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ABSTRACT

Background. Currently, the main groups of anti-inflammatory drugs used in medical
practice are steroidal (glucocorticoids) and non-steroidal agents. However, despite
their widespread use, these groups of anti-inflammatory drugs have a fairly wide range
of negative side effects, which makes the search for low-toxic substances with anti-in-
flammatory effects currently relevant.

The aim. To study anti-inflammatory, antinociceptive activity and acute toxicity of in-
dividual representatives of indenopyrroles and indenopyridazines.

Methods. The acute toxicity of the studied compounds was studied using the method
of Prozorovsky VB. Anti-inflammatory activity was assessed in a carrageenan-induced
rat paw edema model. The production of active oxygen radicals by leukocytes was
evaluated using luminol-dependent chemiluminescence. The antinociceptive activity
of the compounds was assessed using the “writhing” and “hot plate” tests in mice.
Results. The obtained results allowed the studied compounds to be classified
as “practically nontoxic” (LD50 > 1000 mg/kg). Compounds 18 of the indenopyrrole
series and indenopyridazines 2a-e were found to exhibit anti-inflammatory activity,
reducing the severity of exudative inflammation. Compound 2a exhibited the great-
est antiexudative activity, reducing edema by more than 60 % (p < 0.01). Compounds
2a-8 and compound 18 reduced the production of reactive oxygen species by more
than 40 % (p < 0.05) compared to the control. In the “hot plate” test, the studied com-
pounds 1a, 18, 2a-e exhibited an antinociceptive effect comparable to nimesulide;
in the “acetic acid-induced writhing” test, the effect of compounds 1a, 26, 28 was
comparable to nimesulide, and the effect of compound 2a exceeded the comparison
drug by 32.96 % (p < 0.05).

Conclusion. The studied compounds of the indenopyrrole series and their indenopy-
ridazine derivatives are virtually non-toxic compounds, exhibit an anti-inflammatory
effect and reduce the severity of pain associated with inflammation.

Key words: indenopyrroles, indenopyridazines, anti-inflammatory activity, production
of reactive oxygen species, analgesic activity, acute toxicity, mice, rats
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PE3IOME

O6ocHosaHue. B Hacmosuwjee spema 8 MeOUYUHCKOU Npakmuke 8 Kayecmee oc-
HOBHbIX 2pynn npomusosocnasumesbHeix cpedcms npumeHsiomcs cpedcmed
CmepoudHoU (2/1I0KOKOpMUKOUObI) U HecmepouodHol npupodsl. OOHAKO, He CMOo-
MpsA HA ux WUpoKoe NpUMeHeHUe, YKa3dHHble 2pynnbl NPOMUBOB8OCNAIUMEbHbIX
cpedcmeg 0bnaoarom 00CMAMOYHO WUPOKUM CNeKMpPOM He2amueHbiX NOOOYHbBIX
3hpekmos, ymo desiaem NOUCK MAIOMOKCUYHbIX CybcmaHyud, obnadarowux npo-
mueosocnanaumesnbHbIM Oelicmauem, 8 HaCMosAujee 8pemMs aKmyasibHbIM.

Llens uccnedoeanus. V13yyerHue npomugosocnanumesoHol, aHmuHoyuyenmueHou
aKmusHOCMU U ocmpol MOKCUYHOCMU omoesibHbix npedcmasumereli UHOeHoNup-
p0os108 U UHOeHONUPUOA3UHOS8.

Memoodbi. Ocmpyo MOKCUYHOCMBb UCCe0yemMbix coeOUHeHUU U3y4yanu no Memooy
Mpo3oposckozo B.b. [[pomusosocnanumeneHyo akmueHOCMb OUeHU8dnu 8 Mooesu
KappazeHUH08020 omeka siansl Kpbicbl. C NOMOWbIO JIIOMUHOI3A8UCUMOU XeMUsIto-
MUHUCYEHYUU oUyeHUBau npooyKyuto akmueHbIX KUC/IOpPOOHbIX padukanos seliko-
yumamu. AHMUHOYUUeNmMuUeHylo dkmugsHOCMb Ucc1edyeMblx coeQUHeHUU usyqanu
8 mecme «kopuyeli» U 8 mecme «20pa4ds NadcmuHa» Ha MblUAXx.

