
Citation: Cantini, N.; Schepetkin,

I.A.; Danilenko, N.V.; Khlebnikov,

A.I.; Crocetti, L.; Giovannoni, M.P.;

Kirpotina, L.N.; Quinn, M.T.

Pyridazinones and Structurally

Related Derivatives with

Anti-Inflammatory Activity.

Molecules 2022, 27, 3749. https://

doi.org/10.3390/molecules27123749

Academic Editor: Cristobal De

Los Rios

Received: 23 May 2022

Accepted: 6 June 2022

Published: 10 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

molecules

Article

Pyridazinones and Structurally Related Derivatives with
Anti-Inflammatory Activity
Niccolo Cantini 1,2,3,†, Igor A. Schepetkin 1,†, Nadezhda V. Danilenko 4, Andrei I. Khlebnikov 4 ,
Letizia Crocetti 3 , Maria Paola Giovannoni 3, Liliya N. Kirpotina 1 and Mark T. Quinn 1,*

1 Department of Microbiology and Cell Biology, Montana State University, Bozeman, MT 59717, USA;
niccolo.cantini@uantwerpen.be (N.C.); igor@montana.edu (I.A.S.); liliya@montana.edu (L.N.K.)

2 Department of Medicinal Chemistry, University of Antwerp, 2610 Antwerp, Belgium
3 NEUROFARBA, Pharmaceutical and Nutraceutical Section, University of Florence,

50019 Sesto Fiorentino, Italy; letizia.crocetti@unifi.it (L.C.); mariapaola.giovannoni@unifi.it (M.P.G.)
4 Kizhner Research Center, Tomsk Polytechnic University, Tomsk 634050, Russia;

nadezhda.dani@gmail.com (N.V.D.); aikhl@chem.org.ru (A.I.K.)
* Correspondence: mquinn@montana.edu; Tel.: +1-406-994-4707; Fax: 1-406-994-4303
† These authors contributed equally to this work.

Abstract: Persistent inflammation contributes to a number of diseases; therefore, control of the inflam-
matory response is an important therapeutic goal. In an effort to identify novel anti-inflammatory
compounds, we screened a library of pyridazinones and structurally related derivatives that were
used previously to identify N-formyl peptide receptor (FPR) agonists. Screening of the compounds
for their ability to inhibit lipopolysaccharide (LPS)-induced nuclear factor κB (NF-κB) transcriptional
activity in human THP1-Blue monocytic cells identified 48 compounds with anti-inflammatory activ-
ity. Interestingly, 34 compounds were FPR agonists, whereas 14 inhibitors of LPS-induced NF-κB
activity were not FPR agonists, indicating that they inhibited different signaling pathways. Further
analysis of the most potent inhibitors showed that they also inhibited LPS-induced production of
interleukin 6 (IL-6) by human MonoMac-6 monocytic cells, again verifying their anti-inflammatory
properties. Structure–activity relationship (SAR) classification models based on atom pair descriptors
and physicochemical ADME parameters were developed to achieve better insight into the relation-
ships between chemical structures of the compounds and their biological activities, and we found
that there was little correlation between FPR agonist activity and inhibition of LPS-induced NF-κB
activity. Indeed, Cmpd43, a well-known pyrazolone-based FPR agonist, as well as FPR1 and FPR2
peptide agonists had no effect on the LPS-induced NF-κB activity in THP1-Blue cells. Thus, some
FPR agonists reported to have anti-inflammatory activity may actually mediate their effects through
FPR-independent pathways, as it is suggested by our results with this series of compounds. This
could explain how treatment with some agonists known to be inflammatory (i.e., FPR1 agonists)
could result in anti-inflammatory effects. Further research is clearly needed to define the molecular
targets of pyridazinones and structurally related compounds with anti-inflammatory activity and to
define their relationships (if any) to FPR signaling events.

Keywords: anti-inflammatory; pyridazinone; N-formyl peptide receptor; nuclear factor-κB; monocyte/
macrophage; binary classification tree

1. Introduction

Inflammation is a biological defensive mechanism in response to harmful stimuli,
such as pathogens, damaged cells, or irritants, and it can last for a short period of time
or it can result in a chronic condition [1,2]. Persistent inflammation can contribute to a
variety of pathologies; therefore, adequate control of the inflammatory response is essen-
tial [3]. During the development of inflammation, phagocytes play a major role because
they are involved in the host immune defense and are able to produce a variety of bioactive
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inflammatory mediators, which, if accumulated, can cause cell and tissue damage [4]. In-
deed, inflammation plays a central role in gastritis, colitis, dermatitis, rheumatoid arthritis,
pulmonary disease, and type II diabetes [5]. Furthermore, it has been shown that some
cancers [6], Alzheimer’s disease [7], atherosclerosis, cardiovascular disease [8], and certain
neurological disorders [9] are associated with persistent inflammation.

Although a wide range of compounds are available for the treatment of inflammatory
diseases, it is still important to identify new and more effective drugs with less toxic
collateral effects to treat both acute and chronic inflammation. Current anti-inflammatory
compounds are able to reduce the production or activity of certain cytokines or their
receptors (anti-cytokine therapies), while others are able to block lymphocyte trafficking
into tissues, preventing the binding of monocyte–lymphocyte costimulatory molecules or
reducing the number of circulating B lymphocytes. In addition, the potential of targeting
several biochemical pathways and multiple enzymes involved in inflammation, including
neuroinflammation, has been reported [10].

