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ABSTRACT

BACKGROUND: The activation of spinal cord NMDA receptors is a key factor in the pathogenesis of acute and chronic pain.
Therefore, the use of existing NMDA antagonists in analgesic schemes and the development of new compounds targeting
the NMDA receptor complex are gaining attention. New ligands of the glutamate NMDA receptor complex are derivatives
of imidazole-4,5-dicarboxylic acid. The conformational rigidity of the molecules of imidazole-4,5-dicarboxylic acid derivatives
allows for increased selectivity of interaction and reduced side effects.

AIM: This study aimed to investigate the analgesic effect of new ligands of the glutamate NMDA receptor complex , which are
derivatives of imidazole-4,5-dicarboxylic acid, in rats using the tail-flick test and the formalin test.

MATERIALS AND METHODS: The analgesic activity of the compounds was examined in a model of acute somatic (thermal)
pain in the tail-flick test and model of somatic pain induced by algogens in the formalin test. The tested compounds (IEM-303
and IEM-2044) were administered intraperitoneally at doses of 5, 10, 15, and 20 mg/kg. Metamizole was used as the compari-
son drug.

RESULTS: The experiments demonstrated a significant dose-dependent analgesic effect of the tested compounds on the
experimental models of acute pain at doses of 5-20 mg/kg. The tail-flick latency increased by 1.4-1.7 times in the IEM-2044
and IEM-303 groups compared with the value in the control group.

CONCLUSIONS: The analgesic activity of the tested compounds at 10-20 mg/kg doses was comparable to that of metamizole,
indicating the prospect of developing these agents and further searching for effective and safe analgesics in this pharmacologi-
cal class.
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MCCHEAOB&HME aHaNbreTM4YeCKOM aKTUBHOCTMU HOBbIX
nuranpgos NMDA-peuenTopHoro KoMnnaekca
E.E. ikoBneBa, M.T. KamanoBa, M.A. bpycuHa, E.P. bblukos, J1.b. lNnotposckui, M., LLlabaHos

MHCTUTYT 3KcnepuMeHTanbHoi MeauumHel, CaHkT-letepbypr, Poccua

AHHOTALNA

AxtyanbHocTb. M3BecTHo, uto aktuBaums NMDA-penenTopoB CMHHOTMO Mo3ra SIBNSETCA Kio4eBbIM (DaKTOpoM B maTo-
reHese OCTpO/ W XPOHM4ecKoit 6onmn. B cBA3n ¢ 3TMM ocobblid MHTEpec NpefcTaBAseT UCMob3oBaHWe B cxeMax o06e3bo-
nvBaHua cywectsytowmx NMDA-aHTaroHMcToB, a TakxKe pa3paboTka HOBbIX COEAMHEHWN, OeiicTBUe KOTOPbIX HanpaBfeHo
Ha NMDA-peuenTopHbI KoMnnekc. HoBble iuraHabl rnytamatHoro NMDA-peuenTopHoro KoMniekca npeacraBistoT coboil
Npou3BOAHble UMWAA30M1-4,5-aMKapboHoBOM KucnoThl. KoHdopMaLMoHHas KecTKOCTb MOJIeKyN NpOW3BOLHbIX MMUAA30/1-
4,5-n1KapboHOBON KMCNOTHI MO3BOMSET MOBLICUTH CENEKTUBHOCTb B3aMMOAENCTBUS U CHU3UTb KOJMYECTBO MOBOYHbIX
3¢ deKToB.

Llenb — n3yyeHne aHanbreTMHecKoro LeMCTBUA HOBbIX MraHnoB riaytamMatHoro NMDA-peLenTopHoro KoMnnekca — npo-
WU3BOAHBIX MMUAA30-4,5-1MKapBOHOBbLIX KMCNOT Ha Kpbicax ¢ noMoLubto TecTa tail-flick n Tecta ¢ BBeaeHmeM popmanmta.
Matepuansbl n MeToAbl. AHaNbreTMYeCKyK aKTUBHOCTb COEJMHEHNN U3yYany B MOAENW OCTPOM COMaTUYECKON (TEPMUYECKON)
bonm B Tecte oTaepruanms xBocTa (tail-flick) xuBoTHoro 1 B Mofenu coMatuyecKoii 6011, BbI3BaHHOM anbroreHamm, B Gop-
MannHoBOM TecTe. TecTupyeMble coeanHenns (M3IM-303 n U3M-2044) BBoaunM BHYTPUOPIOLLMHHO KpbicaM B Ao3ax 5, 10, 15,
20 mr/kr. B KayecTBe npenapata cpaBHEHWS UCMO/b30BaIM METAMM30JT HaTpUS.

