreover,

high doses of valproic acid are associated with a tera-
togenic effect [8].

With the purpose of reducing the effective dose,
new pharmaceutical agents based on valproic acid are
being developed. For example, valpromide (VPM), a
recently developed substance, was shown to act as
a prodrug (valproic acid is released during hydrolysis
in the stomach) [8, 9]. However, VPM, approved only
in France and Italy (Depamide®), is recommended for
use exclusively in bipolar disorders (hot as an anticon-
vulsant) [9]. Valnoctamide (VCD) — an isomer of val-
promide — with its own therapeutic activity (biotrans-
formation with the release of valproic acid in the body
is minimal) has been developed. Currently, VCD has
successfully passed phase llb of clinical trials and is
included in the list of sedative agents as an anticon-
vulsant [8]. Sec-butylpropylacetamide (SPD), a recently
synthesized homologue of VCD, showed high anti-
convulsant activity in various experimental models in
preclinical studies, including cases of benzodiazepine-
resistant convulsions [8]. The efficacy of SPD is due
to a significantly faster rate of penetration through the
blood—-brain barrier (12 times faster than valproic acid).
SPD was demonstrated to preserve cognitive functions
and reduce neuronal damage [10]. However, SPD and
VCD are poorly soluble in water and are used in the
form of an emulsion [11], which is inconvenient for use
as an antidote. All the above-mentioned derivatives of
valproic acid are not registered as agents for the relief
of generalized convulsive syndrome.

The aim of the study is a comparative investigation
of the anticonvulsant efficacy of original valproic acid
aminoether substances in poisoning with a cholinester-
ase inhibitor — phenylcarbamate.

MATERIALS AND METHODS

Original valproic acid derivatives were developed and
synthesized at the Laboratory of Drug Synthesis of the
Golikov Federal Research Center of Toxicology. The list
and structural formulas of the tested substances are
presented in Table 1.

In the experiments, outbred white male rats aged
three months and weighing 200-240 g were used as
the test system. The animals were obtained from the
nursery of the National Research Center “Kurchatov

Table 1. Molecular characteristics of valproic acid aminoethers

Name Gross formula Purity (%)
(1-Methylpiperidin-4-yl) 2-propylpentanoate hydrochloride (VAA) C,,H,,NO,*HCI 98.27
1-Azabicyclo[2.2.2]oct-3-yl 2-propylpentanoate (QVA) C,,H,,NO,"HCI 98.03
8-Methyl-8-azabicyclo[3.2.1]oct-3-yl 2-propylpentanoate (TVA) C,;H,,NO,"HCI 98.09

Table compiled by the authors
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Institute” — RAPPOLOVO Laboratory Animal Breeding
Facility (Leningrad Oblast). The animals were kept un-
der standard conditions in accordance with the rules'.

At the first stage, an assessment of acute toxicity
and determination of the median lethal dose (LD,,) for
TVA and QVA was conducted using the express method
by Prozorovsky [12]. In order to study each compound,
the experimental animals were divided into four groups
of two rats each; a single intraperitoneal injection of the
test solutions was performed (the substances were
dissolved in 0.9% sodium chloride solution). The fol-
lowing doses were selected for the acute toxicity study
of TVA and QVA substances: QVA — 63.1, 79.4, 100.0,
126.0 mg/kg; TVA — 79.4, 100.0, 126.0, 158.0 mg/kg.
Previous studies had determined the LD, for VAA to be
170 = 1.2 mg/kg bw [13].

At the second stage, the pharmacological activ-
ity of the substances was studied using a model of
convulsions induced by a reversible cholinesterase
inhibitor — substituted 2[(dimethylamino)methyl] aryldi-
methylcarbamate hydrochloride (hereinafter referred
to as phenylcarbamate) [14]. Phenylcarbamate was
administered as a single intraperitoneal injection at a
dose of 1 mg/kg bw [15]. The following experimental
groups were formed: a group with isolated administra-
tion of phenylcarbamate “P” as the convulsive agent
(n = 8), and three groups with administration of “P” fol-
lowed by administration of the test corrective agents:
P+VAA (n = 16), P+TVA (n = 16), P+QVA (n = 16). The
anticonvulsant efficacy of the VAA, QVA, and TVA sub-
stances was assessed at two doses — 21.5 mg/kg bw
and 43.0 mg/kg bw (eight animals per dose for each
test substance).