The pyridazinone structure serves as a potential scaffold for the development of novel
anti-inflammatory drugs [11,12]. For example, some pyridazinone derivatives have been
reported to inhibit cyclooxygenase 2 (COX2) [13,14]; thus, they belong to the group of
nonsteroidal anti-inflammatory drugs (NSAID). Other pyridazinone derivatives are able to
inhibit lipopolysaccharide (LPS)-induced neuroinflammation [15,16]. Recently, pyridazi-
none derivatives containing an indole moiety were reported as potential phosphodiesterase
type 4 (PDE4) inhibitors with anti-inflammatory activity [17,18]. Elagawany et al. [19]
synthetized a new inhibitor of dual specificity tyrosine phosphorylation-regulated kinase
1A (DYRK1A) and glycogen synthase kinase-3 (GSK3) based on a pyridazinone scaffold.
Additionally, pyridazinone derivatives have been shown to target cell division cycle 7-
related protein kinase (Cdc7) [20] and were recently shown to be potent transient receptor
potential channel 5 (TrpC5) inhibitors [21]. Another area of pyridazinone development
has been in the discovery of N-formyl peptide receptor (FPR) ligands that can modulate
leukocyte inflammatory activities [22–30].

FPRs are a family of G-protein-coupled receptors (GPCR) involved in a wide range
of physiological, as well as pathological processes, including inflammation, and there are
three FPR isoforms in humans: FPR1, FPR2, and FPR3 [31–34]. FPR1/FPR2 agonists and
antagonists have been postulated to be pro-resolving agents and potential therapeutics
for treating inflammatory diseases [35,36]. Previously, we designed and synthetized a
number of compounds with pyridazinone-like scaffolds in an effort to identify novel
FPR ligands [22–29]. For example, we identified a mixed FPR1/FPR2 agonist, known
as Compound 17b [Cmpd17b; N-(4-bromophenyl)-2-[5-(3-methoxybenzyl)-3-methyl-6-
oxopyridazin-1(6H)-yl]-propanamide] [22]. Cmpd17b has been reported by other groups to
exhibit a wide spectrum of biological activities in vivo, including endothelium-independent
relaxation of mouse aortas [37] and cardioprotection from myocardial infarction injury
in mice [38]. Likewise, FPR agonists with 2-pyridinone and pyridazinone scaffolds were
reported to reduce pain hypersensitivity in rats with complete Freund’s adjuvant (CFA)-
induced inflammatory arthritis [26,39]. Similarly, Cmpd43 [N-(4-chlorophenyl)-N′-(5-
isopropyl-1-methyl-3-oxo-2-phenyl-2,3-dihydro-1H-pyrazol-4-yl)urea], a pyrazolone-based
FPR agonist, was found to have anti-inflammatory effects in murine ear inflammation and
air-pouch models of inflammation [40–42], and it reduced osteoclastogenesis, joint swelling,
tissue inflammation, synovitis, and cartilage damage in animal models with rheumatoid
arthritis [43,44]. Cmpd43 also reduced left ventricular (LV) anterior wall infarct scar
size [45], although in another study, this compound was ineffective in reducing early cardiac
necrosis and inflammation and it was unable to attenuate an LV remodeling 7 days post-
ischemia reperfusion injury [38]. Recently, cardiac structure and functional improvements
were observed in a mouse heart failure model following treatment with BMS-986235/LAR-
1219 (1-[(3S,4R)-4-(2,6-difluoro-4-methoxyphenyl)-2-oxopyrrolidin-3-yl]-3-phenylurea), a
pyrrolidine-based FPR agonist [46].
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In an effort to identify new anti-inflammatory compounds, we evaluated the anti-
inflammatory activity of a library of 177 compounds consisting mostly of pyridazinone-like
derivatives that were previously evaluated for FPR1/FPR2 agonist activity in order to
understand if FPR1/FPR2 agonist activity was related to anti-inflammatory activity. In
initial screening assays, the effects of the compounds on lipopolysaccharide (LPS)-induced
NF-κB activity in THP1 monocytes/macrophages was evaluated, as NF-κB activation is an
important component of inflammatory responses [47,48]. Selected compounds were further
evaluated for their effects on LPS-induced interleukin 6 (IL-6) production in monocytic
MonoMac-6 cells. Finally, a structure–activity relationship (SAR) classification model based
on atom pair descriptors and physicochemical ADME parameters was developed to achieve
better insight into the relationships between the chemical structures of the investigated
compounds and their biological activity. We identified a number of pyridazinone-like
compounds with anti-inflammatory activity and concluded that the pyridazinone scaffold
could be useful for the development of anti-inflammatory therapeutics.

2. Results and Discussion
2.1. Screening of Compounds for Anti-Inflammatory Activity

A library of 177 compounds, which was previously evaluated for FPR1/FPR2 ago-
nist activity (including both active FPR agonists and inactive compounds), was evaluated
for the ability to inhibit LPS-induced NF-κB transcriptional activity using transfected
human monocytic THP1-Blue cells [49]. THP1 monocytic cells express FPR1-3 [50–52];
therefore, we were able to evaluate the FPR-dependent and FPR-independent responses.
These derivatives included compounds with a range of pyridazinone-like scaffolds, in-
cluding pyridazinones (1–120, series A1–A4, 120 compounds), 4,5-dihydro-pyridazinones
(121–132, series B, 12 compounds), indoles (133, 134, series C, 2 compounds), pyridazines
(135–138, series D, 4 compounds), 2-pyridinones (139–148, series E, 10 compounds), 2,6-
pyrimidinediones (149–154, series F, 6 compounds), pyrazoles and pyrazolones (155–164,
series G, 10 compounds), thiazol-2-ones (165–173, series H, 9 compounds), and 4 bicyclic
compounds (174–177, series I) [22–29,53,54]. The structures of the compounds and the
previously reported FPR1/FPR2 agonist activity, as determined by their ability to in-
duce Ca2+ mobilization, are shown in Table 1. Note that the synthesis of compounds
61 and 139 and their activity at FPR1/FPR2 are reported here for the first time (see
Supplementary Materials).