Pe3ynbTathl. B xoe NpoBeAeHHbIX IKCMIEPUMEHTOB YCTAHOBJIEH A0CTOBEPHbINA [10303aBUCUMBIA aHaNbreTUieckui addeKT
uccnepyeMblx COEAVHEHUA Ha 3KCMEPUMEHTaNbHBIX MOAENsX ocTpoi bonm B fo3ax 5-20 mr/kr. B rpynnax, nonyyaBLumx
N3IM-2044 v U3M-303, naTeHTHbIN Nepuog, oTaepruBaHua xBocTa B TecTe tail-flick yBenmumsanca B 1,4-1,7 pasa, no cpas-
HEHMIO C KOHTPOJTbHOMN rPYMMoW.

3aksioueHmne. AHanbretTudeckas akTMBHOCTb TECTUPYEMbIX coefuHeHun B ao3ax 10—20 Mr/Kr conoctaBuMa C aHanbretuye-
CKOM aKTUBHOCTbHO MeTaMM30J1a HaTpKS, YTO CBUAETENLCTBYET O NEPCMEKTUBHOCTU Pa3paboTKW AaHHbIX areHToB U AanbHen-
Lero noucka apdeKTvBHbIX M Be3onacHbIX 06e360AMBatOLLMX CPEACTB Cpeay COeAMHEHU AaHHOO Kiacca.

KnioueBble cnoBa: rnytamart; aHTaroHuctsl NMDA-peuenTopoB; Npou3BoAHble MMMAA30/1-4,5-anKapboHOBbLIX KWUCAOT;
aHaNbreTyecKoe AeiCTBUE; MbILLN.
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BACKGROUND

According to the Russian Society for the Study of Pain,
90% of the patients seeking medical help experience pain,
of which 70% suffer from chronic pain [1, 2]. Recogniz-
ably, the traditional methods of analgesia have limited
possibilities, and the use of opioids is associated with an
increase in the number of complications, the develop-
ment of drug tolerance and dependence, and the cost of
hospital treatment. Thus, the main directions for improv-
ing the quality of pain relief are the expedient combina-
tion of analgesics, each with a different mechanism of
action as well as the development of new, effective, and
safe analgesics. Activation of NMDA receptors in the spi-
nal cord is a key factor in the pathogenesis of acute and
chronic pain. Thus, the use of existing NMDA antagonists
in pain management schemes is of particular interest, in
addition to the development of novel compounds whose
activity is directed at the NMDA-receptor complex. Novel
ligands of the glutamate—NMDA receptor complex are the
derivatives of imidazole-4,5-dicarboxylic acid (IDC). Their
conformational rigidity enables an increase in the selec-
tivity of the interaction and a reduction in the number of
side effects.

Glutamate receptors are present in all central ner-
vous system (CNS) structures and are responsible for
pain stimulation response. In recent years, extensive
experimental data has indicated that glutamate is one
of the main mediators of pain sensitivity at the spinal
and supraspinal levels [3]. Glutamate receptors medi-
ate the response to thermal, mechanical, and ischemic
pain [3, 4]. Thus, intrathecal administration of most
glutamate receptor agonists (e.g., NMDA) to rats and
mice reduces pain thresholds with “self-biting,” a char-
acteristic behavior that correlates with vocalization [5].
Blockade of NMDA receptors in vivo [6] and in vitro [7]
inhibits the transmission of nociceptive information.
These results indicate the analgesic activity of NMDA-
receptor antagonists when applied in acute visceral pain
models [8].

NMDA-receptor antagonists realize the antinocicep-
tive effect in several ways: directly by blocking poten-
tial-dependent Ca?* channels, reducing the Ca%" flow
into the cell, suppressing the release of glutamate and
substance P; or indirectly through enhancing the produc-
tion of kynurenic acid, inhibiting receptors, or inhibiting
the associative zone and subcortical formations of the
thalamus [9].