Pesynemamel. [lonydeHHble pe3ysbmamesl NO380/AUIU OMHecmu ucciaedyemeoie
COeOUHeHUA K «npakmuyecku HemokcuyHsim» (JI450 > 1000 me/ke). YcmaHoeneHo,
4Umo coeouHeHue 18 psa0a UHOeHONUPPOII08 U UHOeHONUPUOA3UHbl 2a-8 NPOS8I[om
NpomueosocNanuMesibHyl0 akmugHOCMb, YMeHbUWIASA BbIPAXeHHOCMb 3KCCy0amus-
HO20 8ocnaneHus. Haubosbwyto aHmMu3KCCyOamugHyo akmugHOCMb NPOABUJIO coe-
OuHeHue 2a, ymeHblas omek 6osiee, yem Ha 60 % (p < 0,01). CoeduHeHusa 2a-8 u coe-
OuHeHue 18 yMeHbWanu NpoOyKUUI0 AKMUBHbIX hopM Kucsiopooa bosee yem Ha 40 %
(p < 0,05) no cpasHeHuto ¢ KOHMpPoeM. B mecme «2opa4as naacmuHa» ucciedyemole
coeduHeHusA 1a, 18, 2a-8 NpossBasIU dHMUHoUyUuYenmusHbili 3¢hchekm conocmasu-
Mbll € HUMecyluGoM; 8 mecme «yKCyCHble Kopyu» 3¢hpekm coeduHeHudl 1d, 26, 28 bbin
conocmasum ¢ HUMecy1udoM, a 3¢hghekm coeOUHeHUs 2a npesocxodus1 npenapam
cpasHeHusA Ha 32,96 % (p < 0,05).

3aknoyeHue. Vicciedyemblie coeOUHeHUS pA0a UHOeHONUPPOI08 U UX NPOU3BOOHbIe
UHOEeHONUPpUOAd3UHbI A8JIAIOMCA NPAKMUYECKU HeMOKCUYHbIMU COeOUHEHUSMU, NPo-
AB/IAI0M NPOMUBOBOCNAIUMETbHOU 3¢hheKm U yMeHbWaom 8blpaxeHHOCMsb 601U,
c8A3aHHOU C 80CNAsIeHUEeM.

Knioueeaole cnoea: uHOeHONUPPOSIbl, UHOEHONUPUOA3UHbI, NPOMUBOBOCNAAUMESlb-
HAA akMuBHOCMb, NPOOYKYUA dKMUBHbIX (hOpM KUC/IOpOOd, aHA/IbeemuyecKas ax-
MUuBHOCMb, 0CMPAs MOKCUYHOCMb, MbIUIU, KPbICbI

Ana untnposanma: leiiH O.H., Hocosa H.B., Ynxosa E.I,, leiiH B.C., Teiin B.J1. Mpotumso-
BOCManuTesIbHaA M aHTUHOLMLENTMBHAA aKTUBHOCTb MHAEHOMMPPOIOB Y MHAEHONUPU-
[a3nHOB B 3KcnepumeHTe Acta biomedica scientifica. 2026; 11(3): 138-145. doi: 10.29413/
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INTRODUCTION

Inflammation, as a protective-adaptive reaction
of the body, on the one hand, provides a non-specif-
ic defense against various pathogens and participates
in the elimination of damaged host cells. On the other
hand, it can accompany various pathological conditions
such as trauma, infections, and autoimmune diseases. Un-
der these circumstances, the endogenous mechanisms
aimed at containing the local inflammatory process are of-
ten insufficient, leading to generalization of inflammation
with the release of inflammatory mediators and pro-in-
flammatory cytokines into the systemic circulation [1].
Therefore, it is important for potential medications to ef-
fectively influence the course of inflammation at all stag-
es of its development. This may be achieved through
the multi-component mechanism of their anti-inflamma-
tory action.