Table 1. Chemical structure and FPR1/FPR2 agonist activity of derivatives used for the evaluation of
anti-inflammatory activity in human THP1-Blue cells.
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Series A1: Pyridazinones 

Compd. R R1 R2 
FPR1  FPR2 

Ref. 
EC50 (µM) 

1 p-Br-Ph CH3 m-(OCH3)-Bn 3.4 3.8 [22] 
2 m-Br-Ph CH3 m-(OCH3)-Bn N.A. N.A.a [22] 
3 o-Br-Ph CH3 m-(OCH3)-Bn N.A. N.A. [22] 
4 p-Cl-Ph CH3 m-(OCH3)-Bn 2.6 4.0 [22] 
5 p- NO2-Ph CH3 m-(OCH3)-Bn 10.5 12.3 [22] 
6 p,m-(OCH3)-Ph CH3 m-(OCH3)-Bn 15.5 16.8 [22] 
7 p-CF3-Ph CH3 m-(OCH3)-Bn 5.7 8.8 [22] 

Series A1: Pyridazinones

Compd. R R1 R2
FPR1 FPR2

Ref.
EC50 (µM)

1 p-Br-Ph CH3 m-(OCH3)-Bn 3.4 3.8 [22]

2 m-Br-Ph CH3 m-(OCH3)-Bn N.A. N.A.a [22]

3 o-Br-Ph CH3 m-(OCH3)-Bn N.A. N.A. [22]

4 p-Cl-Ph CH3 m-(OCH3)-Bn 2.6 4.0 [22]

5 p- NO2-Ph CH3 m-(OCH3)-Bn 10.5 12.3 [22]

6 p,m-(OCH3)-Ph CH3 m-(OCH3)-Bn 15.5 16.8 [22]

7 p-CF3-Ph CH3 m-(OCH3)-Bn 5.7 8.8 [22]
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Table 1. Cont.

8 p-Br-Ph Ph m-(OCH3)-Bn 9.0 4.3 [23]

9 p-Br-Ph CH3 CH2-3-thienyl 4.5 14.1 [23]

10 p-Br-Ph iPr m-(OCH3)-Bn 4.5 7.2 [23]

11 p-Br-Ph CH3 CH2-2-thienyl 8.1 11.4 [23]

12 p-Br-Ph H m-(OCH3)-Bn 6.1 7.7 [23]

13 p-Br-Ph CH3 CH2-1-naphtyl 13.8 N.A. [23]

14 p-(tBu)-Ph CH3 m-(OCH3)-Bn N.A. N.A. [22]

15 p-F-Ph CH3 m-(OCH3)-Bn 7.6 N.A. [22]

16 Ph CH3 m-(OCH3)-Bn N.A. N.A. [22]

17 p-CN-Ph CH3 m-(OCH3)-Bn N.A. N.A. [22]

18 p-Br-Ph C6H11 m-(OCH3)-Bn 10.8 N.A. [23]

19 p-Br-Ph CH3 p-(OCH3)-Ph 11.2 N.A. [23]

20 p-I-Ph Et m-(OCH3)-Bn 4.2 5.5 [23]

21 p-I-Ph CH3 p-(SCH3)-Bn 2.3 9.4 [28]

22 p-I-Ph CH3 m,m-(OCH3)-Bn 7.6 N.A. [23]

23 p-I-Ph CH3 m-Cl-Bn 9.5 16.9 [23]

24 p-(SCH3)-Ph CH3 m-(OCH3)-Bn 2.2 8.2 [28]

25 p-I-Ph CH3 H N.A. N.A. [23]

26 p-Br-Ph CH3 NH2 8.1 29.4 [23]

27 p-Br-Ph CH3 NHCO-p-Br-Ph N.A. N.A. [23]

28 p-F-Ph C6H11 H N.A. N.A. [53]

29 p-F-Ph CH3 Bn N.A. N.A. [23]

30 p-Br-Ph CH3 Bn 5.5 11.6 [23]

31 5-benzo[d][1,3]dioxole C6H11 H N.A. N.A. [53]

32 5-benzo[d][1,3]dioxole CH3 Bn 6.9 N.A. [23]

33 5-benzo[d][1,3]dioxole Ph m-(OCH3)-Bn N.A. N.A. [23]

34 p-F-Ph Ph m-(OCH3)-Bn N.A. N.A. [23]

35 5-benzo[d][1,3]dioxole 2-thienyl m-(OCH3)-Bn N.A. N.A. [23]

36 p-F-Ph 2-thienyl m-(OCH3)-Bn N.A. N.A. [23]

37 p-Br-Ph 2-thienyl p-(OCH3)-Bn N.A. N.A. [23]

38 p-F-Ph p-(OCH3)-Ph m-(OCH3)-Bn N.A. N.A. [23]

39 5-benzo[d][1,3]dioxole p-(OCH3)-Ph m-(OCH3)-Bn N.A. N.A. [23]

40 p-Br-Ph p-(OCH3)-Ph p-(OCH3)-Bn N.A. N.A. [23]

41 p-Br-Ph p-Cl-Ph p-(OCH3)-Bn N.A. N.A. [23]

42 p-F-Ph p-Cl-Ph m-(OCH3)-Bn N.A. N.A. [23]

43 5-benzo[d][1,3]dioxole p-Cl-Ph m-(OCH3)-Bn N.A. N.A. [23]

44 p-Br-Ph p-CH3-Ph p-(OCH3)-Bn N.A. N.A. [23]

45 5-benzo[d][1,3]dioxole p-CH3-Ph m-(OCH3)-Bn N.A. N.A. [23]

46 p-F-Ph p-CH3-Ph m-(OCH3)-Bn N.A. N.A. [23]

47 p-F-Ph p-F-Ph m-(OCH3)-Bn N.A. N.A. [23]

48 5-benzo[d][1,3]dioxole p-F-Ph m-(OCH3)-Bn N.A. N.A. [23]

49 p-Br-Ph p-F-Ph p-(OCH3)-Bn N.A. N.A. [23]

50 p-Br-Ph CH3 N(p-(OCH3)-Ph)2 N.A. N.A. [53]

51 p-Br-Ph CH3 NH-p-(OCH3)-Ph 12.8 7.8 [23]

52 p-Br-Ph CH3 NHCO-m-(OCH3)-Ph 9.3 2.8 [23]

53 p-Br-Ph CH3 CO-m-(OCH3)-Ph 3.0 1.0 [23]
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Table 1. Cont.