The selection of effective doses of the test sub-
stances and the administration regimen was based on
the dosage and usage protocols of sodium valproate
(Convulex®) adopted in clinical practice for humans.
The average dose of 7 mg/kg bw was used as the ba-
sis for calculating the effective dose. Interspecies dose
conversion from human to rat was performed using the
standard recommendations of Mironov2. The test dose
values were calculated using the following coefficients:
the therapeutic dose for rats was 7.0 x 39 (coefficient
for a human weighing 70 kg) / 6.5 (coefficient for a rat
weighing 200 g) = 43.0 mg/kg bw.

The test substances were dissolved in a 0.9% sodi-
um chloride solution and administered intraperitoneally,
taking interspecies dose conversion into account. The
volume of the intraperitoneally administered solution
was 0.1 mL/100 g. Administration was performed with-
in the first minutes after the onset of seizures at lev-
els 3—4 on the Racine scale [16], which were induced
by the administration of the cholinesterase inhibitor.

The following efficacy indicators were taken into ac-
count: latent period, severity and duration of convulsive

syndrome, and mortality. Observation and recording
of lethal outcomes were conducted over a 24-h pe-
riod. Mortality was assessed based on the proportion
of deceased rats relative to their total number in the
study group after the administration of the convulsive
agent during the 24-h observation period. The sever-
ity of convulsive syndrome in the experiment was as-
sessed using the Racine scale. Seizures of level 4 and
above, equivalent to generalized clonic-tonic seizures
in humans, were classified as severe. The duration of
convulsive syndrome was measured in minutes.

To assess the significance of differences in the fre-
quency of rats exhibiting severe seizures, Fisher’s exact
test was used. A comparative assessment of the con-
vulsive syndrome indicators in male rats poisoned with
phenylcarbamate was performed using the Kruskal—-
Walllis test. To identify differences between individual
groups, as well as between the studied substances
and the “P” group, Dunn’s multiple comparison test
(post-hoc analysis) was employed. Statistical process-
ing of the research results was carried out using the
Statistica 13.0 software package (Statsoft, USA).

RESULTS

In the course of work to determine the quantitative char-
acteristics of acute toxicity upon intraperitoneal admin-
istration of QVA, the following distribution of rat mor-
tality in each dose subgroup was established: 0O, O, 2,
2 individuals, which allowed for the determination of the
LD,, for QVA at a level of 89.8 + 7.1 mg/kg; upon intra-
peritoneal administration of TVA — 0, 0, 2, 2 individuals,
which corresponded to an LD, of 1138.1 + 8.9 mg/kg.
Based on the obtained LD, values of the original valp-
roic acid aminoethers, the compounds can be classified
as class 3 moderately toxic substances.

The experimental model of seizures induced by a
reversible acetylcholinesterase inhibitor (phenylcarba-
mate) [12, 13] following the administration of VAA, QVA,
and TVA at two doses (21.5 mg/kg bw and 43.0 mg/
kg bw) revealed no statistically significant difference
between the share of deceased rats in the group of
animals receiving the convulsive agent, regardless of
the dose and the recorded time interval. During the ex-
periment, the death of one animal in the “P” group at
the 30-min observation mark, the death of one rat fol-
lowing the administration of TVA at a dose of 21.5 mg/
kg bw at the 10-min observation mark, and the death of
three rats in the QVA group at a dose of 43.0 mg/kg bw
at the 20-min observation mark were recorded.

After the administration of phenylcarbamate, the
number of rats with severe convulsions in the “P”
group began to decrease from the 30-min observation
point by 14%; by 70 min, convulsions were no longer
recorded in the animals.