The target for glutamate action at the suprasegmental
level is the central circulatory substance, from where de-
scending serotonergic pathways into the spinal cord pass
through the large suture core as a part of the posterolat-
eral cord. Electrophysiology has revealed that the local
application of glutamate to the central near-conducting
substance enhances the activity of neurons of the large
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suture nucleus [10]. Injectingexcitatory amino acids into
the central circulatory substance leads to pronounced an-
algesia. This effect is mediated by specific receptors, as
it is blocked by glutamate antagonists [8]. A data-based
scheme for the interaction of glutamate and opiatergic
systems in the central near-conducting substance has
been proposed (Fig. 1).

In combination with opiate analgesics, NMDA-re-
ceptor channel blockers reduced the analgesic activity
of morphine in acute pain models [8]. Intravenous anes-
thetic — NMDA-receptor inhibitor ketamine — is used
for anesthesia induction, self-anesthesia in short-term
surgeries, and the treatment of burn surfaces. Ketamine
binds to phencyclidine receptors on the inner surface of
NMDA receptors, preventing the formation of excitability
of spinal neurons, suppressing a progressive increase in
the number of nociceptive neuronal responses (wind-up
effect), reducing potentiation and summation of pain, and
enhancing the analgesic effect of opioids (a decrease in
hyperalgesia is demonstrated against the background of
its preliminary administration before fentanyl, morphine,
and naloxone). In addition, ketamine elevates the activ-
ity of antinociceptive processes by acting on monoami-
nergic mechanisms. Thus, the NMDA-receptor complex
remains one of the key targets in the search for new,
effective, and safe analgesics, with promise for the treat-
ment of pain syndromes, both in monotherapy and as part
of combination regimens to reduce the required dosages
of opioid analgesics and prevent the formation of such
phenomena as tolerance and dependence on the back-
ground of therapy with analgesics from the opioid group.

Recently, mono- and di-substituted derivatives of IDC
have garnered great interest concerning glutamatergic
transmission. New IDC derivatives can be considered
quinolinic acid analogs, in which the six-membered het-
erocycle is replaced by a five-membered one [4, 12].
The tested compounds belong to a fundamentally differ-
ent class of NMDA-receptor antagonists: they interact
with the receptor recognition site. The selectivity of the
action of alkyl-substituted IDC derivatives on the NMDA-
receptor complex was demonstrated in isolated rat hip-
pocampal pyramidal neurons by the patch-clamp method

+ | NMDA

ANALGESIA

Fig. 1. Scheme of the interaction between the opiate and glutama-
tergic systems in the central periductal substance [11]. The diagram
shows postsynaptic receptors (NMDA, GABA, and p-OR-opiate).
“~"and “+" indicate inhibitory and excitatory influences

Puc. 1. CxeMa B3aMoJeMCTBNS ONMATHOM W TyTaMaTepruyecKom
CUCTEM B LiEHTPanbHOM OKON0BOAOMNPOBOAHOM Belectse [11].
Ha cxeMe yKa3saHbl noctcuHanTuyeckue peuentopbl (NMDA, TAMK,
u-0P-onmatHble), «—» U «+» — TOPMO3Hble W BO3byXAatoLime
BIMSIHUS
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in the “whole cell” configuration [13]. The fact that the
tested compounds do not belong to channel blockers has
been confirmed by the radioligand method. The confor-
mational rigidity of the IDC derivatives makes it possible
to increase the selectivity of the interaction and reduce
the number of side effects of potential analgesics.

This study aimed to determine the analgesic effect
of novel ligands of the glutamate-NMDA receptor com-
plex — derivatives of IDC in rats applying the tail-flick
and formalin injection tests.

MATERIALS AND METHODS
Selection of animals

The work was carried out on male Wistar rats.
The animals were kept in a vivarium at 22-24 °C and with
free access to water and food. Rats were placed in plastic
cages measuring 61 x 44 x 22 cm with a lattice metal lid
of six animals each. All experiments were carried out per
the Good Laboratory Practice (GLP), GOST 33647-2015,
and the provisions of the International Convention on
“Rules for Working with Experimental Animals” (Europe-
an Communities Council Directives, November 24, 1986,
86/609/EEC).