54 p-Br-Ph Bn p-(OCH3)-Bn N.A. N.A. [23]

55 p-Br-Ph CH3 m-Br-Bn N.A. N.A. [23]

56 p-Br-Ph CH3 m,m-(OCH3)-Bn N.A. N.A. [23]

57 p-F-Ph Ph CH3 N.A. N.A. [27]

58 p-Br-Ph CH3 p-(SCH3)-Bn N.A. N.A. [28]

59 p-Br-Ph CH3 CH2-3-furyl 5.8 6.3 [23]

60 p-Br-Ph CH3 CH2-3-Pyridyl 9.3 2.8 [23]

61 p-Br-Ph CH3 p-Bn-CONH-(p-Br-Ph) N.A. N.A. Suppl.a

62 p-Br-Ph CH3 p-(CONH2)-Bn 29.3 27.2 [23]

63 p-Br-Ph CH3 p-CN-Bn N.A. N.A. [23]

64 p-Br-Ph CH3 m-F-Bn 6.6 N.A. [23]

65 p-Br-Ph CH3 m-Cl-Bn 10.5 N.A. [23]

66 p-Br-Ph CH3 p-CF3-Bn N.A. N.A. [23]

67 p-Br-Ph Ph CH3 21.5 10.1 [27]
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Series A3: Pyridazinones 

Compd. R R’ R1 
FPR1 FPR2  

Ref. 
EC50 (µM) 

84 CH3 H H 3.2 N.A. [22]  

Series A2: Pyridazinones

Compd. R R1
FPR1 FPR2 Ref.

EC50 (µM)

68 H CH3 5.7 0.51 [25]

69 m-(OCH3)-Bn CH3 0.019 0.043 [25]

70 H Ph N.A. 0.15 [25]

71 m-(OCH3)-Bn Ph 2.2 N.A. [25]

72 NH2 CO(CH)2-N(CH3)2 5.1 5.7 [24]

73 NH-m-(OCH3)-Ph Ac 0.045 0.17 [24]

74 NH2 m-Pirazolyl 8.4 13.5 [24]

75 NH2 1-CH3-3-Pyrazolyl 2.9 1.9 [24]

76 NH-m-(OCH3)-Ph 1-CH3-3-Pyrazolyl 3.6 0.59 [24]

77 NH-p-(OCH3)-Ph 1-CH3-3-Pyrazolyl 4.0 0.035 [24]

78 m-(OCH3)-Bn Et 3.2 1.9 [25]

79 m-(OCH3)-Bn nPr 2.2 4.6 [25]

80 m-(OCH3)-Bn nBu N.A. 15.7 [25]

81 NH-m-(OCH3)-Ph nBu 3.6 4.5 [24]

82 NH-m-(OCH3)-Ph H 0.24 9.6 [24]

83 NH-m-(OCH3)-Ph nPr N.A. N.A. [24]
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Series A3: Pyridazinones 

Compd. R R’ R1 
FPR1 FPR2  

Ref. 
EC50 (µM) 

84 CH3 H H 3.2 N.A. [22]  

Series A3: Pyridazinones

Compd. R R’ R1
FPR1 FPR2

Ref.
EC50 (µM)

84 CH3 H H 3.2 N.A. [22]

85 H H CH3 N.A. N.A. [22]

86 H CH3 H 8.5 10.2 [55]

87 CH3 H H 3.2 16.1 [55]

88 Et H H 1.3 2.2 [55]

89 CH3 CH3 H 6.3 20.4 [55]

90 Et CH3 H 1.5 2.1 [55]

91 nPr H H 2.8 3.6 [55]

92 iPr H H 2.0 6.5 [55]

93 nBu H H 1.1 0.1 [55]

94 H Et H 2.8 2.3 [55]

95 Et H H 13.4 22.2 [55]

96 H iPr H 9.4 5.4 [55]

97 iPr H H N.A. N.A. [55]

98 H nPr H 3.0 0.84 [55]

99 nPr H H N.A. N.A. [55]

100 H nBu H 0.5 0.089 [55]

101 nBu H H 20.8 7.0 [55]

102 CH3 Et H 4.5 13.7 [55]

103 Et CH3 H 7.0 N.A. [55]

104 Ph H H 3.1 1.8 [55]
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Series A4: Pyridazinones

Compd. R R1 R2 R3
FPR1 FPR2

Ref.
EC50 (µM)

105 H p-(OCH3)-Bn Cl p-(OBu)-Ph N.A. N.A. [53]

106 CH3 Ph NH-p-(OBu)-Ph H N.A. N.A. [22]

107 H m-(OCH3)-Bn Cl p-(OBu)-Ph N.A. N.A. [53]

108 H m-(OCH3)-Bn p-(OBu)-Ph OCH3 N.A. N.A. [53]

109 H p-(OCH3)-Bn p-(OBu)-Ph OCH3 N.A. N.A. [53]

110 CH3 CH2CO-N-(CH3)-Pip m-(OCH3)-Bn H N.A. N.A. [22]



Molecules 2022, 27, 3749 7 of 27

Table 1. Cont.

