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Background and Purpose: Due to the risk of gastrointestinal damage and various tissue 
toxicity associated with non-steroidal anti-inflammatory drugs (NSAIDs) use, investigating new 
anti-inflammatory agents with efficacy comparable to that of NSAIDs but reduced toxicity is still 
a major challenge and a clinical need. Based on our previous study, new 1,3,4-oxadiazole deriva
tives of pyrrolo[3,4-d]pyridazinone, especially 6-butyl-3,5,7-trimethyl-1-[[4-[[4-(4-nitrophenyl) 
piperazin-1-yl]methyl]-5-thioxo-1,3,4-oxadiazol-2-yl]methoxy]pyrrolo[3,4-d]pyridazin-4-one and 
6-butyl-1-[[4-[[4-(4-chlorophenyl)-4-hydroxy-1-piperidyl]methyl]-2-thioxo-1,3,4-oxadiazol-5-yl] 
methoxy]-3,5,7-trimethyl-pyrrolo[3,4-d]pyridazin-4-one (hereafter referred to as the compounds 
10b and 13b, respectively) seem to be promising anti-inflammatory agents. This study aimed to 
elucidate the effects of these two new derivatives on the course of experimental rat inflammation, 
liver and kidney function, and gastric mucosa.
Methods: The anti-inflammatory effect of compounds 10b and 13b was evaluated using the 
carrageenan-induced paw edema test in rats. The increase in paw volume (paw edema), prosta
glandin E2 (PGE2), tumor necrosis factor-α (TNF-α) and myeloperoxidase (MPO) levels, histolo
gical alterations, and inflammatory cell infiltration in paw tissue were determined. Serum alanine 
transaminase (ALT) and aspartate transaminase (AST) activities, serum urea and creatinine levels, 
as well as changes in gastric mucosa, were measured as indicators of hepatic, renal, and gastric 
toxicity.
Results: Pretreatment with both novel derivatives at 10 mg/kg and 20 mg/kg doses reduced paw 
edema, counteracted the increased PGE2 and TNF-α levels, reduced the influx of inflammatory 
cells, and decreased histopathological alterations in paw tissue. Compound 13b at a dose of 
20 mg/kg was more effective than indomethacin in reversing the increased TNF-α levels and 
reducing the influx of inflammatory cells. Only compound 13b at all studied doses (5, 10, or 
20 mg/kg) counteracted the increased MPO level in paw tissue. Both compounds neither caused 
alterations in ALT, AST, urea, creatinine parameters nor gastric mucosal lesions.
Conclusion: New compounds exert an anti-inflammatory effect, presumably via inhibiting 
inflammatory mediators release and inflammatory cell infiltration. Moreover, both possess 
a more favorable benefit–risk profile than indomethacin, especially compound 13b.
Keywords: carrageenan, anti-inflammatory agents, pyrrolo[3,4-d]pyridazinone, 
1,3,4-oxadiazole, inflammatory mediators, toxicity

Introduction
Every living organism strives to achieve homeostasis.1 Many highly specialized 
systems and defensive mechanisms allow the organism to adapt to the surrounding 
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environment and react in the event of exposure to endo
genous or exogenous, infectious or non-infectious harmful 
stimuli. Inflammation, or inflammation response, is the 
organism’s defensive reaction to remove or sequester the 
cause of the disturbance, repair the tissue, and finally 
restore homeostasis.2

Inflammation is characterized by such macroscopic 
symptoms as redness, edema, heat, pain, and loss of tissue 
function, which reflect elevated cellular metabolism, vaso
dilatation, and increased vascular permeability allowing 
leakage of plasma components and extravasation of 
immune cells.3 Plasma proteins and leukocytes, mainly 
neutrophils that are normally confined to the blood vessels 
gain access through the postcapillary venules to the extra
vascular tissues at the site of injury, thereby inducing 
edema. These vascular and cellular reactions are mediated 
by endogenous substances, known as inflammatory med
iators, released at the site of the injury by tissue-resident 
immune cells, mostly macrophages, dendritic cells, and 
mast cells.4 Among many inflammatory mediators, proin
flammatory cytokines and bioactive lipids – particularly 
tumor necrosis factor-α (TNF-α) and prostaglandin E2 

(PGE2) – are considered to be the main ingredients that 
initiate and govern the inflammatory process.2 In addition 
to typical inflammatory markers, the enzyme myeloperox
idase (MPO), released upon neutrophil activation, deserves 
special attention as a protein with proinflammatory proper
ties independent of its enzymatic activity. These cytokine- 
like properties can modulate the activation state of leuko
cytes during inflammatory diseases.5,6

Although the inflammatory response is one of the 
organism’s defensive mechanisms against harmful factors, 
it is unpleasant for the patient, often causing suffering and 
sometimes not leading to recovery either. In principle, 
a controlled inflammatory response in appropriate amounts 
is beneficial to the organism, though it can become detri
mental if dysregulated due to its tissue-damaging 
potential.2 Usually, the inflammatory response is termi
nated once the triggering insult is eliminated and damaged 
tissue is repaired. If inflammatory response is prolonged, 
inefficient, or excessive, a chronic inflammatory state may 
ensue. This process, characterized by persistent production 
of proinflammatory cytokines and proinflammatory lipids, 
may lead to aberrant tissue remodeling, irreversible 
damage, and chronic disorders such as inflammatory 
bowel disease, atherosclerosis, asthma, or neurodegenera
tive disorders, which inevitably lead to impaired quality of 
life, loss of time from work or education, disability, and 

untimely death.7,8 While many anti-inflammatory agents 
are available today, including non-steroidal anti- 
inflammatory drugs (NSAIDs), glucocorticoids, and biolo
gical agents, all of them have some limitations in terms of 
safety and efficacy.3,9 Therefore, there is still an unmet 
clinical need and a challenge for medicinal chemists to 
develop more effective and safer agents to treat the signs 
and symptoms of acute inflammation, thereby preventing 
its evolving into a chronic condition that leads to irrever
sible changes.

In this context, one of the promising strategies used in 
medicinal chemistry to identify new compounds is to 
combine a structure with known anti-inflammatory proper
ties with a moiety capable of enhancing this activity. The 
pyrrolo[3,4-d]pyridazinone core is a structure that exerts 
anti-inflammatory activity.10,11 In turn, diversely substi
tuted five-membered rings of 1,3,4-oxadiazole-2-thione, 
which is a bioisosteric analog of the carboxyl group, 
exhibit various biological activities – including anti- 
inflammatory activity.12–15 Moreover, anti-inflammatory 
compounds possessing this five-membered ring show 
decreased gastrotoxicity.13,14 Drugs used worldwide, eg, 
ibuprofen, diclofenac, or naproxen, were modified simi
larly. The obtained derivatives of the mentioned drugs, 
including in their structure a 1,3,4-oxadiazole-2-thione 
ring, show significant anti-inflammatory activity and 
diminished gastrointestinal adverse effects.13,14,16

Inspired by this research, we designed, synthesized, 
and investigated the series of novel derivatives of pyrrolo 
[3,4-d]pyridazinone linked with 1,3,4 oxadiazole-2-thione 
pharmacophore.12,17,18 According to in silico and in vitro 
assays we performed, new molecules strongly inhibit 
cyclooxygenase (COX) activity, show superior affinity 
towards isoform COX-2, and some of them act as selective 
COX-2 inhibitors.12,17 In our previous in vivo study, the 
most promising novel pyrrolo[3,4-d]pyridazinone deriva
tives – 6-butyl-3,5,7-trimethyl-1-[[4-[[4-(4-nitrophenyl) 
piperazin-1-yl]methyl]-5-thioxo-1,3,4-oxadiazol-2-yl] 
methoxy]pyrrolo[3,4-d]pyridazin-4-one and 6-butyl- 
1-[[4-[[4-(4-chlorophenyl)-4-hydroxy-1-piperidyl]methyl]- 
2-thioxo-1,3,4-oxadiazol-5-yl]methoxy]-3,5,7-trimethyl- 
pyrrolo[3,4-d]pyridazin-4-one (hereafter referred to as the 
compounds 10b and 13b, respectively) – exerted dose- 
dependent antinociceptive activity with reduced gastro
toxicity in noxious stimuli induced models of pain, ie, 
the tail-flick and formalin test.18 It is well known that 
nociception and inflammation are functionally linked at 
multiple levels. Tissue damage is detected by both 
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nociceptors that enable pain sensation in the affected area 
and by tissue-resident cells, which induce an inflammatory 
response. Exudate formation, tissue edema, and inflamma
tory mediators are responsible for inflammatory pain, and 
nociception replenishes inflammatory sensors in tissue 
homeostasis monitoring.7,19 Since compounds 10b and 
13b counteract inflammatory nociception in the late 
phase of the formalin test, compound 13b even in a more 
efficient way than indomethacin,18 we decide to assess 
whether these novel compounds also exert anti- 
inflammatory action.