TSP 2.2.1.3218-14 dated September 28, 2014 “Sanitary and Epidemiological Requirements for the Design, Equipment, and Maintenance of Experimental-

Biological Clinics (Vivaria)”.

2 Mironov AN. Guidelines for conducting preclinical drug trials. Part 1. Moscow: Grif&K; 2012.
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Table 2. Effect of the investigated drugs on the occurrence of seizures in rats following administration of

phenylcarbamate and valproic acid aminoether substances
Time intervals, min
Group
0 5 10 20 30 40 50 60 70
Number of rats (n/N) after administration of substances at a dose of 21.5 mg/kg b.w.

P 8/8 8/8 8/8 8/8 6/7 5/7 3/7 1/7 0/7
P+VAA 8/8 8/8 3/8* 0/8* 0/8* 0/8* 0/8 0/8 0/8
P+TVA 8/8 8/8 o/r* 3/7* 1/7* o/r* or7 o/7 o/7
P+QVA 8/8 8/8 0/8* 0/8* 0/8* 0/8* 0/8 0/8 0/8

Number of rats (n/N) after administration of substances at a dose of 43.0 mg/kg b.w.

P 8/8 8/8 8/8 8/8 e/7 5/7 3/7 1/7 or7
P+VAA 8/8 8/8 2/8* 0/8* 0/8* 0/8* 0/8 0/8 0/8
P+TVA 8/8 8/8 1/8* 1/8* 0/8* 0/8* o/7 0/7 0/7
P+QVA 8/8 8/8 8/8 0/8* 0/8* 0/8* 0/8 0/8 0/8

Table compiled by the authors based on their own data

Note: P — Phenylcarbamate; VAA — (1-methylpiperidin-4-yl) 2-propylpentanoate hydrochloride; QVA — 1-azabicyclo[2.2.2]oct-3-yl
2-propylpentanoate; TVA — 8-methyl-8-azabicyclo[3.2.1]oct-3-yl 2-propylpentanoate; n — number of rats with severe convulsions; N — total
number of rats in the group; * — differences are statistically significant compared to the P group (o < 0.05).

The administration of the original aminoethers re-
duced the number of animals with convulsion severity
of level 4 and above (Racine scale), which corresponds
to a generalized convulsive syndrome in humans
(Table 2).

Following the administration of the test substances
at a dose of 21.5 mg/kg bw, a statistically significant
reduction in the proportion of rats with severe convul-
sions was observed during the 10-40 min period of
observation (Table 2).

In the P+QVA group, animals with severe convul-
sions were completely absent starting from the 10-min
observation mark, whereas in the other two groups, the
anticonvulsant effect occurred later. Specifically, in the
P+TVA group, no severe convulsions were observed
at 10 min; however, cases of clonic-tonic convulsions
were recorded over the next 20 min, which ceased by
40 min. In the P+VAA group, a reduction in convulsion
severity occurred by the 20-min observation mark.

No statistically significant intergroup differences
were identified when comparing animals that received
different substances at the same time interval.

When the substances were administered at a dose
of 43.0 mg/kg bw, the anticonvulsant efficacy in the
P+VAA and P+TVA groups generally coincided with
that established at the lower dose. However, in the
P+QVA group, 10 min after substance administration,
the number of animals with severe convulsions did
not decrease compared to the “P” group. At the same
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time, by 10 min, in the P+VAA and P+TVA groups, the
number of animals with convulsive syndrome was sta-
tistically significantly lower than that in the group with
isolated administration of phenylcarbamate.

When assessing the total duration of convulsions
using statistical processing of the results with the
Kruskal-Wallis test, the presence of statistically sig-
nificant differences between all studied groups upon
administration of the substances at both doses was
revealed (Table 3).

When constructing a quadratic matrix of post-hoc
comparisons (p-values) for the duration of convul-
sions following intraperitoneal administration of the
test substances and in the phenylcarbamate group
using Dunn’s post-hoc test, no statistically significant
intergroup differences were identified. However, when
comparing the duration of convulsions in the P+QVA
group (dose 21.5 mg/kg bw) with the values in the “P”
group, a statistically significant reduction in the medi-
an (Me) duration of convulsions by 77% was detected
(p = 0.001). A lower median duration of convulsions by
57% was also recorded when comparing the indicator
in the P+QVA and P+VAA groups at the dose level of
21.5 mg/kg bw (p = 0.041).