Currently, two main groups of anti-inflammatory med-
ications are used in medical practice: steroid and non-ste-
roidal drugs. However, despite their widespread use, these
groups of anti-inflammatory drugs have a relatively broad
range of adverse effects, making the search for low-toxic
substances with anti-inflammatory activity highly signifi-
cant [2, 3].

Indenopyrrolesand theirindenopyridazine derivatives,
due to their high reactivity, show promise for the synthesis
of a wide range of compounds, including those with bio-
logical activity. The indenopyrrole and indenopyridazine
compounds studied here incorporate nitrogen-containing
heterocyclic rings such as pyrrole and pyridazine into their
structures. Previously, substances with anti-inflamma-
tory activity have been identified within the class of pyr-
role-containing compounds and their derivatives [4]. How-
ever, the impact of indenopyrroles and indenopyridazines
on inflammatory processes has not yet been investigated.

AIM

To study anti-inflammatory, antinociceptive activity
and acute toxicity of selected representatives of indeno-
pyrroles and indenopyridazines.

MATERIALS AND METHODS

In vivo experiments were conducted using sexually
mature white Wistar rats weighing 180-220 g and sexually
mature white outbred CD-1 mice weighing 22-25 g.

All research procedures involving laboratory animals
were performed in accordance with generally accepted
ethical standards for animal care, as outlined in the Euro-
pean Convention for the Protection of Vertebrate Animals
Used for Experimental and Other Scientific Purposes [5]
and recommendations from the Board of the Eurasian
Economic Commission dated November 14, 2023 No. 33
“On the Guidelines for the Care and Use of Laborato-
ry (Experimental) Animals in Preclinical (Non-clinical)

Studies” [6]. These studies were approved by the Bioeth-
ics Committee of the Perm State Pharmaceutical Academy
of the Ministry of Health of the Russian Federation (Proto-
col No. 2-H-x, dated January 16, 2024, Perm, Russia).

The compounds selected for this study were repre-
sentatives of the indenopyrrole series (1a-c) and their in-
denopyridazine derivatives (2a-c), which differ in terms
of the presence of various substituents within their
molecular structures (Fig. 1). These compounds were
synthesized at the Department of General and Organ-
ic Chemistry of the Perm State Pharmaceutical Acad-
emy of the Ministry of Health of the Russian Federa-
tion. The structure and purity of these indenopyrroles
and indenopyridazines were confirmed through IR,
'H NMR, and "C NMR spectroscopy [7].

The acute toxicity of the studied compounds was as-
sessed using the method proposed by Prozorovsky V.B. [8].
The substances were administered via intraperitoneal in-
jection in a 2 % starch mucilage at increasing doses of 500,
631, 794 and 1000 mg/kg. Based on the data obtained,
the toxicity classification of the compounds was deter-
mined using the classification system proposed by Sidor-
ov K.K. [9].

Acute inflammation was induced by administering
0.1 mL of a 1 % carrageenan solution to the plantar sur-
face of the rat hind paw. Paw volume was measured us-
ing an oncometer before carrageenan injection (control)
and then at 3 and 5 hours after carrageenan administra-
tion. The tested compounds were administered intraper-
itoneally at a dose of 50 mg/kg in a 2 % starch mucilage
30 minutes prior to carrageenan injection. The anti-inflam-
matory effect was assessed based on the reduction in paw
edema[10].

Reactive oxygen species production was assessed
using a luminol-dependent chemiluminescence (LDCL)
assay. The reaction was carried out in 96-well flat-bot-
tom plates (Greiner, Germany). Each well contained
10° cells (peritoneal leukocytes from mice) in 100 pL
of Hank’s solution. Opsonized zymosan at a concentra-
tion of 150 ug/mL was used as the LDCL inducer. Lumi-
nol at a concentration of 10° M was used as a marker
of the LDCL reaction intensity [9]. Results were recorded
over 1 hour at 5-minute intervals using a luminometer
(Tecan Trading AG, Switzerland).