The current study was undertaken to elucidate the effect of 
pretreatment with newly synthesized pyrrolo[3,4-d]pyridazi
none derivatives, compounds 10b or 13b, on the course of 
acute carrageenan-induced paw inflammation. Additionally, 
the levels of inflammatory mediators, such as PGE2, TNF-α, 
and MPO, as well as the magnitude of infiltration with 
inflammatory cells are going to be checked to explain the 
possible mechanisms of action of the newly synthesized 
compounds. Moreover, this study was aimed at assessing 
the influence of new derivatives on liver and kidney function 
and gastric mucosa.

Materials and Methods
Drugs and Chemicals
The studied compounds – two novel derivatives of pyrrolo 
[3,4-d]pyridazinone named 10b and 13b – were prepared and 
characterized as reported earlier.12 Analysis of the 1H NMR, 
13C NMR, MS, FT-IR, and elemental analysis as well as 
physicochemical features showed spectroscopic and analyti
cal properties of the newly obtained derivatives to be in 
agreement with their assigned structure. Indomethacin, in 
subst. and λ-carrageenan, in subst. were purchased from 
Sigma Aldrich (Steinheim, Germany); carboxymethylcellu
lose (CMC), in subst. and formalin 37%, sol. were obtained 
from PolAura (Olsztyn, Poland); pentobarbital sodium + 
pentobarbital 133.3 mg/mL + 26.7 mg/mL, sol. was pur
chased from Biowet (Puławy, Poland); medetomidine hydro
chloride 1 mg/mL, sol. was supplied from OrionPharma 
(Warszawa, Poland); normal saline was obtained from 
Polpharma (Starogard Gdański, Poland). Other chemicals 
used were included in the commercially available kits.

Animals
The Wistar rats (210–260 g) were obtained from the Animal 
Research Center at Wroclaw Medical University (Wrocław, 
Poland). All animals were accustomed to the laboratory 

condition for 7 days before commencing the experiments. 
The rats were housed, two per cage, in polypropylene cages 
with enrichments in a standard laboratory environment with 
a 12/12 h light/dark cycle, a humidity of 55–60% and 
a temperature of 21–24°C, with water ad libitum and free 
access to standard animal feed (Agropol, Motycz, Poland), 
except for the single procedure of deprivation.

Ethical Considerations
The current study was carried out with the permission 
(Resolution No. 101/2018 of 12.12.2018) of the Local Ethics 
Committee for Animal Experiments in Wrocław at Hirszfeld 
Institute of Immunology and Experimental Therapy of Polish 
Academy of Sciences (Wrocław, Poland). The animal care and 
all experimental procedures were by the applicable interna
tional, national, and institutional guidelines, including the Act 
of 15 January 2015 on the protection of animals used for 
scientific and educational purposes (Journal of Laws of 2015, 
item 266) and the EU directive 2010/63/EU.

Study Protocol
After seven days of adaptation, the animals were randomly 
allotted to nine groups (twelve animals per group) orga
nized as follows:

● One group pretreated with 0.5% CMC solution (vehi
cle) intragastrically (i.g.) and injected subplantarly (s. 
pl.) with normal saline (control group, C);

● One group pretreated with 0.5% CMC i.g. and 
injected s.pl. with 1% carrageenan solution (carra
geenan group, Car);

● One group pretreated with indomethacin at a dose of 
10 mg/kg i.g. and injected s.pl. with 1% carrageenan 
solution (indomethacin group, Ind);

● And 6 groups pretreated i.g. with compound 10b or 
13b at the doses of 5, 10, or 20 mg/kg and injected s. 
pl. with 1% carrageenan solution (10b-5, 10b-10, 
10b-20, 13b-5, 13b-10, 13b-20 groups, respectively).

The 0.5% CMC solution and studied substances suspended in 
0.5% CMC solution were given in a single dose by a gastric 
tube (FST, Foster City, CA, USA) in a volume of 4 mL/kg. 
Prior to the administration of the appropriate substance, rats 
were food-deprived for 12 h. Doses of tested compounds and 
indomethacin were selected based on the earlier 
works.11,18,20,21 One hour after appropriate substance admin
istration, the carrageenan-induced paw edema test (carragee
nan-induced inflammation) was performed. After the test, 
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blood for biochemical assays was taken from the tail vein, 
centrifugated (15 min at 4000 rpm), and the obtained serum 
samples were kept at −80°C until further analysis. The rats 
were then sacrificed by intramuscular injection of medeto
midine (0.5 mg/kg) followed by intraperitoneal injection of 
pentobarbital (200 mg/kg), and the right hind paw and the 
stomach were immediately dissected. Afterward, inflamma
tory exudate of the carrageenan-injected paw was collected 
for histopathological assessment. Then, one part of each right 
hind paw was fixed in 4% buffered formalin for histopatho
logical analysis, and the soft tissue from the remaining part 
was homogenized (Homogenizer PRO250, PRO Scientific 
Inc., Oxford, CT, USA), with the obtained supernatants 
stored at −80°C for inflammatory markers evaluation. The 
excised stomachs were opened along the greater curvature, 
gently cleared of the contents by dipping in normal saline, 
macroscopically examined, and fixed in 4% buffered forma
lin for histopathological assessment.

Carrageenan-Induced Paw Edema Test
Inflammation in rats was induced by carrageenan injec
tion according to the procedure described by Winter et 
al.22 After 1 h of appropriate substance administration, 
rats were injected once with 1% carrageenan solution in 
normal saline under the subplantar aponeurosis area of 
the right hind paw in a volume of 0.1 mL, except the 
control group in which rats were injected with normal 
saline given by the same route and in equivalent volume. 
The right hind paw of each rat was marked with ink at 
the level of the lateral malleolus and paw volume was 
measured up to this mark. The volume of the injected 
paw of each animal was measured plethysmometrically 
(Plethysmometer 37140, UgoBasile, Gemonio, Italy) 
before (time 0) and at 1, 2, 3, and 6 h after (time 1, 2, 
3, 6) carrageenan or saline subplantar injection. For each 
time point, measurement was repeated three times and 
the average was then calculated. All measurements were 
performed by the same investigator to reduce any poten
tial inter-operator variability. The paw edema was 
expressed as the relative increase in paw volume quanti
fied by measuring the difference between the paw 
volume before and at 1, 2, 3, and 6 h after carrageenan 
or normal saline injection according to the equation:

paw edema mlð Þ ¼ Vt � V0 

where Vt is the paw volume at t h after (time 1, 2, 3, 6) 
carrageenan or normal saline injection (mL); V0 is the paw 
volume before (time 0) carrageenan or normal saline 

injection (mL). The paw edema measured in the time 
intervals was used to calculate the percentage of paw 
edema inhibition using the following equation:

inhibition of paw edema %ð Þ ¼ 1 � Et=Ecar

� �
x100 

where Et is the edema volume of treated animals (mL); Ecar 

is the edema volume of carrageenan-injected animals (mL).

Assessment of PGE2, TNF-α, and MPO 
Levels in Paw Tissue
The concentrations of PGE2, TNF-α, and MPO were mea
sured in obtained supernatants with enzyme-linked immu
nosorbent assay (ELISA) kits: Rat PGE2 ELISA Kit, Rat 
TNF-α ELISA Kit, Rat MPO ELISA Kit, (Cloud-Clone 
Corp., Katy, TX, USA) following the manufacturer’s 
instructions. All concentrations were expressed as pg/mL.

