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ABSTRACT. Introduction. The development of novel highly effective analgesics represents a
critical objective due to the high prevalence of pain syndrome as a component of various pathological
conditions, which significantly impairs patients’ quality of life. Aim. The study aimed to investigate
the duration of action of two novel opioid analgesics, determine their median lethal (LD5;) and
median effective (ED5,) doses, and calculate their therapeutic indices. Materials and methods.
The analgesic activity was assessed using the Tail Flick test. The EDso was determined based
on the results of an additional Tail Flick assay. To estimate the LD, the test compounds were
administered at doses exceeding the previously determined EDg, by more than 100-fold. The
therapeutic index was calculated as the ratio of LDy, to ED,. Results. For compound BIF-70,
the ED, was 0.7854 mg/kg, the LD4, was 304.3 mg/kg, and the therapeutic index was 387.45. For
BIF-72, the EDsowas 0.5852 mg/kg, the LDso was 331.4 mg/kg, and the therapeutic index was 566.3.
The duration of analgesic action for both compounds was at least 150 minutes at doses ranging
from 1 to 10 mg/kg. Discussion. The duration of action of the studied compounds was comparable
to that of classical opioid analgesics. The LD5, values for both substances were consistent with
those of conventional opioids. Notably, the therapeutic indices of BIF-70 and BIF-72 significantly
exceeded that of morphine, though they remained lower than that of butorphanol. Conclusions.
Both compounds demonstrate promising pharmacological profiles as potential opioid analgesics
and warrant further preclinical investigation.

Keywords: benzimidazole derivatives, opioid analgesics, behavioral tests, analgesic activity,
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PE3IOME. BeedeHue. Co3faHue HOBbIX BbICOKOIDMEKTUBHBIX aHaNbreTUKOB NpeAcTaBnseTcs
Ba)XHOW 3aja4en B CBA3N C pacnpOCTPaHEHHOCTbI 60NEBOro CUHAPOMA Kak KOMMOHEHTA Pa3nnyHbIX
NaTONOMMM, 3HAYNTENBHO YXYALWAKLEr0 Ka4eCTBO XU3HW naumeHToB. Lenb. 3yunts anutens-
HOCTb AENCTBMS [BYX HOBbIX ONMMOMAHbIX aHANbrETUKOB, ONPEAENUTb 3HAaYeHNs UX NonyneTanb-
Hol (LDs,) v nonyadpdektnsHon (ED5y), 403 @ Takxe yCTaHOBUTL YCIIOBHbIA TepaneBTUYeCKui
nHoexkc. Mamepuansi u Memodsl. ViccrieoBaHus aHanbreTyeckoi akTMBHOCTY NPOBOANANCH
Ha yctaHoske Tail Flick. OnpegeneHue 3HavyeHus nonyahekTMBHON A03bl NPOBOANIIOCH Ha
OCHOBaHUM pe3ynbTaToB AononHuTensHoro Tecta Tail Flick. [Jns pacyeta nonyneTtanbHoOM 403bl
nccneayemble BewecTBa BBOAMANCH B 403aX, MPEBLIWAKLLMX paCCYUTaHHY0 Ha npeablayLlem
ware nonyagdektnaHyto 6onee yem B 100 pas. Ha ocHOBaHWM faHHbIX NoKasaTenen paccuu-
TbIBANCS UHTErPanbHbIil TepaneBTUYECKU HAeke. Pesynbmamsl. ns coegnHenns BIF-70
nonyadektneHas gosa coctasuna 0,7854 mr/kr, nonynetansHas — 304,3 Mr/kr, yCnoBHbIN
TepaneBTuieckuit uiaekc — 387,45. [ins BIF-72 nonyaddektueHas gosa coctasuna 0,5852 mrikr,
nonynetansHas — 331,4 mr/kr, yCroBHbIi TepaneBTUYECKNA NHAEKC — 566,3. [nuTensHOCTb
AENCTBUS U3YYEHHbIX COEANHEHNI cocTaBnsaeT He MeHee 150 MUHYT Npn Jo3mpoBkax oT 1 4o
10 mr/kr. O6cyxdeHue. INUTENbHOCTL AEACTBNAS HE3HAUNTENIBHO OTIMYAETCS OT KNMaCCUYeCKuX
OMNMONAHbIX aHanbreTko. BennunHa nonynetanbHom 0o3bl 060MX COEAUHEHMIA B LIEIOM COOT-
BETCTBYET KNacCUYECKUM aHanbretTnkam. 3HaueHue TepaneBTNYeCKoro nHaekca kak BIF-70, Tak
1 BIF-72 3amMeTHO NpeBOCXOAMT aHaNOrMYHbIA NapamMmeTp MopduHa, Ho ycTynaet GyTopdaHony.
Bbieodbi. Oba coeiMHEHNst MOXHO paccMaTpuBaTh B Ka4€CTBE NEPCMNeKTUBHbIX KaHAMAATOB
OMMONAHbBIX aHaNbreTKoB N PEKOMEHAOBATb UX K AamNbHENLLIEMY AOKIIMHNYECKOMY N3YUEHNIO.