Study of the analgesic activity on a model of acute
somatic (thermal) pain in the tail-flick test

The study included six groups, each of six male rats
with an average weight of 300 g. The compounds studied,
IEM-303 and IEM-2044 were administered intraperitone-
ally at doses of 10, 15, 20, and 25 mg/kg. The control
group of animals received 0.9% NaCl, and the comparison
group received 20 and 50 mg/kg sodium metamizole —
a reference drug with pronounced analgesic activity. Af-
ter 15 min of injection, a tail-flick test, a standard test
for evaluating the analgesic activity of a drug (assess-
ment of thermal somatic pain) was performed using an
analgesimeter for each group of rats. Analgesic activity
was assessed by analyzing the duration of the latent pe-
riod of the tail-flicking reaction when exposed to thermal
radiation (in this case, thermoreceptors, C-fibers and Ad-
fibers of polymodal receptors, nociceptors, and mecha-
noreceptors are sequentially activated). The criterion for
the analgesic effect was a significant increase in the du-
ration of the latent reaction period after administration of
the test substance compared with the control group [11].

Study of the analgesic activity in a somatic pain
model caused by algogens using a formalin test

An acute inflammatory reaction was caused by the
sub-plantar injection of 50 pl of 2% formalin to a rat
20 min after the intraperitoneal administration of IEM-303
and IEM-2044 at 10, 15, 20, and 25 mg/kg. The number
of pain reaction patterns, such as tapping the paw on the
floor, shaking, and licking and/or gnawing of the paw
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was recorded in the first 5-10 min — phase |, and from
the 30" to the 50" min — phase Il [11]. The criterion
considered for the analgesic effect was a marked reduc-
tion in the number of pain reactions in the groups of rats
receiving IDC derivatives or sodium metamizole relative
to the control group. The test simulates the reactions that
occur during surgical skin incisions. One of the mecha-
nisms of the nocigenic action of formalin is the activation of
TRPA1 channels, which normally react to cold and stimulate
inflammation [14]. The first phase characterizes the acute
pain that occurs in response to the injection of a chemical
stimulus and is mainly associated with the direct activa-
tion of thin non-myelin C-fibers. The second phase is the
result of the development of an inflammatory process in the
peripheral tissues and changes in the function of the pos-
terior horn neurons of the spinal cord gray matter, where
neurons of the pain ascending pathways are located. Local
anesthetics inhibit only the first phase, while nonsteroidal
anti-inflammatory drugs, the second phase.

Statistical processing of the data

The results were statistically processed by employing
MS Excel 2010 and BioStat 2009 softwares. The data dis-
tribution normality was determined by the Shapiro-Wilk
criterion. The reliability of the differences in values be-
tween the groups was ascertained using nonparametric
Kruskal-Wallis and Fisher’s exact criterion.

RESULTS OF THE STUDY

The study results of the analgesic activity of new
NMDA ligands in the acute pain model using the tail-flick
test are shown in Figs. 2 and 3.

In the rats of the passive control group that were in-
traperitoneally injected with 0.9% NaCl, the latent pe-
riod of tail flicking during painful (thermal) irritation was
17.9 £ 0.9 s. In rats of the active control groups treated
intraperitoneally with sodium metamizole, a classic anal-
gesic widely used in clinical practice, at 20 and 50 mg/kg,
the latent period was 12.2 + 4.1 and 23 + 5.8 s, respec-
tively. Thus, 50 mg/kg of sodium metamizole remarkably
prolonged the latent period duration of tail flicking by 5 s,
compared with that of the passive control group that did
not receive an analgesic.

In the experimental groups receiving IEM-303 at 10,
15, 20, and 25 mg/kg, the latent period duration was
5.6 +2.2,13.6 +0.8, and 15.9 + 1.2 s, respectively, indi-
cating no analgesic effect at these concentrations. Only
on the background of the introduction of an IDC deriva-
tive at 25 mg/kg, the latent period was 23.9 + 4.4 s,
which was 5.9 s more than the passive control group.
In comparison with the active control group, this indicator
increased by 0.9 s, indicating an analgesic activity of the
high doses of the new IDC derivative comparable with
that of sodium metamizole.
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Fig. 2. Duration of the latent period of tail withdrawal in the tail-
flick test in the IEM-303-treated rats. *The differences are signifi-
cant compared with the passive control group (physical solution) at
p < 0.01. **The differences are significant compared with the group
receiving metamizole sodium at a dose of 20 mg/kg at p < 0.01
Puc. 2. MpofomKuUTeNbHOCTb IAaTEHTHOTO Nepuoaa OTAepruBa-
Hus xBocta B Tecte tail-flick y kpbic, nonydaBlmMx coemuHeHve
M3M-303. *Pasnnuns [ocToBepHbI N0 CPaBHEHMIO C rpynmnoi nac-
cuHoro KoHTpons (0,9 % pactBop HaTpus xnopuaa) npu p < 0,01;
**pasnnumsa LOCTOBEPHbI MO CPABHEHWUIO C TPYNMONA, NOSyYaBLLeEN
MeTamu3on Hatpus B fo3e 20 mr/kr npu p < 0,01