Microscopic Assessment of Paw Tissue
The formalin-fixed paw specimens were embedded in par
affin, sectioned to 4 μm slices, mounted on the glass slides, 
stained by the routine hematoxylin-eosin (H&E) method, 
and examined using an Olympus BX53 light microscope 
combined with an Olympus UC90 camera (Olympus, 
Germany) at 200x magnification. Histopathological eva
luation of inflammation indicatives was performed in 
a blinded fashion by an experienced pathologist using the 
0-5-point scale presented previously by Mert et al23 and 
described in detail in the legend for Table 1.

Microscopic Assessment of Paw Exudate
Cell blocks from inflammatory exudates of the paw were 
prepared by a tissue clot method (by allowing a clot to 
form in the lumen of the fine needle aspiration tip).24 The 
clot was then transferred directly to 4% buffered formalin 
for fixation, embedded in paraffin, and cut into 4 μm-thick 
slices, which were mounted on the glass slides and stained 
by the routine H&E method. All slides were assessed in 
a blinded way by an independent pathologist for the pre
sence of inflammatory cells (neutrophils, lymphocytes, 
monocytes) using an Axiolab 5 light microscope combined 
with an Axiocam 208 color camera (Zeiss, Jena, Germany) 
at 400x magnification in 40 high power fields (HPF).

Assessment of Serum Biochemical 
Parameters
The activities of alanine transaminase (ALT), aspartate 
transaminase (AST), and urea and creatinine levels in rat 
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serum were measured in a certified laboratory using 
Architect c4000 equipment and commercial ALT (Ref 
8L92-20 8L92-40), AST (Ref 8L91-20 8L91-40), Urea 
(Ref 7D75-20 7D75-30) and Creatinine (Ref 7D64-20) 
Architect Abbott Kits (Abbott, Wiesbaden, Germany) fol
lowing the manufacturer’s instructions.

Macro- and Microscopic Assessment of 
Gastric Mucosa
The damage to gastric mucosa was evaluated macro- 
and microscopically. The severity of macroscopic muco
sal changes was assessed using the 0-3-point scale 
described in the legend for Table 2, according to the 
criteria previously presented by Szabo et al.25 

Afterwards, formalin-fixed stomach specimens were 

embedded in paraffin and cut into 4 μm thick sections, 
which were mounted on the glass slides and stained by 
the routine H&E method. Then, the microscopic analy
sis was performed using an Olympus BX53 light micro
scope combined with an Olympus UC90 camera 
(Olympus, Germany). Histopathological changes of sto
mach tissue sections were examined at 100x magnifica
tion and assessed using the 0-3-point scale described in 
the legend for Table 2.

Statistical Analysis
All data are presented as mean values ± standard error 
of the mean (SEM). The one-way analysis of variance 
(ANOVA) and multiple comparisons with Scheffe’s post 
hoc test were used to analyze the statistical significance 
of differences among studied groups. The multi-criteria 

Table 1 The Impact of Compounds 10b and 13b on Microscopic Changes of Paw Tissue and the Number of Inflammatory Cells in 
Exudate in H&E Staining. Indomethacin Was Used as a Reference Drug

Group Microscopic Changes in H&E Staining (0–5 Points) Number of Inflammatory Cells in 1 HPF of Exudate Sample

C 0 0

Car 4.20 ± 0.20*** 40.10 ± 1.50***

Ind 1.80 ± 0.20***### 18.30 ± 1.25***###

10b-5 3.35 ± 0.2***^^^ 39.80 ± 0.68***^^^

10b-10 3.10 ± 0.23***#^^ 36.30 ± 1.51***^^^

10b-20 2.80 ± 0.25***##^ 30.40 ± 1.12***###^^^

13b-5 3.30 ± 0.21***^^^ 34.20 ± 1.65***#^^^

13b-10 2.90 ± 0.28***##^ 21.60 ± 1.19***###

13b-20 2.00 ± 0.26***### 9.20 ± 1.38***###^^^

Notes: Experimental groups: C – control group; Car – carrageenan group; Ind – group receiving 10 mg/kg indomethacin; 10b-5, 10b-10, and 10b-20 – groups receiving, 
respectively, 5, 10, or 20 mg/kg of compound 10b; 13b-5, 13b-10, and 13b-20 – groups receiving, respectively, 5, 10, or 20 mg/kg of compound 13b. Scoring scale of 
microscopic assessment of paw tissue damage: (0) = no inflammation; (1) = mild inflammation; (2) = mild or moderate inflammation; (3) = moderate inflammation; (4) = 
moderate or severe inflammation; (5) = severe inflammation. ***p<0.001 vs control group; #p<0.05, ##p<0.01, ###p<0.001 vs carrageenan group; ^p<0.05, ^^p<0.01, 
^^^p<0.001 vs indomethacin group. 
Abbreviation: HPF, high power field.

Table 2 The Impact of Compounds 10b and 13b on Gastric Mucosa. Indomethacin Was Used as a Reference Drug

Group Macroscopic Lesions (0–3 Points) Microscopic Lesions in H&E Staining (0–3 Points)

C 0 0

Car 0 0
Ind 2.25 ± 0.19*** 2.35±0.17***

10b-5 0^^^ 0^^^

10b-10 0.15 ± 0.08^^^ 0.20±0.08^^^

10b-20 0.53 ± 0.11^^^ 0.36±0.11^^^

13b-5 0^^^ 0^^^

13b-10 0^^^ 0.05 0.05^^^

13b-20 0.34 ± 0.07^^^ 0.32±0.07^^^

Notes: Experimental groups: C – control group; Car – carrageenan group; Ind – group receiving 10 mg/kg indomethacin; 10b-5, 10b-10, and 10b-20 – groups receiving, 
respectively, 5, 10, or 20 mg/kg of compound 10b; 13b-5, 13b-10, and 13b-20 – groups receiving, respectively, 5, 10, or 20 mg/kg of compound 13b. Scoring scale of 
macroscopic assessment of gastric mucosa: (0) = no damage; (1) = 1–4 small petechiae; (2) = 5 or more petechiae or hemorrhagic streaks up to 4 mm; (3) = erosions longer 
than 5 mm or confluent hemorrhages. Scoring scale of microscopic assessment of gastric mucosa: (0) = no damage; (1) = mild changes; (2) = moderate changes; (3) = severe 
changes. Data are presented as mean values ± SEM (n=12). ***p<0.001 vs control group; ^^^p<0.001 vs indomethacin group.
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decision analysis (MCDA) using the weighted sum 
model (WSM) was executed to compare the pharmaco
logical and toxicological properties of the studied com
pounds. Equal weights were set for each bioassay 
performed. All statistical analyses were performed 
using GraphPad Prism version 8.0 (GraphPad 
Software, San Diego, CA, USA) and Statistica version 
13.3 (StatSoft, Kraków, Poland) with a p-value < 0.05 
considered as the significance level.

Results
The Effects of Pyrrolo[3,4-d]Pyridazinone 
Derivatives on the Carrageenan-Induced 
Paw Edema in Rats
To assess the anti-inflammatory activity of the novel 
pyrrolo[3,4-d]pyridazinone derivatives – compounds 
10b and 13b – carrageenan-induced paw edema was 
performed. The absolute rat paw volume and relative 
increase in paw volume (paw edema) before and at 1, 2, 
3, and 6 h after carrageenan or normal saline injection 
in all experimental groups are shown in Figures 1A and 
B, respectively. Detailed data of the absolute rat paw 
volume (mean values ± SEM including the level of 
significance between groups) are presented in 
Supplementary Material, Table S1. Detailed data of the 
paw edema (mean values ± SEM including the level of 
significance between groups and the percentage of paw 
edema inhibition) are presented in Table 3. There were 
no significant differences in rat paw volume before the 
carrageenan or normal saline injection between the 
experimental groups (p = NS). Subplantar injection of 