When the substances were administered at a dose
of 43.0 mg/kg bw, differences in the duration of con-
vulsions were established, comparable to the results
obtained when studying the effects of lower doses.
Specifically, significant differences were found when
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Table 3. Comparative assessment of convulsion duration in rats after intraperitoneal administration of
phenylcarbamate and valproic acid aminoether substances at doses of 21.5 and 43.0 mg/kg bw

. Animals amount Convulsion duration, min p-value of
Dose of valproic .
Group acid aminoethers intergroup
N M, Min Max differences’
P - 8 87.0 13.0 103.0
P+VAA 8 46.5 34.0 57.0
0.003
P+TVA 21.5 mg/kg b.w. 8 40.0 8.0 44.0
P+QVA 8 20.0 20.0 20.0
P - 8 87.0 13.0 103.0
P+VAA 8 70.0 31.0 81.0
0.002
P+TVA 43.0 mg/kg b.w. 8 48.0 45.0 50.0
P+QVA 8 30.0 12.0 32.0

Table compiled by the authors based on their own data

Note: P — Phenylcarbamate; VAA — (1-methylpiperidin-4-yl) 2-propylpentanoate hydrochloride; QVA — 1-azabicyclo[2.2.2]oct-3-yl
2-propylpentanoate; TVA — 8-methyl-8-azabicyclo[3.2.1]oct-3-yl 2-propylpentanoate; «—» — isolated administration of phenylcarbamate; ' —

p-value in the Kruskal-Wallis test.

Table 4. Comparative assessment of the time-weighted sum of seizure intensity scores in male rats after
intraperitoneal administration of valproic acid aminoether substances at doses of 21.5 and 43.0 mg/kg bw

Time-weighted sums of seizure p-value of
G Dose of valproic Number of intensity scores, score/min .
roup ; . . intergroup
acid aminoethers animals differences!
M, min max
P - 7 270 210 310
P+VAA 8 61 53 98
0.001
P+TVA 21.5 mg/kg bw 7 85 48 115
P+QVA 8 19 18 20
P - 7 270 210 310
P+VAA 8 110 63 183
0.001
P+TVA 43.0 mg/kg bw 8 66 65 165
P+QVA 5 78 78 90

Table compiled by the authors based on their own data

Note: P — Phenylcarbamate; VAA — (1-methylpiperidin-4-yl) 2-propylpentanoate hydrochloride; QVA — 1-azabicyclo[2.2.2]oct-3-y!
2-propylpentanoate; TVA — 8-methyl-8-azabicyclo[3.2.1]oct-3-yl 2-propylpentanoate; «—» — isolated administration of phenylcarbamate;

' — p-value in the Kruskal-Wallis test.

comparing the P+QVA group with the phenylcarbamate
group (p = 0.001) and in the intergroup comparison be-
tween P+QVA and P+VAA (p = 0.039).

Time-weighted sums of seizure intensity scores
(area under the curve “seizure score—time,” AUC)
were calculated. Deceased individuals were excluded
from the calculations. It was demonstrated (Table 4)
that there are statistically significant differences be-
tween the AUC indicators upon administration of the

substances at doses of 21.5 mg/kg bw (p = 0.001) and
43.0 mg/kg bw (p = 0.001).