In the experimental groups receiving the new
NMDA-ligand, IEM-2044, a reliable dose-dependent anal-
gesic effect at 10-25 mg/kg was established. The latent
period of the tail-flicking reaction in the group of rats
receiving the test substance at 10, 15, 20, and 25 mg/kg
was 12.7, 12.8, 13.1, and 23.3 s, respectively. Thus, the
analgesic activity of IEM-2044 at 25 mg/kg was compa-
rable to that of sodium metamizole at 50 mg/kg.

During a study of the analgesic activity of new IDC
derivatives in a test involving the introduction of algo-
gen-2% formalin — it was observed that on the back-
ground of preliminary analgesia with sodium metamizole
(at 50 mg/kg intraperitoneally), the number of pain pat-
terns significantly decreased in rats, compared with
those receiving only formalin sub-plantarly. A marked
decline was observed: the number of acts of lifting the
damaged paw and “turning off” the support on it — by
1.9-fold; the amount of shaking the paw and tapping it
on the floor of the cage — by 3.6-fold; and the extent of
licking and biting the diseased limb — by 2.8-fold. On the
background of the preliminary intraperitoneal administra-
tion of IEM-303, remarkable variations with the control
group receiving formalin were obtained in the groups re-
ceiving 20 and 25 mg/kg of the new IDC derivative; sig-
nificant differences were identified in the group receiving
I[EM-303 at 25 mg/kg with the comparison group (sodium
metamizole) (Fig. 4).

The introduction of IEM-2044 did not lead to the reg-
istration of analgesic activity in modeling acute somatic
pain in the algogen introduction test (Fig. 4). Moreover,
20 min after the intraperitoneal injection of 2% formalin
at high doses of 20 and 25 mg/kg, behavioral patterns

DAl https://doiorg/10.17816/RCF624859

Fig. 3. Duration of the latency of tail withdrawal in the tail-flick test
in the IEM-2044-treated rats. *The differences are significant com-
pared with the passive control group (physical solution) at p < 0.01.
**Differences are significant compared with the group receiving met-
amizole sodium at a dose of 20 mg/kg at p < 0.01

Puc. 3. lpopnomxutenbHOCT NaTeHTHOrO Mepuofa OTAEepruBa-
Hus xBocta B TecTe tail-flick y kpbic, nonyyaBlumx coeguHeHue
N3M-2044. *Pa3nnums poCTOBEPHBI MO CPABHEHMIO C FPYNMoM nac-
cuBHoro KoHTpona (0,9 % pactsop HaTpus xnopuaa) npu p < 0,01;
**pasnnunsa [OCTOBEPHbI MO CPaBHEHMIO C TPYMMONA, NOMy4aBLUEN
MeTamu3on Hatpus B fo3e 20 Mr/kr npu p < 0,01

of aggression toward individuals of the same sex were
observed in a vast majority of the animals, when the rats
were in the same cage. These included standing on their
hind legs, squeaking, attacking, and biting. However, this
behavior was not found in rats that were administered
with lower doses of 10-15 mg/kg, which indicates the
possible development of glutamate transmission hyper-
activation syndrome during the use of this NMDA-ligand
against the background of an increase in concentration
in combination with a decrease in the threshold of pain
sensitivity against the background of the introduction of
the pain-causing agent — formalin. After 20—-30 min of
the administration of formalin, the manifestations of ag-
gression decreased until complete disappearance, and
the animals, as well as the rats of other test groups, fell
asleep.