0.1 mL of 1% carrageenan solution into the rat hind paw 
caused severe discernible inflammation with 
a significant increase in paw volume (paw edema) at 
1, 2, 3, and 6 h after injection (p<0.001 vs control group 
in all comparisons; Figure 2A and B). The maximum 
paw edema was observed in each studied group at 6 
h after carrageenan administration. Pretreatment of rats 
with the studied compounds, 10b or 13b, resulted in an 
inhibition of paw edema starting from 2 h after carra
geenan injection (Figure 2D and E). Pretreatment with 
compound 10b at a dose of 10 or 20 mg/kg partly 
reversed the carrageenan-induced increase in paw 
volume at 2, 3, and 6 h (p<0.001 vs carrageenan 
group and p<0.001 vs control group in all comparisons). 
At the low dose (5 mg/kg), compound 10b partly inhib
ited the carrageenan-induced edema only at 2 h (p<0.05 
vs carrageenan group and p<0.001 vs control group). At 
all examined doses, compound 13b partly reversed the 
increase in paw volume at 2, 3, and 6 h after carragee
nan injection (p<0.001 vs carrageenan group for 10 and 
20 mg/kg dose; p<0.01, p<0.001, and p<0.05 vs carra
geenan group for 5 mg/kg dose at 2, 3, and 6 h, respec
tively). For all studied doses of compound 13b at 2, 3, 
and 6 h the differences versus the control group were 
still significant (p<0.001 in all cases). Administration of 
reference drug indomethacin before carrageenan injec
tion also caused a significant inhibition of paw edema 
(Figure 2C) at 2, 3, and 6 h of carrageenan test, wherein 
at 3 h indomethacin completely reversed the increase in 
paw volume (p<0.001 vs carrageenan group; p = NS vs 
control group) and at 2 and 6 h indomethacin partly 

Figure 1 The impact of compounds 10b and 13b on the paw volume (A) and the increase in paw volume (paw edema) (B) after carrageenan injection. Indomethacin was 
used as a reference drug. Experimental groups: C – control group receiving 0.5% CMC intragastrically (i.g.) and normal saline subplantarly (s.pl.); Car – carrageenan group 
receiving 0.5% CMC i.g. and 1% carrageenan solution s.pl.; Ind – indomethacin group receiving 10 mg/kg of indomethacin i.g. and 1% carrageenan solution s.pl.; 10b-5, 10b- 
10, and 10b-20 – groups receiving, respectively, 5, 10, or 20 mg/kg of investigated compound 10b i.g. and 1% carrageenan solution s.pl.; 13b-5, 13b-10, and 13b-20 – groups 
receiving, respectively, 5, 10, or 20 mg/kg of investigated compound 13b i.g. and 1% carrageenan solution s.pl. Data are presented as mean values ± SEM (n=12).
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reversed the carrageenan-induced paw edema (p<0.001 
vs carrageenan group; p<0.01 and p<0.001 vs control 
group, respectively). Neither the studied compounds nor 
indomethacin exerted significant activity at 1 h after 
carrageenan injection (p = NS vs carrageenan group 
and p<0.001 vs control group in all cases). The max
imum inhibitory effect in the treated groups compared to 
the carrageenan group was observed at 3 h of carragee
nan test after administration of indomethacin at a dose 
of 10 mg/kg (71.2% inhibition of paw edema) as well as 
after the administration of compound 10b or 13b at the 
high dose (57.5% and 62.3%, respectively). Moreover, 
pretreatment with compound 10b or 13b at the high 
dose inhibited paw edema at all studied time points in 
a manner comparable to that of indomethacin. There 
were no significant differences in paw edema between 
the group receiving 20 mg/kg of compound 10b or 13b 
and the indomethacin-receiving group (p = NS). The 
action of compound 13 b given at a dose of 10 mg/kg 

at 2 h was also comparable to that provided by indo
methacin (p = NS).

The Effects of Pyrrolo[3,4-d]Pyridazinone 
Derivatives on PGE2, TNF-α, and MPO 
Levels in the Carrageenan-Injected Rat 
Paw
The enzyme-linked immunosorbent assay tests were per
formed to evaluate the effects of compounds 10b and 13b 
on the levels of PGE2, TNF-α, and MPO, the increase of 
which takes place in the inflammatory response. The con
centrations of these proinflammatory parameters (mean ± 
SEM) in paw tissue are presented in Figure 3A–C. 
Injection of carrageenan into the rat paw caused 
a significant increase in the PGE2, TNF-α, and MPO levels 
in paw tissue in comparison to the control group (p<0.001, 
p<0.001, and p<0.01, respectively). Pretreatment with com
pound 10b at a dose of 10 mg/kg or 20 mg/kg prevented the 
increase in the PGE2 level in paw tissue compared to the 

Table 3 The Impact of Compounds 10b and 13b on the Increase in Paw Volume (Paw Edema) and the Percentage of Paw Edema 
Inhibition After Carrageenan Injection. Indomethacin Was Used as a Reference Drug

Group 1 h 2 h 3 h 6 h

Increase in Paw Volume (Paw Edema; mL) Paw Edema Inhibition (%)

C 0.07 ± 0.05 0.09 ± 0.04 0.15 ± 0.04 0.11 ± 0.04
Car 0.56 ± 0.02*** 1.16 ± 0.03*** 1.46 ± 0.03*** 2.01 ± 0.03***

Ind 0.37 ± 0.05 (33.56%)* 0.41 ± 0.06 (64.36%)**### 0.42 ± 0.06 (71.22%)### 0.71 ± 0.06 (64.41%)***###

10b-5 0.53 ± 0.04 (4.36%)*** 0.88 ± 0.05 (24.18%)***#^^^ 1.31 ± 0.05 (10.02%)***^^^ 1.64 ± 0.06 (18.01%)***^^^

10b-10 0.49 ± 0.04 (12.62%)*** 0.74 ± 0.03 (36.27%)***###^^ 0.86 ± 0.03 (40.78%)***###^^^ 1.24 ± 0.05 (37.74%)***###^^^

10b-20 0.43 ± 0.06 (22.54%)*** 0.57 ± 0.05 (50.88%)***### 0.62 ± 0.04 (57.53%)***### 1.04 ± 0.05 (48.09%)***###

13b-5 0.51 ± 0.04 (8.77%)*** 0.83 ± 0.04 (28.45%)***##^^^ 1.02 ± 0.05 (29.98%)***###^^^ 1.59 ± 0.07 (20.50%)***#^^^

13b-10 0.47 ± 0.04 (15.86%)*** 0.66 ± 0.05 (42.90%)***### 0.68 ± 0.05 (53.43%)***###^^ 1.00 ±0 0.08 (50.25%)***###^^

13b-20 0.37 ± 0.03 (33.15%)** 0.49 ± 0.04 (57.56%)***### 0.55 ± 0.04 (62.33%)***### 0.76 ± 0.04 (62.19%)***###

Notes: Experimental groups: C – control group; Car – carrageenan group; Ind – group receiving 10 mg/kg indomethacin; 10b-5, 10b-10, and 10b-20 – groups receiving, 
respectively, 5, 10, or 20 mg/kg of compound 10b; 13b-5, 13b-10, and 13b-20 – groups receiving, respectively, 5, 10, or 20 mg/kg of compound 13b. Data are presented as 
mean values ± SEM (n=12). *p<0.05, **p<0.01, ***p<0.001 vs control group; #p<0.05, ##p<0.01, ###p<0.001 vs carrageenan group; ^^p<0.01, ^^^p<0.001 vs indomethacin 
group.