Upon administration of the substances at a dose of
21.5mg/kg bw, the time-weighted sums of seizure inten-
sity scores in the P+VAA group were found to be statis-
tically significantly lower by 77% than the correspond-
ing indicator in the phenylcarbamate group (p = 0.041),
and in the P+QVA group — by 93% (p = 0.001) based
on the median, respectively. In the P+TVA group, the
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Figure prepared by the authors based on their own data

Fig. 1. Median-based plots of the severity of the con-
vulsive syndrome according to the Racine scale
(points) versus time after administration of valproic
acid aminoether substances at a dose of 21.5 mg/kg
bw to male rats: P — Phenylcarbamate; VAA — (1-meth-
ylpiperidin-4-yl) 2-propylpentanoate hydrochloride; QVA —
1-azabicyclo[2.2.2]oct-3-yl  2-propylpentanoate; TVA —
8-methyl-8-azabicyclo[3.2.1]oct-3-yl 2-propylpentanoate

AUC level was lower by 84%, although not reaching
statistical significance compared to the “P” group. A
statistically significant decrease in the AUC indicator
was also recorded in the P+QVA group compared to
the P+TVA group, with a difference of 78% (p = 0.026).

When the substances were administered at a dose
of 43.0 mg/kg bw, a significant reduction in the me-
dian AUC indicator was noted: by 59% (p = 0.015)
in the P+VAA group and by 79% in the P+TVA group
(p = 0.001) compared to the animals that received only
phenylcarbamate.

Figures 1 and 2 show the dynamics of the median
scores for the severity of convulsive syndrome (from O
to 6 points on the Racine scale) after administration of
the test substances over a 100-min observation pe-
riod. Administration of the QVA substance at a dose of
21.5 mg/kg bw demonstrated the most favorable time
course for the severity of convulsive syndrome, corre-
sponding to the greater anticonvulsant efficacy of this
compound. Conversely, when a dose of 43.0 mg/kg
bw was administered, more preferable changes were
observed in animals that received VAA and TVA.

DISCUSSION

Our results indicate that the administration of original
valproic acid aminoethers in the setting of acute intoxi-
cation with a cholinesterase inhibitor contributed to a
pronounced reduction in the duration of convulsions
within the first 10-20 min after the onset of exposure.
The highest efficacy was demonstrated by QVA at a
dose of 21.5 mg/kg bw. This dose led to cessation of
convulsions in 100% of animals after 10 min.
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Figure prepared by the authors based on their own data

Fig. 2. Median-based plots of the severity of the convul-
sive syndrome according to the Racine scale (points)
versus time after administration of valproic acid ami-
noether substances at a dose of 43 mg/kg bw to male
rats: P — Phenylcarbamate; VAA — (1-methylpiperidin-
4-yl) 2-propylpentanoate hydrochloride; QVA — 1-azabi-
cyclo[2.2.2]oct-3-yl 2-propylpentanoate; TVA — 8-methyl-
8-azabicyclo[3.2.1]oct-3-yl 2-propylpentanoate

The time-weighted sum of seizure intensity scores
(AUC) in the groups receiving the original valproic acid
aminoethers at both doses was significantly lower
compared to the group of animals without therapy (only
phenylcarbamate administration), indicating sufficient
efficacy of the test substances in reducing the severity
of not only intense but also other types of convulsions.
Overall, the lowest median AUC value (corresponding
to the highest efficacy) was established for QVA (valp-
roic acid quinuclidinol aminoether) when administered
at a dose of 21.5 mg/kg bw. The VAA and TVA samples
at the studied doses were comparable to each other in
terms of efficacy.

Although no statistically significant differences in
mortality were detected between the studied groups
across all time intervals, the identified death cases of
three animals at the 20-min mark of the experiment
following the use of QVA at a high dose (43.0 mg/
kg bw) require further investigation. It is evident that
these cases could have been associated with either
the toxicity of QVA or the individual reaction of spe-
cific animals to phenylcarbamate exposure, inde-
pendent of QVA administration. Furthermore, the pro-
nounced efficacy of QVA at a dose of 21.5 mg/kg bw
suggests that a further dose reduction without effi-
cacy loss is possible and that the 43 mg/kg bw dose
may be excessive. It has been previously established
that the anticonvulsant efficacy of valpromide in ex-
periments on mice is 3-5 times higher than that of
valproic acid [9]; it is possible that in the case of
QVA, the optimal dose will also be significantly low-
er and not associated with any manifestations of
toxicity.
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Previous animal models demonstrated that, in com-
parision with atropine — a standard antidote for intoxi-
cation with cholinesterase inhibitors [17], VAA is more
effective in reducing the duration of convulsive syn-
drome. In this light, the developed original valproic acid
derivatives should be considered promising for further
study and the development of agents to terminate the
convulsive syndrome induced by cholinesterase inhibi-
tors, including irreversible ones.