The analgesic activity of the tested compounds was
evaluated using the acetic acid-induced writhing test

o N—N
OH 7\
H,N—NH,
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R R
1a-c 2a-c

FIG. 1.
Structural formulas of the studied compounds
R=2-CIC6H4 (1a, 2a), R=H (1b, 2b), R=2-CH30C6H4 (1¢, 2c)
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and the hot plate test in mice [10]. The tested compounds
were administered intraperitoneally at a dose of 50 mg/kg
in a 2 % starch mucilage. The control group of animals re-
ceived an equal volume of a 2 % starch mucilage. Writhing
was induced by intraperitoneal injection of a 0.75 % acetic
acid solution (0.1 mL per 10 g of body weight) 30 minutes
after administration of the tested compounds. The num-
ber of abdominal contractions (writhing episodes) was re-
corded for each animal over a 20-minute period following
acetic acid administration. The criterion for analgesic ac-
tivity was defined as a decrease in the number of writhing
episodes relative to the control group.

In the hot plate test, animals were placed on a metal
plate that was heated to 52°C for 60 minutes after admin-
istration of the tested compounds. The analgesic effect
was assessed based on the latency time until a behavior-
al response to a thermal stimulus, which was manifested
as licking, shaking of the hind paws, or jumping. The laten-
cy time was measured in seconds.

Nimesulide substance (Sigma-Aldrich) was adminis-
tered intraperitoneally at a dose of 50 mg/kg in a 2 % starch
mucilage and served as the reference drug in the study.

The data obtained were tested for normal distribu-
tion using the Kolmogorov-Smirnov test. The p-value
from the Kolmogorov-Smirnov test was > 0.05, supporting
the null hypothesis that the distribution is close to normal.
Subsequently, the data were analyzed using an unpaired
Student'’s t-test. Differences between groups were consid-
ered statistically significant at p < 0.05.

RESULTS

As a result of the acute toxicity study following a sin-
gle intraperitoneal administration of the indenopyrroles

TABLE 1

and their indenopyridazine derivatives, the tested organic
compounds were classified as belonging to class 5, “practi-
cally non-toxic compounds’, according to the classification
of Sidorov K.K. [9].

All tested compounds, except for compound 1b,
demonstrated a reduction in the severity of the inflam-
matory response when compared to the control group
of animals, both at 3 hours and 5 hours after carrageenan
administration. Compound 2a exhibited an effect that was
comparable to that of the reference drug (Table 1).

The course of an inflammatory reaction is often accom-
panied by pain caused by irritation of nociceptors by in-
flammatory mediators such as exudates, including prosta-
glandins, kinins,and others.This has led to the investigation
of the antinociceptive effects of certain compounds.

It was found that the studied indenopyridazines (2a-c)
and indenopyrrole 1a reduced the number of involuntary
contractions of abdominal muscles (writhing) when inject-
ed intraperitoneally with acetic acid (Table 2). An antinoci-
ceptive effect exceeding that of nimesulide was observed
only for compound 2a.

In the hot plate test, which evaluates the effect
of the studied compounds on the central mechanisms
of pain perception, nearly all of the studied indenopyrroles
and their indenopyridazine derivatives, with the exception
of compound 1b, prolonged the time that animals spent
on a heated plate (Table 3). The observation of antinoci-
ceptive activity in the hot plate assay suggests a potential
impact on supraspinal mechanisms of pain regulation [10].