Figure 2 The effects of compounds 10b and 13b on the carrageenan-induced paw edema in rats. Indomethacin was used as a reference drug. Experimental groups: control 
group (A); carrageenan group (B); group receiving 10 mg/kg indomethacin (C); group receiving 20 mg/kg compound 10b (D); group receiving 20 mg/kg compound 13b (E).
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group of carrageenan-injected animals (p<0.01 and p<0.001, 
respectively). PGE2 concentrations in these two treated 
groups were not different from the control group (p = NS). 
Administration of compound 10b at a dose of 10 mg/kg or 
20 mg/kg partly reversed the alteration in TNF-α tissue 
concentration (p<0.05, p<0.001 vs carrageenan group; 
p<0.001, p<0.05 vs control group, respectively). The low 
dose of compound 10b (5 mg/kg) did not exert significant 
activity against the carrageenan-induced increase in PGE2 

and TNF-α tissue level (p = NS vs carrageenan group; p<0.01 
and p<0.001 vs control group, respectively). The concentra
tions of MPO in groups receiving compound 10b in all 
studied doses were not significantly different from that in 
the carrageenan group, but they did not differ significantly 
from the control group either (p = NS). Pretreatment with 
compound 13b at a dose of 10 mg/kg or 20 mg/kg 

counteracted the increased PGE2, TNF-α, and MPO levels 
in paw tissue compared to the group of carrageenan-injected 
animals (p<0.01 for PGE2 for the 10 mg/kg dose and p<0.001 
for others). The difference to the control group was insignif
icant in all these cases (p = NS). Administered at the low dose 
(5 mg/kg), compound 13b protected from the increase of 
MPO concentration (p<0.01 vs carrageenan group and p = 
NS vs control group), partly reversed the altered TNF-α level 
(p<0.01 vs carrageenan and control group) and did not affect 
PGE2 concentration (p = NS vs carrageenan group and 
p<0.001 vs control group). Indomethacin (10 mg/kg) given 
before carrageenan injection prevented the increase of PGE2 

and MPO tissue levels (p<0.001, p<0.01 vs carrageenan 
group, p = NS vs control group) and partly reversed the 
increased TNF-α level (p<0.01 vs carrageenan group and 
p<0.001 vs control group). Compound 10b or 13b 

Figure 3 The impact of compounds 10b and 13b on PGE2 (A), TNF-α (B), and MPO (C) concentrations in paw tissue. Indomethacin was used as a reference drug. 
Experimental groups: C – control group receiving 0.5% CMC intragastrically (i.g.) and normal saline subplantarly (s.pl.); Car – carrageenan group receiving 0.5% CMC i.g. and 
1% carrageenan solution s.pl.; Ind – indomethacin group receiving 10 mg/kg of indomethacin i.g. and 1% carrageenan solution s.pl.; 10b-5, 10b-10, and 10b-20 – groups 
receiving, respectively, 5, 10, or 20 mg/kg of investigated compound 10b i.g. and 1% carrageenan solution s.pl.; 13b-5, 13b-10, and 13b-20 – groups receiving, respectively, 5, 
10, or 20 mg/kg of investigated compound 13b i.g. and 1% carrageenan solution s.pl. Data are presented as mean values ± SEM (n=12). Differences *p<0.05 vs control group; 
**p<0.01 vs control group; ***p<0.001 vs control group; #p<0.05 vs carrageenan group; ##p<0.01 vs carrageenan group; ###p<0.001 vs carrageenan group; ^p<0.05 vs 
indomethacin group were deemed statistically significant.
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administered at a medium or high dose normalized the PGE2 

concentration in a manner comparable to that of indometha
cin (p = NS). Following pretreatment with compound 10b or 
13b at each dose tested, the TNF-α and MPO levels were 
normalized in a manner comparable to that of indomethacin 
(p = NS). Additionally, compound 13b given at a dose of 
20 mg/kg counteracted the increased TNF-α level more 
effectively than indomethacin (p<0.05), causing a nearly 
2-fold greater decrease in the TNF-α level in comparison to 
indomethacin (59.42% vs 31.20%).

The Effects of Pyrrolo[3,4-d]Pyridazinone 
Derivatives on Carrageenan-Induced 
Histopathological Alterations in Paw
To investigate whether the studied compounds counteract 
carrageenan-induced changes in the paw tissue, histopatho
logical analysis of paw tissue was performed. Table 1 shows 
the scoring of paw tissue samples. Microscopic examination 
of paw tissue of carrageenan-injected rats showed massive 
inflammation with pronounced interstitial and intermuscular 
edema, inflammatory cell infiltration, and loss of normal 
muscle paw architecture (Figure 4B) compared to the con
trol group with no histological damage (p<0.001; 

Figure 4A). Infiltration of inflammatory cells, including 
enormous numbers of neutrophils, lymphocytes, and sparse 
mast cells, was localized in connective tissue and between 
muscle bundles (Figure 4B). Following pretreatment with 
the studied compounds at a dose of 10 or 20 mg/kg, there 
was an explicit recovery of carrageenan-injected paw tissue 
with decreased edema and dispersion of muscle bundles and 
reduced inflammatory cell infiltration (Figure 4E, F, H and 
I). Scoring of paw tissue samples indicated that in compar
ison to the carrageenan group, compound 10b or 13b admi
nistered at the medium or high dose remarkably diminished 
the carrageenan-induced alterations in paw tissue (p<0.05 
and p<0.01 for compound 10b; p<0.01 and p<0.001 for 
compound 13b, respectively). The tissue sections from the 
hind paws of rats receiving compound 13b at a dose of 
20 mg/kg or indomethacin showed a weak inflammatory 
reaction with nearly normal paw tissue histological architec
ture (Figure 4C and I) while the effect of compound 13b at 
the high dose was comparable to that of indomethacin (p = 
NS). Pretreatment with compound 10b or 13b at the low 
dose (5 mg/kg) showed only a slight improvement in edema 
formation and inflammatory cell infiltration (Figure 4D and 
G), and this effect was insignificant when compared to the 
carrageenan group (p = NS).

Figure 4 The photomicrographs of paw tissue after hematoxylin-eosin staining demonstrated that compounds 10b and 13b diminished histological alterations induced by 
carrageenan injection. Indomethacin was used as a reference drug. Experimental groups: control group (A); carrageenan group (B); group receiving 10 mg/kg indomethacin 
(C); group receiving 5 mg/kg compound 10b (D); group receiving 10 mg/kg compound 10b (E); group receiving 20 mg/kg compound 10b (F); group receiving 5 mg/kg 
compound 13b (G); group receiving 10 mg/kg compound 13b (H); group receiving 20 mg/kg compound 13b (I); magnification 200×.
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The Effects of Pyrrolo[3,4-d]Pyridazinone 
Derivatives on Carrageenan-Induced Paw 
Exudate
To assess the composition of the inflammatory infiltration, 
a histopathological examination of the exudate of carra
geenan-injected paws was performed. Table 1 shows the 
scoring of paw exudate samples. Carrageenan injection 
into the rats’ right hind paws caused massive infiltration 
of inflammatory cells, significantly greater than in the 
control group (p<0.001; Figure 5A and B). The cellular 
composition of the exudate comprised enormous number 
of polymorphonuclear leukocytes (neutrophils), lympho
cytes, and few monocytes (Figure 5B). Pretreatment with 
compound 10b at the low or medium dose did not affect 
the composition of the exudate (p = NS, Figure 5D and E) 
and only at the high dose (20 mg/kg) reduced the number 
of inflammatory cells (p<0.001, Figure 5F), while the 
administration of compound 13b at each studied dose 
reduced the number of inflammatory cells in comparison 
to the carrageenan group (p<0.05, p<0.001, and p<0.001, 
respectively; Figure 5G–I). The effect of compound 13b at 
the medium dose was comparable to that provided by 
a reference drug, indomethacin (p = NS), and at the high 

dose was even greater than that of indomethacin (p<0.001, 
Figure 5C, H and I).

The Effects of Pyrrolo[3,4-d]Pyridazinone 
Derivatives on the Liver and Kidney 
Function Parameters
The serum activities of ALT and AST, as well as serum urea 
and creatinine concentrations, were measured to investigate 
the function of liver and kidney in rats pretreated with 
a single dose of pyrrolo[3,4-d]pyridazinone derivatives. 
These results as mean ± SEM are presented in Table 4. 
Local administration of carrageenan did not significantly 
increase the serum ALT or AST activities and did not change 
the serum urea or creatinine levels in comparison to the 
control group (p = NS). Intragastrical administration of 
either the 10b or 13b compound at all studied doses (5, 10, 
or 20 mg/kg) did not significantly alter the ALT or AST 
activities as well as the urea or creatinine levels in compar
ison to the control group (p = NS), except for compound 10b 
given at the low dose (5 mg/kg) which significantly 
decreased the ALT activity (p<0.05 vs control). After 
a single 10 mg/kg intragastrical dose, indomethacin signifi
cantly increased the serum AST activity and serum urea 
concentration compared to the control group (p<0.05).