KnioueBble cnoBa: Npon3BoaHble 6eH3MIIA30Ma, ONUOUAHBIE aHAMNbreTUKK, NOBELEHYECKME
TECThI, aHaNbreTUyeckas akTUBHOCTb, (hapMaKkoKUHETUYECKUE NoKasaTenn, TepaneBTUYECKNil
WHOEKC
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INTRODUCTION potentially high kappa-receptor selectivity. Moreover,
the kappa-agonist properties of derivatives in this class

The development of new safe and effective anal-  largely depend on the nature of the substituent at the
gesics is a priority for experimental pharmacology [1]  key nitrogen atom in position 9 and the structure of
due to the large number of conditions accompanied by ~ the moiety at the second position of the heterocyclic
pain, as well as the sharp rise in opioid abuse and the  core. In the latter case, the presence of a phenyl ring
increase in associated overdose deaths, which have  at the C? position of the tricyclic system is decisive,
led to the opioid crisis [2]. It is precisely the threat of  while the introduction of halogen atoms, particularly
the continued escalation of the opioid epidemic that  fluorine, into the phenyl ring statistically significantly
makes it urgent to change the strategy and substantial-  increases the efficacy of the studied compounds [8].
ly revise the structure of medical use of potent opioid ~ The most promising compound — a fluorophenyl de-
analgesics, such as morphine. These agents are chara-  rivative of [1,2-a]-imidazobenzimidazole [9] — exhibits
cterized by unfavorable pharmacokinetic properties  pronounced analgesic activity (superior to butorphanol
and a low therapeutic index, necessitating significantly ~ and morphine in in vivo experiments), and docking
higher therapeutic doses (relative to their high affinity  analysis revealed that its binding energy to the cata-
for CNS opioid receptors), exhibit abuse liability, and  Iytic domain of p38-MAPK is high and comparable to
lead to pronounced adverse effects, including those  that of the reference p38-MAPK inhibitor SB203580.
life-threatening and detrimental to patient health [3]. The ability of this compound to inhibit p38-MAPK was

To overcome the challenge of abuse liability in  assessed in a conditioned place avoidance test follo-
new analgesics, the search among selective opioid  wing systemic administration [10].
receptor agonists, in particular kappa-agonists — The fact that selective p38-MAPK inhibitors belong
long recognized as analgesics with low abuse po-  to the class of fluorophenyl derivatives of imidazole sys-
tential — appears promising [4]. However, their use  tems[11, 12] provides a rationale for incorporating these
may be associated with the development of serious  moieties into new molecules in order to develop struc-
kappa-mediated psychotropic adverse effects, inclu-  turally novel kappa-receptor agonists with p38-MAPK
ding dysphoria, anhedonia, and hallucinations. The inhibitory properties. These findings prompted further
mechanism underlying these effects involves signal  search for compounds with a specified pharmacologi-
transduction via the B-arrestin-2 intracellular signaling  cal activity profile, which led to the identification [13] of
cascade with activation of mitogen-activated protein  two lead compounds exhibiting the most pronounced
kinase — p38-MAPK, as opposed to analgesia medi-  analgesic effects and selected for evaluation of certain
ated by Ga,, protein activation [5]. This fact suggests  pharmacokinetic and toxicological parameters.
the therapeutic potential of G protein-biased kappa-
opioid receptor ligands as analgesics devoid of dys-  AIM
phoric side effects.