As is known, neutrophils, monocytes, and macro-
phages are the main players in the inflammatory response,
as they are able to secrete not only inflammatory medi-
ators, but also reactive oxygen species (ROS). These ROS
can not only help eliminate pathogens, but also sustain
the inflammatory response. In this context, the effect

THE EFFECT OF INDENOPYRROLES (1A-C) AND INDENOPYRIDAZINES (2A-C) ON THE SEVERITY OF EXUDATIVE
INFLAMMATION INDUCED BY CARRAGEENAN IN RATS

Compound Increase in paw

Inhibition of paw

Increase in paw Inhibition of paw

volume, % edema, % volume, % edema, %
at3h at5h

Control (n=8) 42.89 +6.83 - 30.96 +4.18 -
Nimesulide (n=8) 11.39 £ 2.88* 73.42+6.72 5.77 £ 1.64* 81.36 £5.29
1a (n=7) 19.47 £2.21* 5459 +5.15 13.68 = 1.70* 55.79+5.50
1b (n=6) 25.02 £3.79 41.67 £8.85 15.99 £ 4.04 48.36 £ 13.05
1c (n=7) 24.40 £ 3.44* 43.09 +£8.02 16.56 = 3.37* 46.49 +£10.88
2a (n=7) 15.26 £ 2.37% 64.43 £ 5.54 9.35 + 2.06* 69.81 £ 6.64
2b (n=7) 20.86 + 3.53* 51.35+8.23 17.66 + 3.03* 42.95+9.79
2c (n=7) 16.24 + 2.49* 62.12 +5.83 11.79 £ 2.57* 61.90 + 8.31

Note. Data are presented as mean and standard error of the mean (M = m). * - p < 0.05 compared to the control group (Student’s t-test). # — p < 0.05 compared

to nimesulide (Student’s t-test). n - number of animals per group.
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of the studied compounds on ROS production by perito-
neal leukocytes was evaluated using the LDCL assay.

As shown in Figure 2, indenopyrroles (1a-c) did not
affect the spontaneous production of ROS by leukocytes
in the LDCL assay. In the stimulated version of the assay,
these compounds exhibited diverse effects on ROS pro-
duction: compounds 1a and 1b enhanced ROS produc-
tion, while compound 1c reduced ROS production from 5
to 30 minutes of observation (Fig. 2).

The effect of indenopyridazines (2a-c) on ROS pro-
duction in the LDCL assay showed a similar trend in both
the unstimulated and stimulated versions (Fig. 3). In un-
stimulated leukocytes, ROS production after treatment

TABLE 2

with compounds 2aand 2b was lower compared to the con-
trol at 10-20 minutes after treatment, and at 35 minutes,
a decrease in ROS production was seen for compounds
2a-c (Fig. 3A). In the stimulated version of the assay, ROS
production following administration of compounds 2a-c
decreased during the first 10 minutes but did not differ
significantly from control values thereafter (Fig. 3B).

DISCUSSION

The development of carrageenan-induced paw ede-
ma in rats at the evaluated time points (3 and 5 hours after

ANTINOCICEPTIVE ACTIVITY OF INDENOPYRROLES (1A-C) AND INDENOPYRIDAZINES (2A-C) IN THE VINEGAR

WRITHE TEST IN MICE

Compound
0-5 min 5-10 min

Control (n=7) 9.28 +2.13 18.57 £2.21

Nimesulide (n=7) 5.14+£1.08 1243 +0.61*%
1a (n=6) 4.0+1.15 13.33+£1.76
1b (n=7) 8.71£1.59 15.14+0.96
1c (n=7) 8.14+1.64 1843 £3.55
2a (n=6) 4.67 £1.48 11.67 £ 1.47%
2b (n=7) 6.29+1.76 15.14+1.89
2c (n=7) 8.00+1.93 1271 £1.96

Number of writhes

Observation period

Total number

10-15 min 15-20 min
17.86 £2.30 10.71 £0.52 56.43 £4.73
11.57 £1.02 8.14 £ 0.70*% 37.29 + 1.87*
11.83£1.64 10.0 = 1.86 39.17 £ 4.78*
13.14+0.59 7.29 £0.47* 4429 £1.96
13.00 +£2.32 10.0 = 1.90 49.57 £ 8.55
5.33+£0.92*1 333+ 1.17* 25.0 £ 3.25%
12.00+1.29 8.14+1.39 41.57 = 3.06*
9.57 +1.21* 7.71+£1.25 38.00 £5.17*

Note. Data are presented as mean and standard error of the mean (M = m). n — number of animals per group. * - p < 0.05 compared to the control group (Stu-

dent’s t-test). H - p < 0.05 compared to nimesulide (Student'’s t-test).