Figure 5 The photomicrographs of exudate of carrageenan-injected paw after hematoxylin-eosin staining demonstrated that the studied compounds reduced inflammatory 
cell infiltration. Indomethacin was used as a reference drug. Experimental groups: control group (A); carrageenan group (B); group receiving 10 mg/kg indomethacin (C); 
group receiving 5 mg/kg compound 10b (D); group receiving 10 mg/kg compound 10b (E); group receiving 20 mg/kg compound 10b (F); group receiving 5 mg/kg compound 
13b (G); group receiving 10 mg/kg compound 13b (H); group receiving 20 mg/kg compound 13b (I); magnification 400×.
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The Effects of Pyrrolo[3,4-d]Pyridazinone 
Derivatives on Gastric Mucosa in Macro- 
and Microscopic Assessment
Macro- and microscopic evaluation was carried out to char
acterize the gastric safety profile of the compounds studied. 
The presence and severity of macroscopically visible muco
sal lesions (petechiae, hemorrhagic erosions) were scored as 
indicators of ulcerogenic activity (Table 2). There was no 
injury to gastric mucosa in the control or carrageenan group 
(Figure 6A and B). The findings of these ulcerogenic liability 
studies demonstrated that novel derivatives in all studied 

doses caused negligible mucosal lesions as compared to the 
control group (p = NS, Figure 6D–G), whereas indomethacin 
at a dose of 10 mg/kg caused significant mucosal injuries 
ranging from hyperemia to hemorrhagic lesions covered with 
coagulated blood (p<0.001; Figure 6C). The macroscopic 
changes were reflected in the microscopic appraisal 
(Table 2). The stomach tissue of rats pretreated with the 
studied compounds as well as control rats showed no histo
pathological changes with intact mucosa, submucosa, and 
musculosa (p = NS; Figure 7A, F, G, H and I). Subplantar 
administration of carrageenan caused no significant injury to 

Table 4 The Effects of Compounds 10b and 13b on the Serum Biochemical Parameters in Rats. Indomethacin Was Used as 
a Reference Drug

Group ALT [UI/l] AST [UI/l] Urea [mg/dl] Creatinine [mg/dl]

C 36.00 ± 1.92 118.75 ± 3.97 36.38 ± 0.82 0.21 ± 0.02

Car 37.00 ± 2.24 132.00 ± 7.34 39.63 ± 0.94 0.23 ± 0.02

Ind 37.63 ± 2.54 151.25 ± 10.24* 44.63 ± 3.83* 0.21 ± 0.03
10b-5 27.00 ± 0.96* 115.13 ± 2.95 32.13 ± 1.55 0.25 ± 0.02

10b-10 28.50 ± 0.63 116.50 ± 3.95 35.13 ± 1.37 0.21 ± 0.01

10b-20 32.38 ± 2.66 129.75 ± 4.05 37.00 ± 1.51 0.21 ± 0.02
13b-5 28.88 ± 1.09 120.50 ± 4.67 30.13 ± 0.90 0.24 ± 0.01

13b-10 31.38 ± 1.80 124.38 ± 3.50 30.50 ± 0.78 0.24 ± 0.01
13b-20 31.75 ± 1.18 132.50 ± 2.90 34.25 ± 1.11 0.24 ± 0.01

Notes: Experimental groups: C – control group; Car – carrageenan group; Ind – group receiving 10 mg/kg indomethacin; 10b-5, 10b-10, and 10b-20 – groups receiving, 
respectively, 5, 10, or 20 mg/kg of compound 10b; 13b-5, 13b-10, and 13b-20 – groups receiving, respectively, 5, 10, or 20 mg/kg of compound 13b. Data are presented as 
mean values ± SEM (n=12). *p<0.05 vs the control group.

Figure 6 The macroscopic appearance of the gastric mucosa revealed that the studied compounds caused negligible mucosal lesions. Indomethacin was used as a reference 
drug. Experimental groups: control group (A); carrageenan group (B); group receiving 10 mg/kg indomethacin (C); group receiving 10 mg/kg compound 10b (D); group 
receiving 20 mg/kg compound 10b (E); group receiving 10 mg/kg compound 13b (F); group receiving 20 mg/kg compound 13b (G).
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the stomach tissue in microscopic analysis (p = NS; 
Figure 7B). Meanwhile, following indomethacin administra
tion, the stomach tissue was characterized by appreciable 
damage to the protective mucosal layer with local thinning 
of the mucosa and damage to the superficial layer with some 
visible crater-like cavities, focal necrosis of gastric mucosa, 
submucosal edema, and congestion of mucosal and submu
cosal blood vessels (p<0.001; Figure 7C–E).

Multi-Criteria Decision Analysis
The results obtained from each bioassay (carrageenan- 
induced paw edema test, ELISA, microscopic assessment 
of paw tissue and paw exudate, assessment of serum 
biochemical parameters, and macro- and microscopic 
assessment of gastric mucosa) were analyzed by MCDA 
to compare the studied pharmacological and toxicological 
properties, as well as the risks and benefits of pretreatment 
with the new compounds. The MCDA results (Figure 8) 
indicated that the most favorable profile of action, ie, the 
strongest anti-inflammatory effect with the lowest risk of 
hepatic, renal, and gastric toxicity, was found for com
pound 13b at a dose of 20 mg/kg. Moreover, compounds 
10b and 13b exerted a more favorable effect than indo
methacin when administered at both the same dose as 
indomethacin (10 mg/kg) and at a higher dose than indo
methacin (20 mg/kg). In the studied dose range, compound 
13b exerted a more favorable effect than compound 10b.

Discussion
The word carrageenan, derived from the Irish word “carrai
gin” meaning Irish moss (Chondrus crispus L.), refers not 
only to this species of algae but also to its mucopolysacchar
ide extract, discovered by the British pharmacist Stanford in 
1862.26 This mucopolysaccharide extract consists of several 
types of carrageenans, including lambda carrageenan, which 
is used in an experimental model of acute inflammation as 
a potent inflammatory-triggering agent.26,27 Carrageenan- 
induced inflammation (also called carrageenan-induced 
paw edema), originally described by Winter,22 is 
a valuable tool widely used to assess the potential anti- 

Figure 7 The microphotographs of stomach tissue after hematoxylin-eosin staining revealed that the studied compounds neither altered the normal stomach tissue 
architecture nor induced ulcerations. Indomethacin was used as a reference drug. Experimental groups: control group (A); carrageenan group (B); group receiving 10 mg/kg 
indomethacin (C–E); group receiving 10 mg/kg compound 10b (F); group receiving 20 mg/kg compound 10b (G); group receiving 10 mg/kg compound 13b (H); group 
receiving 20 mg/kg compound 13b (I); magnification 100×.

Figure 8 Multi-criteria decision analysis (MCDA) of the anti-inflammatory effect 
and hepatic, renal, and gastric toxicity of the studied compounds 10b and 13b.
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inflammatory activity of any novel substance.27–29 It is 
noteworthy that inhibition of carrageenan-induced inflam
mation is highly predictive of anti-inflammatory drug activ
ity in human inflammatory disorders. Moreover, the doses of 
anti-inflammatory agents in this model correlate well with 
effective doses in patients.30,31 Thus, this model has a vital 
role in novel drug development.