111 CH3 (CH2)2CONH-p-Br-Ph m-(OCH3)-Bn H 9.7 5.4 [22]

112 CH3 CH2COO-p-Br-Ph m-(OCH3)-Bn H N.A. N.A. [22]

113 CH3 (CH2)2NHCONH-p-Br-Ph m-(OCH3)-Bn H N.A. N.A. [22]

114 CH3 (CH2)2NHCO-p-Br-Ph m-(OCH3)-Bn H N.A. N.A. [22]

115 CH3 m-(OCH3)-Bn NHCONH-p-Br-Ph H N.A. N.A. [22]

116 CH3 CH2NHCO-p-Br-Ph m-(OCH3)-Bn H N.A. N.A. [22]

117 CH3 m-(OCH3)-Bn NHCO-p-Br-Ph H N.A. N.A. [22]

118 CH3 CH2NHCONH-p- Br-Ph m-(OCH3)-Bn H N.A. N.A. [22]

119 CH3 CH2-CS-NH-p- Br-Ph m-(OCH3)-Bn H N.A. N.A. [28]

120 CH3 CH2CONH-p-Br-Ph NH-p-(OCH3)-Ph Ac 13.5 1.7 [23]
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Ref. 
EC50 (µM) 
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Compd. R R1 R2 R3
FPR1 FPR2

Ref.
EC50 (µM)
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132 p-Br-Ph CH3 H Ph 4.1 0.63 [25]
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Series D: Pyridazines

Compd. X Y R1
FPR1 FPR2

Ref.
EC50 (µM)

135 NHCONH O Ph N.A. N.A. [28]

136 NHCO O Ph N.A. N.A. [28]

137 NHCH2CONH O Ph N.A. N.A. [28]

138 SCH2CONH CH2 CH3 N.A. N.A. [28]
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Series E: 2-Pyridinones

Compd. R R1 R2
FPR1 FPR2

Ref.
EC50 (µM)

139 4-Pyridyl H NH2 N.A. N.A. Suppl.a

140 m,p-(OCH3)-Ph CH3 CN 33.2 0.60 [26]

141 m-(OCH3)-Ph CH3 CN 1.6 0.12 [26]

142 COOEt CH3 CN 3.0 0.38 [26]

143 p-(OCH3)-Ph CH3 CN 1.6 0.12 [26]

144 COOEt CH3 CONH-m-(OCH3)-Ph 0.4 28.9 [26]

145 COOEt CH3 CONH-p-(OCH3)-Ph 7.9 16.4 [26]

146 4-Pyridyl CH3 CONH-m-(OCH3)-Ph 1.4 1.8 [26]

147 CONH-m-(OCH3)-Ph CH3 CN 3.9 0.31 [26]

148 CONH-p-(OCH3)-Ph CH3 CN 0.96 0.44 [26]
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Series F: 2,6-Pyrimidinediones

Compd. R R1
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Ref.
EC50 (µM)

149 H p-CH3-Ph 13.6 14.9 [26]
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151 Ph p-CH3-Ph N.A. N.A. [26]

152 H nPr 5.5 4.1 [26]
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153 H Ph 12.5 8.9 [26]

154 m-Ph(OCH3) nPr 3.3 2.4 [26]
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1 
 

 
 Series H: Thiazol-2-ones

Compd. R R1
FPR1 FPR2

Ref.
EC50 (µM)

165 Ph H 1.8 2.1 [25]

166 m-(OCH3)-Ph H 0.28 0.23 [25]

167 p-(OCH3)-Ph H 2.6 1.8 [25]

168 p-Cl-Ph H 2.8 2.4 [25]

169 p-NO2-Ph H 9.1 N.A. [25]

170 m-Cl-Ph H 6.0 3.0 [25]

171 p-NH2-Ph H 34.9 14.7 [25]

172 CH3 Ac 8.9 5.8 [25]

173 CH3 H 12.4 4.1 [25]
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Series I: Bicyclic compounds

Compd.
FPR1 FPR2

Ref.
EC50 (µM)

174 N.A. N.A. [56]

175 N.A. N.A. [56]

176 N.A. N.A. [56]

177 18.4 6.4 [24]
a Suppl.: see Supplementary Materials. N.A.: No activity was observed at the highest concentration tested
(50 µM). Pip, piperazine; Ph, phenyl; Bn, benzyl; iPr, iso-propyl; tBu, tert-butyl; Et, ethyl; nPr, normal-propyl; nBu,
normal-butyl; Ac, acetyl.

Among the 177 compounds tested, 48 compounds inhibited the LPS-induced NF-
κB activity in THP1-Blue cells (Table 2), suggesting that they could potentially be novel
anti-inflammatory molecules. The chemical structures of the most potent pyridazinones
(compounds 71 and 84) are shown in Figure 1. Representative dose–response curves
showing inhibition of the LPS-induced activation of NF-κB activity by these compounds
are shown in Figure 2. Interestingly, 34 of these compounds were previously found to
be FPR ligands with varying potencies and specificities (Table 1), whereas 14 of these
NF-κB pathway inhibitors were shown previously to have no FPR activity, suggesting that
they target FPR-independent anti-inflammatory pathways in THP1 cells. Nevertheless,
there was not a good correlation between the FPR agonist activity and anti-inflammatory
activity, as only 4 of the 17 most potent FPR agonists (EC50 < 1 µM at FPR1 or FPR2)
inhibited the LPS-induced NF-κB activity. Consistent with this conclusion, Cmpd43, a
documented pyrazolone-based dual FPR1/2 agonist [40–42] and the high-affinity FPR1
and FPR2 peptide agonists (5 nM fMLF and 5 nM WKYMVM, respectively) also did not
inhibit the LPS-induced NF-κB activity in THP1-Blue cells. Indeed, we previously found
that peptide agonists of FPR1/FPR2 actually enhanced NF-κB activity in THP1-Blue cells
by 2–2.5 fold in comparison with a solvent control [57]. Importantly, 46 of these compounds
had no cytotoxicity, whereas 66 and 158 had some cytotoxicity (IC50 = 22–26 µM) (Table 2).
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Table 2. The effects of the test compounds and FPR peptide agonists on the LPS-induced NF-κB
activity in human THP1-Blue cells, cytotoxicity, and Ca2+ mobilization in FPR1/FPR2-transfected
HL-60 cells.