CONCLUSIONS

1. The developed original valproic acid derivatives
(VAA, QVA, and TVA) are effective in relieving convulsive

References

1. King AM, Aaron CK. Organophosphate and carbamate
poisoning. Emergency Medicine Clinics of North America.
2015;33(1):133-51.
https://doi.org/10.1016/j.emc.2014.09.010

2. Matosevi¢ A, Bosak A. Carbamate group as structural
motif in drugs: a review of carbamate derivatives used as
therapeutic agents. Arhiv za Higijenu Rada | Toksikologiju.
2020;71(4):285-99.
https:/doi.org/10.2478/aiht-2020-71-3466

3. Reddy BS, Skaria TG, Polepalli S, Vidyasagar S, Rao M,
Vijayanarayana K, et al. Factors associated with outcomes in
organophosphate and carbamate poisoning: a retrospective
study. Toxicological Research. 2020;36(3):257-66.
https:/doi.org/10.1007/s43188-019-00029-x

4.  Gladkih VD, Nazarov VB. Cholinesterase reactivators in the
therapy of intoxication with neurotropic physiologically active
substances. Extreme Medicine. 2014;1(47):54-6 (In Russ.).
EDN: SAFQEV

5. Alozi M, Rawas-Qalaji M. Treating organophosphates poi-
soning: management challenges and potential solutions.
Critical Reviews in Toxicology. 2020;50(9):764-79.
https:/doi.org/10.1080/10408444.2020.1837069

6. Reddy DS. Mechanism-based novel antidotes for or-
ganophosphate  neurotoxicity.  Current  Opinion  in
Toxicology.2019;14:35-45.
https:/doi.org/10.1016/j.cotox.2019.08.001

7. Romoli M, Mazzocchetti P, DAlonzo R, Siliquini S,
Rinaldi VE, Verotti A, et al. Valproic Acid and Epilepsy:
From Molecular Mechanisms to Clinical Evidences. Current
Neuropharmacology. 2019;17(10):926-46
https://doi.org/10.2174/1570159X17666181227165722

8. Bialer M, Cross H, Hedrich UBS, Lagae L, Lerche H,
Loddenkemper T. Novel treatment approaches and pediatric
research networks in status epilepticus. Epilepsy & Behavior.
2019;101(Pt B):106564.
https:/doi.org/10.1016/j.yebeh.2019.106564

9. Delage C, Palayer M, Etain B, Hagenimana M, Blaise N,
Smati J, et al. Valproate, divalproex, valpromide: Are
the differences in indications justified? Biomedicine &
Pharmacotherapy. 2023;158:114051.
https:/doi.org/10.1016/j.biopha.2022.114051

syndrome developing due to poisoning with cholinest-
erase inhibitors and can be used for further study as
potential medicinal products.

2. In terms of all the parameters studied, the QVA
substance exhibited the highest anticonvulsant ef-
ficacy at a dose of 21.5 mg/kg bw. However, when
using a dose of 43 mg/kg bw, the VAA substance
demonstrated a more effective relief of the convulsive
syndrome. The TVA substance exhibited its anticon-
vulsant efficacy when used at the increased dose of
43 mg/kg bw.

3. Further selection of effective doses and investi-
gation of the toxicity of the valproic acid quinuclidinol
aminoether (QVA) are necessary.