Carrageenan injection into the rat hind paw elicits an 
inflammatory response in a biphasic manner. The first 
phase (0–1 h after injection) mediated by histamine, ser
otonin, and bradykinin is followed by a second phase (2–6 
h after injection), which is attributed to infiltration of 
polymorphonuclear leukocytes, mainly neutrophils, and 
production of prostaglandins (PGs), especially PGE2 and 
various proinflammatory cytokines such as IL-1, IL-6, and 
TNF-α.32,33 The first phase causes local vasodilatation and 
rapid increase in the vascular permeability with conse
quent edema formation, and the second phase enables 
edema maintenance due to PGs’ potent vasoactive action 
and their ability to recruit inflammatory cells. Therefore, 
this animal model, as it happened in this study, displays 
hallmark signs of acute inflammation (redness, edema, 
heat, pain, loss of function), which develop instanta
neously following subplantar injection of carrageenan 
solution into the rat hind paw. In carrageenan-induced 
inflammation, the inflammatory response is quantified by 
an increase in paw volume (paw edema), which can be 
modulated by inhibitors of specific molecules within the 
inflammatory cascade.27 In the present study, the inflam
matory response indicated by the paw edema lasted up to 
6 h following carrageenan injection. Both studied com
pounds given at a dose of 10 or 20 mg/kg partly inhibited 
paw edema starting at 2 h after carrageenan injection, and 
this effect peaked at 3 h and continued for up to 6 h. At the 
low dose (5 mg/kg), compound 10b partly suppressed paw 
edema only at 2 h, while compound 13b at 2, 3, and 
6 h after carrageenan injection. Since novel pyrrolo 
[3,4-d]pyridazinone derivatives suppressed the second 
phase of carrageenan-induced paw edema, it can be 
assumed that they exert an anti-inflammatory effect by 
inhibiting the release of prostaglandins and proinflamma
tory cytokines and reducing inflammatory cell infiltration. 
The action of compounds 10b and 13b given at the high 
dose was comparable to the effect provided by indometha
cin, which also decreased edema at 2, 3, and 6 h with 
maximal inhibitory effect at 3 h. At 3 h, indomethacin 
completely reversed the increase in paw volume, whereas 
at 6 h it reversed the increase only partly. This diminution 

of inhibitory effect at 6 h can be explained by the fact that 
COX-2 expression increases after 3 h following carragee
nan injection and reaches maximal expression at 6 h.34 In 
our previous work, we demonstrated that new pyrrolo 
[3,4-d]pyridazinone derivatives strongly inhibit cyclooxy
genase with a better affinity towards COX-2 isoform, and 
some of them, including compound 13b, act as selective 
COX-2 inhibitors.12 Thus, compound 10b as a preferential 
COX-2 inhibitor and indomethacin as COX-1/COX-2 inhi
bitor showed a greater diminution in the inhibitory effect 
than compound 13b, a selective COX-2 inhibitor, whose 
diminution of inhibitory effect at 6 h was the lowest. 
Neither the new compounds nor indomethacin inhibited 
the early phase of edema formation. This is consistent 
with findings reported by other authors who have shown 
that the second phase of edema formation is sensitive to 
non-steroidal anti-inflammatory agents, including 
indomethacin.28,35

Although many components have been implicated in 
the course of the inflammatory response, a lot of studies 
placed prostanoids synthesis, especially PGE2, as a crucial 
element and important link in the chain of events leading 
to the carrageenan-invoked inflammatory response.28,36,37 

PGE2 is well established as a mediator of acute inflamma
tion, which regulates multiple aspects of inflammation and 
multiple functions of different immune cells. PGE2 can 
promote local vasodilatation, fluid and protein extravasa
tion, and the local attraction of neutrophils and macro
phages from the bloodstream to the site of tissue injury 
and their activation, thereby leading to general symptoms 
of inflammation.7 Nevertheless, this molecule is also 
involved in the detrimental transition from acute to chronic 
inflammation and its maintenance, which may lead to 
chronic inflammatory diseases. PGE2 can convert a short- 
term inflammatory response into a long-term process, pri
marily by enhancing proinflammatory cytokine release 
cascade, contributing to the differentiation and activation 
of Th1 and Th17 cells, and contributing to aberrant tissue 
remodeling.38,39 Thus, normalization of the increased 
PGE2 levels may be crucial not only in the removal of 
symptoms of acute inflammation but also in preventing 
acute inflammation from becoming a chronic inflammatory 
state. As aforementioned, a decrease in the PGE2 level 
may contribute to the attenuation of the second phase of 
carrageenan-induced inflammation. In the current study, 
we have indicated that pretreatment with both novel 
1,3,4-oxadiazole derivatives of pyrrolo[3,4-d]pyridazinone 
at the medium or high dose counteracted the increased 
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PGE2 level in paw tissue compared to the group of carra
geenan-injected rats, and this action was comparable to 
that of indomethacin. This is in agreement with the results 
described by Ozyazici et al, showing that some other 
1,3,4-oxadiazole derivatives based on compounds with 
known anti-inflammatory action reduced PGE2 production 
in LPS-stimulated RAW 264.7 cells similarly to 
indomethacin.40 It is known that PGE2 constitutes 
a potent sensitizing agent able to modulate the nociceptive 
pathway via peripheral and central mechanisms and is 
regarded as an essential mediator of hyperalgesia.7 In our 
previous study, we found that at the medium and high 
doses, compound 13b, but not 10b, has an antinociceptive 
effect, which may be due to the inhibition of nociceptor 
sensitization by decreasing the PGE2 level.18 This discre
pancy between the action of compound 10b on the PGE2 

level reported in our earlier paper18 and the current study 
may result from the fact that while both cyclooxygenase 
isoforms are involved in the inflammatory response, COX- 
2 is the prevalent isoform involved in the nociceptor 
sensitization and hyperalgesia.7

In addition to prostaglandins, proinflammatory cyto
kines are the other molecules contributing to the develop
ment of edema during the second and subsequent hours 
after injection of carrageenan.33 One of the most important 
cytokines that govern the development and maintenance of 
inflammation is TNF-α.41 TNF-α can activate macro
phages and upregulate other proinflammatory cytokines 
and endothelial adhesion molecules, thus promoting the 
adhesion of neutrophils and lymphocytes to endothelial 
cells and their extravasation.2,42,43 Moreover, TNF-α con
tributes to tissue damage and multiorgan failure and is 
considered an important mediator of the development of 
various chronic inflammatory diseases.42 In the current 
study, inhibition of the inflammatory response by the 
new compounds was accompanied by a decrease in the 
TNF-α level. Compound 10b at the medium or high dose 
partly reversed alteration in TNF-α tissue concentration as 
compared with carrageenan-injected rats, while compound 
13b at the same doses completely counteracted the 
increased TNF-α level in paw tissue. It is noteworthy 
that the action of compound 13b given at the high dose 
was even greater than the effect of indomethacin. 
Moreover, we found that, contrary to compound 10b and 
indomethacin, the suppressive effect of compound 13b on 
TNF-α release was greater than its effect on PGE2, which 
supports the possibility that compound 13b has a greater 
inhibitory effect on proinflammatory cytokines release 

than either compound 10b or indomethacin. Our results 
are in line with previous findings showing that 1,3,4-oxa
diazole derivatives can decrease the tissue TNF-α level in 
the carrageenan-induced paw edema test.44 Likewise, 
Mogilski et al11 reported that pyrrolo[3,4-d]pyridazinone 
derivatives decreased the TNF-α level in LPS-activated 
RAW264.7 macrophage, a cell line frequently used for 
the screening of anti-inflammatory activity of new 
compounds.42

Local neutrophil infiltration and activation also contri
bute to the inflammation caused by tissue damage,45 

including carrageenan-induced inflammation.42 After car
rageenan injection, neutrophils are both the first and the 
primary cells recruited to the site of inflammation; their 
infiltration can be identified by measuring the levels of 
myeloperoxidase, one of the major enzymes released from 
activated neutrophils.5,42 Interestingly, accumulating evi
dence indicates that MPO serves not only as an index of 
neutrophil infiltration into inflamed tissues but also dis
plays cytokine-like properties.5 Proinflammatory proper
ties of MPO are independent of its enzymatic and 
bactericidal activity and occur as a result of its ability to 
interact with an integrin Mac-1 (CD11b/CD18). The link
ing of MPO to Mac-1 leads to the modulation of intracel
lular neutrophil signaling pathways and thereby to 
neutrophil activation and extravasation. Indeed, MPO 
evokes a neutrophil response similar to those triggered 
by proinflammatory cytokines, especially TNF-α.5 