Compd.
Inhibition of NF-κB Activity Cytotoxicity

Ca2+ Mobilization

FPR1 a FPR2 a

IC50 (µM) in THP1-Blue Cells EC50 (µM) in HL-60 Cells

2 44.5 ± 2.5 N.T. N.A. N.A.

5 46.1 ± 1.0 N.T. 10.5 12.3

9 18.0 ± 0.7 N.T. 4.5 14.1

10 22.0 ± 1.7 N.T. 4.5 7.2

15 33.6 ± 2.1 N.T. 7.6 N.A.

23 7.1 ± 2.0 N.T. 9.5 16.9

30 28.4 ± 5.7 N.T. 5.5 11.6

38 19.6 ± 4.3 N.T. N.A. N.A.

42 22.5 ± 2.3 N.T. N.A. N.A.

46 8.2 ± 1.2 N.T. N.A. N.A.

47 3.4 ± 0.2 N.T. N.A. N.A.

49 34.5 ± 2.1 N.T. N.A. N.A.

50 32.8 ± 0.7 N.T. N.A. N.A.

64 27.9 ± 2.1 N.T. 6.6 N.A.

66 31.5 ± 2.2 26.4 ± 4.7 N.A. N.A.

67 30.9 ± 2.3 N.T. 21.5 10.1

69 34.5 ± 2.6 N.T. 0.019 0.043

71 0.5 ± 0.1 N.T. 2.2 N.A.

78 20.7 ± 0.7 N.T. 3.2 1.9

79 15.7 ± 1.4 N.T. 2.2 4.6

80 15.0 ± 1.5 N.T. N.A. 15.7

83 14.6 ± 1.4 N.T. N.A. N.A.

84 0.6 ± 0.1 N.T. 3.2 N.A.

88 39.4 ± 4.2 N.T. 1.3 2.2

89 29.2 ± 1.0 N.T. 6.3 20.4

90 39.2 ± 6.7 N.T. 1.5 2.1

94 30.8 ± 6.7 N.T. 2.8 2.3

95 12.1 ± 2.4 N.T. 13.4 22.2

98 10.6 ± 2.3 N.T. 3.0 0.84

102 22.1 ± 1.6 N.T. 4.5 13.7

103 16.6 ± 0.6 N.T. 7.0 N.A.

109 31.3 ± 1.6 N.T. N.A. N.A.

113 37.0 ± 0.4 N.T. N.A. N.A.

122 46.3 ± 2.4 N.T. N.A. N.A.

124 42.7 ± 0.3 N.T. 19.5 10.7

125 22.4 ± 0.7 N.T. 24.4 10.0
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Table 2. Cont.

Compd.
Inhibition of NF-κB Activity Cytotoxicity

Ca2+ Mobilization

FPR1 a FPR2 a

IC50 (µM) in THP1-Blue Cells EC50 (µM) in HL-60 Cells

141 15.3 ± 4.9 N.T. 1.6 0.12

149 43.0 ± 3.9 N.T. 13.6 14.9

150 21.4 ± 3.5 N.T. 4.3 3.6

153 20.8 ± 0.5 N.T. 12.5 8.9

154 25.6 ± 2.3 N.T. 3.3 2.4

156 25.0 ± 0.4 N.T. N.A. N.A.

158 8.8 ± 1.1 22.4 ± 5.2 N.A. N.A.

160 28.8 ± 2.0 N.T. 8.2 4.8

164 35.7 ± 1.9 N.T. 29 N.A.

168 43.4 ± 4.2 N.T. 2.8 2.4

169 19.2 ± 0.1 N.T. 9.1 N.A.

Cmpd43 N.A. N.T. 0.065 0.022

fMLF N.A. b N.T. 0.01

WKYMVM N.A. b N.T. 0.001
a The agonist activity at FPR1/FPR2 is from Table 1. The reported agonist activity of the dual FPR1/FPR
agonist Cmpd43 is from [42]. The FPR agonist activities of fMLF and WKYMVM are reported in [58]. N.T.: No
cytotoxicity was observed at the highest concentration tested (50 µM). N.A.: No activity was observed at the
highest concentration tested (50 µM). b fMLF and WKYMVM were tested at 5 nM.
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Figure 1. Structures of pyridazinones 71 [N-(4-bromophenyl)-2-[5-(3-methoxybenzyl)-3-methyl-6-oxo-4-
phenylpyridazin-1(6H)-yl]-acetamide] and 84 [N-(4-bromophenyl)-2-[5-(3-methoxybenzyl)-3-methyl-6-
oxopyridazin-1(6H)-yl]-propanamide].

The pyridazinone scaffold (1–120) was present in 70% of the active compounds in the
anti-inflammatory assay, although this could be related to the greater number of molecules
tested that had this specific structure. The chiral centers in 94/95, 98/99, and 102/103
affected the activity, even though it was not clear if there was a preferential enantiomer.
Additionally, substitution of the chiral carbon led to an active compound only when small
groups were present. The N-(4-bromophenyl)-acetamide group was present in almost all
of the compounds tested, and all compounds with major modifications of this fragment
were inactive, except for 109 and 113. On the other hand, some modifications in this group
tended to improve the anti-inflammatory activity, as exemplified by compounds 2, 5, and
15, where either a shift from the para to the meta position or a replacement of the bromine
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with a nitro group or a fluorine atom improved activity compared to the inactive compound
1. Furthermore, changes in the 3-methoxybenzyl chain, which is present in many of the
compounds, improved the anti-inflammatory activity, as seen for 30, where the methoxy
group was removed, or for 64, where the same methoxy group was substituted with a
fluorine atom. Interestingly, the pyridazinone derivative containing just a methyl group at
position 3 (compound 67) was active.
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there was an N-(4-bromophenyl)-acetamide moiety, as in compound 49 compared to the 
inactive compound 19. Position 4 of the pyridazinone scaffold was mostly unsubstituted, 
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Figure 2. The effects of compounds 71 and 84 on LPS-induced NF-κB activation. THP1-Blue cells
were pretreated with the indicated concentrations of the compounds or DMSO for 30 min, followed
by an addition of 250 ng/mL LPS or buffer for 24 h. NF-κB activation was monitored by mea-
suring secreted alkaline phosphatase activity in the cell supernatants, as described. The data are
presented as the mean ± S.D. of triplicate samples from one experiment that is representative of three
independent experiments.