Previous studies conducted at the Department of The aim of this study was to assess the duration of
Pharmacology and Bioinformatics of Volgograd State  action of the novel opioid analgesics with laboratory
Medical University (VolgSMU) included targeted in vitro  codes BIF-70 and BIF-72, to determine their median
screening of benzimidazole-based polycyclic deriva-  lethal (LDy,) and median effective (ED;,) doses, and
tives synthesized at the Research Institute of Physical ~ to determine their therapeutic index (TI).
and Organic Chemistry of Southern Federal University
(RIPOC SFU, Rostov-on-Don) [6]. These efforts iden- ~ MATERIALS AND METHODS
tified a number of compounds with high selectivity for
kappa-opioid receptors [7]. Analysis of the core scaf- The study was performed on adult non-inbred male
folds of the experimentally tested substances demon-  mice weighing 23-28 g, obtained from the Rappolovo
strated that 2,9-disubstituted imidazo[1,2-a]benzimi-  Laboratory Animal Breeding Facility of the Russian
dazoles represent a promising class of compounds for ~ Academy of Medical Sciences (Saint Petersburg, Rus-
the discovery of structurally novel kappa-agonists with  sia). During the experimental period, mice were housed
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in groups of 10 with unrestricted access to water and  into 4 groups according to the dose of the test com-
food, under a regulated light/dark cycle (12/12 h, lights ~ pound. Measurements were taken 30 minutes after
on at 8:00 AM) and at a temperature of 20-22 °C. Al substance administration and then repeated every
animal procedures were carried out in compliance with 30 minutes over a 3-hour period for each animal. For
national and international legal and ethical regulations.  each animal, the mean latency + standard error of the
National requirements were met in accordance with  mean (SEM) was calculated.

Decree No. 51 of August 29, 2014, approving Sanitary To construct time-effect curves, the relative
Regulations and Standards SP 2.2.1.3218-14 “Sani-  change in response (A%) was calculated. The mag-
tary and Epidemiological Requirements for the Design,  nitude of the effect was assessed by comparing the
Equipment, and Maintenance of Experimental Biological ~ absolute response time of animals before substance
Clinics (Vivariums)”. International standards were fol-  administration and during the plateau phase, which
lowed as specified in Directive 2010/63/EU of the Euro-  was determined based on the preceding calculations.
pean Parliament and of the Council of September 22, To determine the EDs, an additional Tail Flick test
2010, on the protection of animals used for scientific pur- ~ was performed using the same protocol in a group of
poses. The experiments were approved by the Regional 40 male mice divided into 4 subgroups according to
Research Ethics Committee of Volgograd Region (regis-  the dose of the administered compound. The magni-
tration number IRB 00005839, IORG 0004900 (OHRP);  tude of the effect was again assessed during the pla-
protocol No. 2077-2018 dated October 30, 2018). teau phase, as defined previously.

The compounds BIF-70 and BIF-72 are 2-(2'-fluoro- To calculate the LDy, of each compound, 40 animals
[1,1"-biphenyl]-4-y1)-3-methyl-9-(2-(pyrrolidin-1-yl)ethyl)-  were randomized into four groups and received the test
9H-benzo[d]imidazo[1,2-aJimidazole and 4-(2-(2-(2-fluoro- ~ compounds at doses of 100, 250, 350, and 500 mg/kg.
[1,1'-biphenyl]-4-yl)-3-methyl-9H-benzo[d]imidazo  Mortality was assessed 24 hours after administration.
[1,2-a]imidazol-9-yl)ethyl)morpholine, respectively. They The therapeutic index was calculated based on
were used as bulk substances synthesized at the Re-  these parameters using the following formula:
search Institute of Physical and Organic Chemistry of LD
Southern Federal University, Rostov-on-Don. Therapeutic index = WSO :

Analgesic activity was assessed using a Tail Flick %0
apparatus (Ugo Basile S.r.l., Varese, ltaly) at 55 % Data were analyzed using two-way ANOVA fol-
irradiation intensity in male mice. Group sizes and  lowed by Fisher's least significant difference (LSD)
allocation were determined according to the experi-  test. Graph plotting and statistical calculations, inclu-
mental conditions. Animals were randomly assigned  ding EDg, and LDs, estimation, were performed using
to groups; baseline values were recorded for each  GraphPad Prism 8 software with its built-in tools.
animal prior to substance administration.

Analgesic activity was assessed based on the in-  RESULTS
crease in nociceptive response latency to a painful
stimulus (infrared irradiation) [14]. Animals were placed The study of effect duration demonstrated that a pro-
in a restraining tube for habituation to the novel envi-  nounced analgesic effect developed within 30 min, forming
ronment 5 minutes prior to testing. The nociceptive re-  a plateau that persisted on average from the 60th to the
sponse was defined as tail withdrawal from the stimulus ~ 90th minute, followed by a steady decline in analgesic ac-
source. The painful stimulus was applied four times per tivity. Figures 1 and 2 show individual time-effect curves for
animal. Response latency was recorded using the buil-  the tested compounds. Figure 3 presents the distribution of
t-in software of the apparatus. The maximum exposure individual effect values during the plateau phase.