10. Mawasi H, Bibi D, Shekh-Ahmad T, Shaul C, Blotnik S,
Bialer M. Pharmacokinetic-Pharmacodynamic Correlation
and Brain Penetration of sec-Butylpropylacetamide, a
New CNS Drug Possessing Unique Activity against Status
Epilepticus. Molecular Pharmaceutics. 2016;13(7):2492-6.
https://doi.org/10.1021/acs.molpharmaceut.6b00221

71. Haines KM, Matson LM, Dunn EN, Ardinger CE, Lee-
Stubbs R, Bibi D, et al. Comparative efficacy of valnoctamide
and sec-butylpropylacetamide (SPD) in terminating
nerve agent-induced seizures in pediatric rats. Epilepsia.
2019;60(2):315-21
https:/doi.org/10.1111/epi.14630

12. Prozorovsky VB. Statistical processing of pharmacologi-
cal research results. Psychopharmacology & Biological
Narcology. 2007;7(3-4):2090-120 (In Russ.).

EDN: JVWCBJ

13. Prokopenko LI, Zaitseva MA, Bespalov AYa, Melekhova AS,
Petrov AN, Belskaya AV, et al. Hydrochloride (1-methylpi-
peridin-4-yl)-2-propylpentanoate, which has anticholinergic
and anticonvulsant activity. Patent of the Russian Federation
No. 2714135; 2020 (In Russ.).

14. Bespalov AYa, Prokopenko LI, Gorchakova TL, Kozlov VK,
Petrov AN, Zaitseva MA, et al. Hydrochlorides of substituted
2-[(dimethylamino)methyl] aryldimethyl carbomates with an-
ticholinesterase activity. Patent of the Russian Federation.
No. 2754133; 2021 (In Russ.).

15. Melekhova AS, Belskaya AV, Zorina VN, Melnikova MG,
Kubarskaya LG, Gaikova ON. Experimental model of con-
vulsive syndrome based on phenylcarbamate. Extreme
Medicine. 2024;26(4):38-48 (In Russ.).
https:/doi.org/10.47183/mes.2024-26-4-38-48

16. Racine RJ Modification of seizure activity by electrical stimu-
lation. Il. Motor seizure. Electroencephalography and Clinical
Neurophysiology. 1972;32(3):281-94.
https:/doi.org/10.1016/0013-4694(72)90177-0

17. Melekhova AS, Petrov AN, Bespalov AY, Belskaya AV,
Melnikova MV, Zatsepin EP, et al. Experimental pharma-
cotherapy of convulsive syndrome in the simulation of se-
vere carbamate poisoning. Medline.ru. Russian Biomedical
Journal 2019;20(2):294-306 (In Russ.).

EDN: JRVAPQ

MEOVLHA SKCTPEMAbHBIX CUTYALIN | 2025



ORIGINAL ARTICLE | CLINICAL PHARMACOLOGY

Authors’ contribution. All authors confirm that their authorship meets the ICMJE criteria. The greatest contribution
is as follows: Alisa V. Belskaya — experimental planning, statistical analysis of results, draft manuscript preparation;
Aleksandra S. Melekhova — creation of an acute toxicity study model and determination of the average lethal dose,
calculation and selection of effective doses of the studied substances and administration modes; Veronika N. Zorina —
conceptualization, data administration, search and analysis of literature sources, and final manuscript approval; Alek-
sandr Ya. Bespalov — development and synthesis of original valproic acid aminoethers; Margarita V. Melnikova — work
with laboratory animals and conducting experiments; Anastasiya A. Bondarenko — data collection and visualization.

AUTHORS

Alisa V. Belskaya Aleksandr Ya. Bespalov, Cand. Sci. (Chem.)
https://orcid.org/0000-0002-9343-4144 https://orcid.org/0000-0002-8118-8396
belskayaalisa@gmail.com albesp2011@yandex.ru

Aleksandra S. Melekhova Margarita V. Melnikova
https://orcid.org/0000-0003-1803-3815 https://orcid.org/0000-0002-2996-5151
melehovaalexandra@gmail.com margarital0108@mail.ru

Veronika N. Zorina, Dr. Sci. (Biol.) Anastasiya A. Bondarenko
https://orcid.org/0000-0001-9183-7663 https://orcid.org/0000-0002-9754-1537
nilimmun@yandex.ru bondarenko-nastua@yandex.ru

EXTREME MEDICINE | 2025 _