When a para fluorine was present on the phenyl of the acetamide chain in position
1, a substitution of the methyl group with a para-phenyl-substituted group at position 5
(compounds 42, 46, and 47) led to active compounds. The same result occurred even when
there was an N-(4-bromophenyl)-acetamide moiety, as in compound 49 compared to the
inactive compound 19. Position 4 of the pyridazinone scaffold was mostly unsubstituted,
but the insertion of an increasingly bulkier group led to an improved activity, as shown
by compounds 69, 71, 78, 79, and 80, which contain a methyl, ethyl, n-propyl, and n-butyl,
respectively. Reduction of the double bond on C3–C4 was not favorable for activity (dihydro
derivatives 121–132), nor was the presence of a condensed ring on the pyridazinone scaffold
(compounds 174, 175, 176, and 177). Likewise, compounds having an indole (133 and 134)
or a pyridazine core (135–138) were inactive, even though the latter might be due to the
lack of an N-1 acetamide chain or, moreover, a pyridinone core, with the only exception
being compound 141. Considering the small number of pyrimidin-2,6-dione derivatives
analyzed (149–154, 6 compounds) and that 4 out of 6 compounds were active, this might
also be the most promising scaffold to further investigate for anti-inflammatory compound
development. Analysis of the 5-member ring compounds (155–173) showed that a number
of these compounds were active and could be potential leads for further development.
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Although the molecule in this group having the best IC50 (compound 158) was cytotoxic, it
could also be further investigated for potential modifications that may reduce/eliminate
cytotoxic effects.

The most potent anti-inflammatory compounds (based on the inhibition of LPS-
induced NF-κB activity in THP1-Blue cells) were also evaluated for their effect on LPS-
induced IL-6 production in MonoMac-6 cells, which is also considered to be an inflam-
matory response (Table 3). All of these compounds, except 46, were also found to be
active in this cell-based assay system and inhibited IL-6 production. Compound 71 again
had the highest activity (IC50 = 2.0 µM), whereas compound 84 had reduced activity
(IC50 = 30.7 µM) compared to its effectiveness in THP1-Blue cells. Representative dose-
dependent response curves showing inhibition of the LPS-induced activation of IL-6 pro-
duction by the pyridazinones 71 and 84 are shown in Figure 3. The pyrimidine-2,6-dione
derivatives (150 and 153) had an IC50 < 10 µM and were also potent IL-6 inhibitors, as
was compound 169, which has a 5-member ring scaffold. The only compound exhibiting
cytotoxicity in MonoMac-6 cells was compound 9. It should be noted that among the
24 non-cytotoxic inhibitors of IL-6 production, 6 structurally related pyridazinones (2, 38,
42, 46, 47, and 83) were not FPR1 or FPR2 agonists (Table 1), again supporting our previous
suggestion that FPR agonist activity does not correlate well with anti-inflammatory activity.
Indeed, the potent peptide agonists of FPR1 and FPR2 (fMLF and WKYMVM, respectively)
also did not affect the LPS-induced IL-6 production by MonoMac-6 cells.

Table 3. The effects of selected compounds and FPR peptide agonists on the LPS-induced production
of IL-6 in human MonoMac-6 cells, cytotoxicity, and Ca2+ mobilization in FPR1/FPR2-transfected
HL-60 cells.

Compd.
Inhibition of IL-6 Production Cytotoxicity

Ca2+ Mobilization

FPR1 a FPR2 a

IC50 (µM) in MonoMac-6 Cells EC50 (µM) in HL-60 Cells

2 30.7 ± 3.6 N.T. N.A. N.A.

9 27.5 ± 1.6 19.0 ± 3.6 4.5 14.1

10 8.7 ± 1.6 N.T. 4.5 7.2

23 13.1 ± 0.3 N.T. 9.5 16.9

38 20.3 ± 1.8 N.T. N.A. N.A.

42 35.6 ± 3.1 N.T. N.A. N.A.

46 N.A.b N.T. N.A. N.A.

47 18.8 ± 2.9 N.T. N.A. N.A.

71 2.0 ± 0.3 N.T. 2.2 N.A.

78 17.0 ± 0.4 N.T. 3.2 1.9

79 13.7 ± 1.4 N.T. 2.2 4.6

80 33.5 ± 2.4 N.T. N.A. 15.7

83 15.2 ± 0.2 N.T. N.A. N.A.

84 30.7 ± 1.8 N.T. 3.2 N.A.

89 27.9 ± 2.2 N.T. 6.3 20.4

94 14.3 ± 2.0 N.T. 2.8 2.3

95 9.8 ± 1.0 N.T. 13.4 22.2

98 5.6 ± 0.3 N.T. 3.0 0.84

102 19.0 ± 3.1 N.T. 4.5 13.7
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Table 3. Cont.

Compd.
Inhibition of IL-6 Production Cytotoxicity

Ca2+ Mobilization

FPR1 a FPR2 a

IC50 (µM) in MonoMac-6 Cells EC50 (µM) in HL-60 Cells

103 7.3 ± 1.2 N.T. 7.0 N.A.

125 7.2 ± 0.03 N.T. 24.4 10.0

141 24.5 ± 0.8 N.T. 1.6 0.12

150 4.0 ± 1.2 N.T. 4.3 3.6

153 10.7 ± 0.1 N.T. 12.5 8.9

154 2.6 ± 0.3 N.T. 3.3 2.4

169 3.2 ± 0.4 N.T. 9.1 N.A.

fMLF N.A. b N.T. d 0.01

WKYMVM N.A. b N.T. d 0.001
a Agonist activity at FPR1/FPR2, as reported previously (see Table 1). N.T.: No cytotoxicity was observed at the
highest concentration tested (50 µM). N.A.: No activity was observed at the highest concentration tested (50 µM).
b fMLF and WKYMVM were tested at 5 nM.