time to infrared irradiation was 15 s [15]. A statistically significant difference from the control
The compounds were dissolved in distilled water ~ group was maintained:

and administered intraperitoneally. + for BIF-70 at 1 mg/kg — until the end of the obser-
To study the duration of action of the compounds, vation period,;

the experiment was performed on 40 animals divided + for BIF-70 at 10 mg/kg — until the 150th minute;
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Time-dependent changes in the effect intensity of BIF-70 (1 and 10 mg/kg, intraperitoneal) (drawing by the authors)
V13ameHeHue BbipaxeHHOCTM achdpekTta coegmnHerms BIF-70 (1 1 10 mr/kr, BHyTPUOPIOLLMHHO) BO BPEMEHM (PUCYHOK aBTOPOB)

[nutenbHocTb aeiicTns BIF-72, 10 mr/kr

250 - Duration of the effect of BIF-72, 10 mg/kg
ES 200+
SSES
2gw 150 |
ggwrf
E3<S8
o O £ T
%g%_‘g 50 +
I T Do
g%zc}_ 0 ||||||||||IIIIIIIII|III||||||||||||
== 50 50 100 150 200

Bpewms oT BBEAEHWS, MVH
Time after administration, min

Fig.2. Time-dependent changes in the effect intensity of BIF-72 (1 and 10 mg/kg, intraperitoneal) (drawing by the authors)
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Fig. 3. Comparison of the effect magnltude of the studied compounds at dlfferent concentrations during the plateau phase (60—
90 min post-administration) (drawing by the authors)
Puc. 3. CpaBHeHwe BbipaxeHHOCTH athhekTa M3yyaeMbix COEANHEHN B Pa3NNyHbIX KOHLEHTpaumsx B hase «nnatoy» (60-90 mMuHyT OT BBEAE-

HWS) (PUCYHOK aBTOPOB)

+ for BIF-72 at 1 mg/kg — until the 150th minute;
+ for BIF-72 at 10 mg/kg — until the 150th minute.
The analgesic activity of the studied compounds at
different doses was then assessed during the plateau
phase. The results are shown in Figure 3 (left).
It should be noted that the differences between
BIF-70 (1 and 10 mg/kg) and BIF-72 (1 mg/kg) were

not statistically significant. At the same time, BIF-72
(10 mg/kg) showed a modest but statistically significant
superiority over the other groups..

Thus, the prolongation of reaction time during the
plateau phase for these doses was as follows:
+ for BIF-70 at 1 mg/kg — 162+38.58%;
+ for BIF-70 at 10 mg/kg — 153.75+27.69%;
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ED50=0.5852 mg/kg, 95% Cl 0.3793-0.8878, R?=0.77): Cl — Confidence interval; ED,, — median effective dose; R? — coefficient
of determination (drawing by the authors)
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+ for BIF-72 at 1 mg/kg — 159.45+23.8%;
+ for BIF-72 at 10 mg/kg — 206.02+16.67%.

Regarding the activity of BIF-70 and BIF-72 at
lower doses (0.1 and 0.5 mg/kg), no statistically sig-
nificant differences were observed between any of the
groups, including the control group (Fig. 3, right).

Based on the obtained data, dose-response
curves were plotted (Fig. 4), and the ED,, values were
calculated.

Subsequently, the LD, and therapeutic index were
determined for the compounds. The results are pre-
sented in Figure 5. None of the doses used resulted
in complete lethality in any experimental group; ho-

POCCUMCKUE BUOMEANLIMHCKUE UCCNIELOBAHUA

wever, an LDs, was achieved, which was interpreted
as a satisfactory level of lethality.