TABLE 3

ANTINOCICEPTIVE ACTIVITY OF INDENOPYRROLES (1A-C) AND INDENOPYRIDAZINES (2A-C) IN MICE IN THE

HOT PLATE TEST

No. Compound
1 Control (n=7)

2 Nimesulide (n=8)

3 1a (n=8)
4 1b (n=8)
5 1c (n=7)
6 2a (n=8)
7 2b (n=8)
8 2¢ (n=8)

Latency time, s

p vs. control

13.46 £0.75 -

17.52+1.02 <0.02
19.58 £1.53 <0.01
13.79+1.58 > 0.05
18.72+1.14 <0.01
20.93 £2.05 <0.02
19.76 £ 1.24 <0.01
20.32+2.10 <0.02

Note. Data are presented as mean and standard error of the mean (M £ m). H - p < 0.05 compared to the reference drug nimesulide (Student’s t-test). n - number

of animals per group.
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phlogogen administration) is associated with the active
infiltration of the inflammatory focus by leukocytes, pre-
dominantly neutrophils and macrophages, which secrete
pro-inflammatory cytokines as well as inflammatory me-
diators. Carrageenan can directly activate the migratory
and secretory activity of macrophages through Toll-like
receptor 4 (TLR-4). The stimulation of macrophage secre-
tion leads to an increase in the synthesis of mediators,
such as prostaglandins, leukotrienes, and pro-inflam-
matory cytokines (IL-1, IL-6, TNF-a), which contribute
to the development and maintenance of the inflamma-
tory response [11]. Therefore, based on the results of our
study, it can be hypothesized that the anti-inflammatory
activity of the tested compounds is mediated by inhibi-
tion of leukocyte migration, the synthesis of pro-inflam-
matory cytokines and mediators, and also through an ef-
fect on TLR-4.

Involuntary contractions of the abdominal muscles
during the acetic acid-induced writhing test are caused
by the stimulation of nociceptors in serous membranes
through acetic acid injection. This stimulation is also
thought to lead to the release of biologically active sub-
stances, such as bradykinins, prostaglandins, and leukot-
rienes, during the early stage of primary hyperalgesia. Pros-
taglandins and leukotrienes are products of arachidonic
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acid metabolism through the cyclooxygenase pathway.
Previous studies have demonstrated the ability of com-
pounds with a pyrrole ring structure to inhibit the expres-
sion and activity of COX-2 during inflammation [12]. This
suggests that these compounds may also inhibit the ex-
pression or activity of the COX enzyme, thereby reducing
the synthesis of prostaglandin E2, a primary sensitizer
for nociceptors.

The results of the study on leukocyte-derived reac-
tive radical production in the LDCL assay indicate that
the mechanism by which indenopyridazine compounds
exert their anti-inflammatory effects may be due to their
inhibitory effect on radical production.

CONCLUSION

Our data suggest that certain indenopyrrole and inde-
nopyridazine derivatives exhibit anti-inflammatory and an-
tinociceptive activity combined with low toxicity.

In the carrageenan-induced rat paw edema model,
the studied indenopyridazines showed comparable an-
ti-inflammatory effects to the reference drug, nimesulide.
Additionally, they significantly reduced reactive oxygen
species production in the LDCL assay by more than 40 %
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(p < 0.01) compared to the control group. Furthermore,
compound 2a exceeded the reference drug by 32.96 %
in the acetic acid-induced writhing assay, compared
to the reference compound (p < 0.05).

These results suggest that indenopyrroles and their
derivatives may be promising candidates for further devel-
opment as potential anti-inflammatory agents with anal-
gesic properties.
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