Moreover, MPO may increase Mac-1 expression, cause 
further MPO release from neutrophils, and delay their 
intrinsic apoptosis.46,47 This MPO-dependent feed- 
forward loop amplifies the response of neutrophils, thereby 
prolonging inflammation, causing local tissue damage, and 
leading to chronic inflammatory conditions.46 As such, the 
reduction of the MPO level is regarded as another crucial 
condition to alleviate the second phase of carrageenan- 
induced inflammatory response.48 In the present study, 
we indicated that compared to the carrageenan-injected 
rats, pretreatment with compound 13b at all doses tested 
counteracted the increased MPO level in paw tissue, and 
this effect was similar to that provided by indomethacin. 
The achieved results concur well with our earlier findings 
that pretreatment with compound 13b, but not 10b, at the 
doses of 10 and 20 mg/kg decreased the MPO level in the 
inflammatory phase of the formalin test.18 Moreover, 
Cidade et al44 demonstrated that some other 1,3,4-oxadia
zole derivatives decreased the MPO level in the carragee
nan-induced paw edema test.
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The action of the above-mentioned inflammatory med
iators, PGE2, TNF-α, and MPO, results in plasma exuda
tion and migration of peripheral blood leukocytes into the 
injured area.2,5,7,42 It has been pointed out that after the 
injection of carrageenan, the total number of exudate leu
kocytes increases with time, and over 96% of exudate 
leukocytes are neutrophils.49 Palaska et al50 found that 
various 1,3,4-oxadiazole-2-thione derivatives reduced the 
total number of exudate leukocytes. In our study, histolo
gical evaluation of paw exudates showed that subplantar 
carrageenan injection caused massive infiltration of 
inflammatory cells, including neutrophils, lymphocytes, 
and monocytes. Compared to the carrageenan group, pre
treatment with compound 10b at the high dose or with 
compound 13b at each studied dose reduced the influx of 
all inflammatory cells into the inflamed tissue. The effect 
of compound 13b at the medium dose was comparable to 
that elicited by the reference drug, indomethacin, and at 
the high dose was even greater than that of indomethacin. 
The more pronounced effect exhibited by compound 13b 
could be explained by the fact that, contrary to compound 
10b, compound 13b decreased the MPO level, leading to 
the interruption of the MPO-dependent loop with 
a consequent reduction in neutrophil activation and migra
tion into the inflamed tissue.

The histological analysis of the paw tissue indicated 
that carrageenan-induced inflammation is linked to intense 
edema characterized by increased infiltration of inflamma
tory cells and loss of normal muscle architecture in the 
inflamed paw tissue, consistent with the findings reported 
by other authors.51 The results obtained in our study show 
that both compounds at a dose of 10 or 20 mg/kg 
decreased the edema formation and the elevated level of 
cellular infiltration in rat paw tissue induced by carragee
nan injection. Histopathology of the paw tissue also 
revealed that pretreatment with compound 13b at the 
high dose resulted in a nearly normal paw tissue architec
ture with minimal inflammation and an effect comparable 
to that of indomethacin. These data support the results of 
paw edema measurement, changes in biochemical para
meters, and histology of exudates and verify and confirm 
the anti-inflammatory effect of the studied compounds 
against acute inflammation. To our best knowledge, our 
study is the first to evaluate the effect of pyrrolo[3,4-d] 
pyridazinone derivatives on inflammatory cell infiltration 
and tissue alterations induced by carrageenan injection in 
experimental inflammation in rats, indicating that pretreat
ment with these new compounds prevented not only the 

increase in inflammatory cell migration into the inflamed 
tissue but also morphological alterations.

The liver and kidneys are important essential organs 
for drug metabolism, storage, and excretion, making them 
particularly vulnerable to drug-related damage. Moreover, 
inhibition of COX-1 and COX-2 derived prostaglandins by 
most commonly used anti-inflammatory drugs, ie, 
NSAIDs, may cause serious adverse effects, eg, gastroin
testinal irritation, erosions, ulceration, and bleeding as well 
as glomerular filtration impairment, and sodium and water 
retention.9,52,53 It is noteworthy that it is not only the 
NSAIDs’ mechanism of action but also their chemical 
structure that may contribute to their toxicity.9 Typical 
NSAIDs consist of an acidic moiety linked to an aromatic 
functional group. The majority of NSAIDs contain a free 
carboxyl group as an acidic moiety, which may elicit 
gastric mucosal damage by local irritation in the ion trap
ping mechanism and through a reduction of mucosal sur
face hydrophobicity.54 The chemical structure of NSAIDs 
may also contribute to their hepatotoxicity. Although the 
exact mechanism of NSAIDs’ hepatotoxicity is not com
pletely understood, it is assumed that an acidic group of 
NSAIDs or reactive adducts of NSAID metabolites may 
interact with host proteins and lead to cellular injury in 
susceptible patients.55 Considering that the tested com
pounds act by inhibiting the COX pathway, it seems jus
tified to make a preliminary assessment of the effect of 
pretreatment with a single dose of these new compounds 
on the markers of toxicity to the liver, kidneys, and gastric 
mucosa. An increase in serum ALT and AST activities may 
be interpreted as a result of hepatocyte injury or changes in 
their membrane permeability, indicating severe hepatocel
lular damage. Additionally, ALT and AST are useful indi
cators for identifying inflammation or necrosis of the 
liver.56 Thereby, serum ALT and AST activity are consid
ered predictors of possible hepatic toxicity.57 In some 
studies, elevated levels of ALT have been observed 
already several hours after administration of a single 
dose of NSAID.58,59 Physiologically, urea and creatinine 
are filtered out of the blood by the kidneys. In renal 
disorders, when the kidneys are unable to excrete urea 
and creatinine properly, they are retained in the blood, 
and their levels become elevated.56 Urea and creatinine 
levels are thus regarded as biomarkers predicting possible 
renal toxicity.60 The results of the present study revealed 
that, unlike indomethacin, pretreatment with compound 
10b or 13b – even at a high dose – did not alter ALT 
and AST activities or urea and creatinine levels compared 
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to the control rats. This suggests that these new com
pounds are not hepato- or nephrotoxic at the doses tested. 
As far as we know, this work is the first to evaluate the 
effect of 1,3,4-oxadiazole derivatives on hepatic and renal 
toxicity markers. It cannot be excluded that the replace
ment of the free carboxyl group with 1,3,4-oxadiazole- 
2-thione may contribute to reducing the hepatotoxicity of 
the designed compounds. Similarly, in contrast to indo
methacin, which caused mucosal injury ranging from 
hyperemia to hemorrhagic lesions, both studied com
pounds given in all studied doses caused negligible macro
scopic mucosal lesions and no histopathological changes, 
with the mucosa, submucosa, and musculosa remaining 
intact. In the previously published paper,18 the same com
pounds – 10b and 13b – were superior in gastric safety 
profile to indomethacin in macro- and microscopic evalua
tion in mice. This implies greater safety of our newly 
synthesized compounds on the gastric mucosa. Our results 
corroborated with other authors’ findings showing that 
a 1,3,4-oxadiazole-2-thione ring incorporated into a given 
structure results in lower gastrotoxicity.13–15 Presumably, 
the conversion of the free carboxyl group to the five- 
membered 1,3,4-oxadiazole-2-thione, bioisosteric ring 
results in no local irritation and increases selectivity to 
COX-2, thereby reducing gastrotoxicity. More detailed 
research is needed to evaluate the safety profile of these 
two new compounds after repeated administration since 
many anti-inflammatory agents are used for long-term 
treatment.

Conclusion
The results provided herein point to the conclusion that the 
novel pyrrolo[3,4-d]pyridazinone derivatives, 10b and 
13b, exert anti-inflammatory activity, and their mechanism 
of action might be related to the decrease of the PGE2, 
TNF-α, and MPO levels and the reduction of inflammatory 
cell infiltration in inflamed tissues. Even though the new 
pyrrolo[3,4-d]pyridazinone derivatives are slightly less 
effective than the reference drug indomethacin, they do 
not cause gastric mucosal injuries and hepato-, or nephro
toxicity like it does, which is their indisputable advantage. 
Based on the findings of multi-criteria decision analysis, it 
may be inferred that the new compounds, 10b and 13b, 
have a more favorable benefit–risk profile than indometha
cin. Compound 13b at the high dose (20 mg/kg) reveals 
the most favorable benefit–risk profile among all doses of 
the studied compounds. Accordingly, the application of 
compound 13b might be considered a promising 

therapeutic strategy that could be useful in the manage
ment of various inflammatory diseases. Additionally, the 
results achieved in this study prove that the new 1,3,4-oxa
diazole derivatives of pyrrolo[3,4-d]pyridazinone repre
sent a promising template for further development 
towards potent and safe anti-inflammatory agents. 
Nevertheless, further investigations are needed to confirm 
and clarify the mechanism involved in the anti- 
inflammatory effect of the compounds examined.
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