DISCUSSION

The present study demonstrated that the dura-
tion of action of the tested compounds is ap-
proximately 150 min at doses ranging from 1 to
10 mg/kg. In comparison, butorphanol at similar
doses exhibits its most pronounced effect within
60 to 120 min [16]. This time frame closely corre-
sponds to the plateau phase observed for BIF-70
and BIF-72. The magnitude of the analgesic effect
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is not discussed here, as it was the subject of a  their metabolism and chronic (including organ-specific)
separate publication [13]. toxicity to enable a more refined safety assessment.
Regarding median effective and median lethal With regard to further investigation of analgesic
doses, previous studies have reported LD, values for  properties per se, the most promising direction in-
classical analgesics in mice after intraperitoneal ad-  volves studies assessing the effects of the compounds
ministration. For butorphanol, the LD, is 192 mg/kg  on somatic pain — a modality for which effective relief
(therapeutic index 192,000 in the tail-flick test) [17].  is characteristic of opioidergic agents. Additionally, as
For morphine, the LDy, is 400 mg/kg [18] (therapeutic  noted in a previous report [13], BIF-72 exerted a pro-
index 100) [19]. nounced effect during the second phase of the forma-
Thus, the median lethal dose of both compoundsis  lin-induced pain model, which may be interpreted as
generally comparable to that of classical analgesics.  evidence of anti-inflammatory activity; however, this
However, their therapeutic index is considerably lower  finding requires more detailed investigation and inde-
than that of butorphanol, which may raise concerns  pendent confirmation.
regarding their further clinical prospects. Neverthe-
less, it should be noted that the therapeutic index of ~ ADDITIONAL INFO
the studied compounds is 4-5 times higher than that
of morphine — a drug that remains clinically relevant. Authors' contribution. All authors made a sub-
Furthermore, previously reported findings [13] indi-  stantial contribution to the conception of the study, ac-
cate that the analgesic activity of BIF-70 and BIF-72 in  quisition, analysis, interpretation of data for the work,
various experimental models is comparable to that of bu-  drafting and revising the article, final approval of the
torphanol, with BIF-72 exhibiting neither reinforcing nor  version to be published and agree to be accountable
dysphoric effects. Moreover, this compound markedly  for all aspects of the study.

suppressed inflammatory pain responses in specific tests. Competing interests. The authors declare that
The differences in the properties of the studied com-  they have no competing interests.
pounds, as well as in their analgesic activity levels, may Animal manipulations were carried out in com-

result from distinct degrees of affinity for kappa-opioid  pliance with legal and ethical standards (Resolution
receptors and possible differences in their effects on  of 29.08.2014 No. 51 “On approval of SP 2.2.1.3218-14
post-receptor signaling pathways. Indeed, BIF-72 has ~ “Sanitary and epidemiological requirements for the
previously been shown to exhibit more pronounced  design, equipment and maintenance of experimental
agonistic activity at kappa-opioid receptors, which was  biological clinics (vivariums)”; Directive of the Euro-
abolished by a specific antagonist [20]. This mechanism  pean Parliament and of the Council of the European
of action may presumably be related to the presence of ~ Union 2010/63/EU of 22 September 2010 “On the pro-
a hydrogenated six-membered heterocycle linked to the  tection of animals used for scientific purposes”).

N® atom in the compound structure. In the above-cited

publication, researchers from the Research Institute of ~ JOMOJIHUTENBbHAA NH®OPMALIUA

Physical and Organic Chemistry of Southern Federal

University proposed further investigation of the prop- Bknap aBTopoB. Bce aBTOpbI BHECIM CYLLECTBEH-
erties of 2-arylimidazo[1,2-a]benzimidazoles, with the ~ HbI1 Bknag B pa3paboTKy KOHLenuuu, npoBefeHue
ultimate goal of developing more effective analgesics. nccnegoBaHus v NOAroTOBKY CTaTbit, POy 1 ogob-
puUnn puHanbHy BepCcuio nepea nybnukaumen.
CONCLUSIONS KoHdpnukT nHtepecoB. ABTOpbI AeKnapupyoT OT-

CYTCTBME SIBHbIX 1 MOTEHLMANbHBIX KOH(IIKTOB MHTE-

In summary, the obtained data collectively suggest  pecos, cBs3aHHbIX C Ny6nnKaLmMen HacTosLeN CTaTby.
that BIF-70 and BIF-72 represent promising opioid anal- MaHunynauum Hap XWMBOTHbLIMW MPOBOAUNN C
gesics and warrant further preclinical evaluation. Such  cobnioaeHnem npaBoBbIX 1 3TUYeckux Hopm (locTa-
studies should include docking analysis to elucidate  HoBnenue ot 29.08.2014 r. Ne 51 «O6 yTBepxaeHum
their mechanism of action, as well as investigation of ~ CIT 2.2.1.3218-14 “CaHuTapHo-anuaeMnonornyeckme
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TpeboBaHus K ycTpoicTBy, obopyaoBaHuio n cogep- Ta u Coeeta EBponeiickoro Cotosa 2010/63/EC ot
KaHWMIO  aKcnepuMeHTanbHo-6monornyeckux  knuHnk 22 ceHtabps 2010 r. «O 3awuTe XMBOTHbIX, UCMOSb-
(BuBapveB)’»; anpekTua EBponeickoro napnameH-  3yloWWXCA ANS HAyYHbIX Lienemny).
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