DISCUSSION OF RESULTS

Analgesics used in clinical practice affect the nocicep-
tive system at varying levels. These include exogenous
opioids, a2-adrenergic receptor agonists, serotonin reup-
take blockers, capsaicin receptor activity modulators,
drugs that affect the GABAergic structures of the CNS,
glutamatergic transmission, and other drugs. Modern
pharmacological approaches to pain management re-
quire improvement, and the most effective class of an-
algesics — opioid painkillers — can cause pathological
addiction, which limits their clinical use.

According to the literature, many NMDA-receptor
antagonists synthesized during the last century did
not show any analgesic activity in basic experimental

175



176

OP/MHATIBHBIE MCCIEIOBAHMA

70 57
, 50.8*
60 [
50
40
20 25.17 I
|
% ] 1
10 2'5** ] 1{3* 4%+
2% formalin Metamizole |EM-2044,
sodium, 25 mg/kg
50 mg/kg

— Raising the paw () — Shaking the paw (2)

Tom22,N°2, 2024

(0030pbl N0 KNMHWYECKOM (hapMaKonormv
W NIEKapCTBEHHON Tepanm

27.5*, *%

1

15.8*
N
! 85
15 05+
[EM-303, IEM-303,
20 mg/kg 25 mg/kg

Liking/biting the paw (3)

Fig. 4. Number of pain patterns in the formaldehyde test in rats treated with [EM-303 and IEM-2044. *The differences are significant
compared with the control group (2% formalin solution) at p < 0.01. **The differences are significant compared with the group receiving

metamizole sodium at a dose of 50 mg/kg at p < 0.01

Puc. 4. Konnuectso nattepHoB 605 B hopManvHOBOM TecTe y KpbiC, MonyyaBLumx coeguHenns M3M-303 n U3M-2044. *Pasnuuns fo-
CTOBEpHbI M0 CPaBHEHMIO C rpynmnoii KoHTpons (2 % pacteop dopmManuua) npu p < 0,01; **pasnnums LOCTOBEPHBI N0 CPABHEHHIO C IPYMMON,

noslyyaBLLel MeTaMu30 HaTpus B fo3e 50 mr/kr npu p < 0,01

models of acute pain, such as hot plate, tail flicking,
paw squeeze, and tail clipping tests. Notably a majority
of the negative results were obtained concerning chan-
nel blockers [13, 15]. When employing NMDA-receptor
channel blockers in animals, a decrease in the response
to pain stimuli of a thermal and mechanical nature was
observed only when these compounds were administered
at doses that markedly disrupted motor coordination and/
or muscle tone. However, isolated reports from previ-
ous years indicate the presence of analgesic activity in
NMDA-receptor antagonists, probably not belonging to
the class of glutamate channel blockers, when used in
acute pain models [11]. In addition, evidence supports the
complex nature of the functioning of the NMDA receptor
indicating the possibility of the combined use of two or
more ligands of this receptor complex [16, 17]. Studies
have reported that the new derivatives of IDC at doses of
20-25 mg/kg exhibit analgesic activity in acute somatic
pain models. Long-term examinations on the clinical use
of NMDA-receptor antagonists suggested that the func-
tions of these receptors should be modulated, but not
blocked. The NMDA receptor is an ionotropic receptor
that selectively binds NMDA. Crucially, several binding
sites in the receptor structure selective to different mo-
lecules must be identified. The development of drugs that
selectively bind to a single site as opposed to complete
blockade of the receptor channel is a promising area of
modern pharmacology. In the inactive form, the receptor
channel is closed by Mg?*, which is removed during de-
polarization. Concomitantly, glutamate should enter the
synaptic cleft. Such activation promotes the opening of
an ion channel that is not selective to cations, altering
the potential of the synaptic membrane. Simultaneously,
the activation of glutamate receptors can mediate the

DAl https://doi.org/10.17816/RCF624859

processes of neurotoxicity but also plays a pivotal role
in the implementation of neuroplasticity mechanisms.
Therefore, compounds that gently and controllably modu-
late the function of glutamate receptors may have a more
significant effectivity and safety. Thus, the data obtained
allow us to consider new derivatives of IDC as promising
compounds for the further study of models of visceral
and neuropathic pain, as well as for use in combinations
with narcotic analgesics to investigate the possible po-
tentiation of the analgesic effect of the latter.
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