2.2. Classification Tree Analysis

To further evaluate the relationships between the chemical structures of the investi-
gated compounds and their anti-inflammatory activity (i.e., the inhibition of LPS-induced
NF-κB activity), we performed analysis based on a binary classification tree approach. The
classification tree was developed using ADME parameters and atomic pairs as 2D descrip-
tors. A total of 147 compounds were included in the analysis, as the racemic mixtures along
with the individual enantiomers corresponding to these racemates were excluded. The
ADME parameters were calculated using SwissADME [59], and the selected parameters
found are shown in Supplementary Table S1. The total number of different atom pairs
present in at least one compound was 1029, with topological distances between atoms
ranging from 1 to 22 chemical bonds. The number of occurrences of an atom pair in a
molecule was considered to be the value of the corresponding 2D descriptor [60]. Atom
pairs have an important advantage in SAR analysis over many other types of descriptors,
since they can be easily related to certain substructures in a molecule [60–62]. Therefore, the
results can be interpreted in terms of molecular fragments and/or functional groups. The
classification tree is based on five descriptors [four atom pairs and one ADME parameter,
known as topological polar surface area (tPSA)]. The misclassification matrix in graphical
and tabular forms are shown in Figure 4 and Table 4, respectively.

According to the classification tree model, 123 of the 147 compounds evaluated (83.7%)
were classified correctly, whereas 11 of 36 active compounds were erroneously classified
as inactive (Supplementary Table S2). This may be due to the uneven distribution of
compounds within the class, i.e., there were relatively many inactive and few active
compounds. According to the logical rules defined by the classification tree, a compound
was classified as active if it had at least one of the C3_7_F or C4_7_NO atom pairs or more
than eight C4_7_CA atom pairs (terminal nodes 5, 7, and 3, respectively). Otherwise, the
compound was recognized as active if it had a tPSA value of not greater than 84.685 Å
and, at the same time, contained more than four CA_8_O1 atom pairs (terminal node 11).
Examples of compounds containing the mentioned 2D descriptors are shown in Figure 5.
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Figure 3. The effect of compounds 71 and 84 on the LPS-induced monocyte IL-6 production.
MonoMac-6 cells were pretreated with the indicated concentrations of the test compounds or DMSO
for 30 min, followed by an addition of 250 ng/mL LPS or buffer for 24 h. The production of IL-6 in
the supernatants was evaluated by ELISA, as described. The data are presented as the mean ± S.D.
of triplicate samples from one experiment that is representative of three independent experiments.

Table 4. Misclassification matrices for the binary classification trees obtained for the NF-κB inhibitory
activity of the test compounds.

Observed

Active Non-Active

36 111

Predicted
Active 25 13

Non-active 11 98

The atom pairs C4_7_CA were present in molecules containing simultaneously alkyl
groups and aromatic fragments at a distance of several chemical bonds. The 2D descriptor
C3_7_F corresponds to the presence of a fluorine-containing substituent on the phenyl or
benzyl group attached to the non-aromatic pyridazinone heterocycle, while the C4_7_NO
atom pair corresponds to the presence of a nitrophenyl fragment in the acetamide derivative.
The condition on the last split of the tree, using the CA_8_O1 atom pair, corresponds to
an arylacetamide derivative with a pyridazinone heterocycle and an aryl substituent in
this heterocycle in the position opposite of the carbonyl group. This results in at least five
CA_8_O1 atom pairs in the molecule.
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Figure 4. A binary classification tree reflecting the simplified SAR rules for predicting the inhibition
of the NF-κB transcription activity by pyridazinones and related derivatives.

The importance of the C3_7_F and C4_7_NO atom pairs for the NF-κB inhibitory
activity correlates well with the SAR analysis, described above. Indeed, these 2D descriptors
are due to fluorine and nitro substituents at certain topological distances from the acetamide
and/or heterocyclic moiety (see examples in Figure 5). The topological polar surface area
(tPSA) is also an important descriptor in the binary classification tree (Figure 4). Thus,
53 compounds with tPSA > 84.685 Å2 were recognized as inactive (terminal node 9), which
agrees well with the known fact that a high number of polar groups is unfavorable for cell
permeability [63,64].

The classification rules encoded in the binary tree can be generally translated into
“chemical” language applied to the series of compounds that we investigated. According
to the classification model, a compound is active if at least one of the following three
conditions is satisfied: Condition 1 (corresponds to node 3 of the tree)—a compound
contains a pyridazinone heterocycle which has two or more substituents with sp3 carbon
atoms (e.g., phenylacetamide fragment or benzyl group) and an aliphatic moiety with more
than one sp3 carbon atom (e.g., isopropyl, 10; cyclohexyl, 18; propyl, 79; etc.). Condition 2
(corresponds to nodes 5 and 7 of the tree)—a compound contains a pyridazinone heterocycle
that has a phenyl or benzyl substituent containing a strong acceptor (i.e., a fluorine atom,
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47, 49, 64; a trifluoromethyl group, 66; or a p-nitro group, 169), or a compound contains a p-
nitroacetamide moiety (5). Condition 3 (corresponds to node 11 of the tree)—a compound
contains at least two C=O groups and two or more benzene rings (e.g., pyridazinones with
the phenyl group in position 3 and the acetamide moiety in position 1 meet these structural
criteria), and the compound has a relatively low tPSA value (≤84.685 Å2).
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Figure 5. Examples of molecular structures with atom pairs corresponding to C4_7_CA, C3_7_F,
C4_7_NO, and CA_8_O1 that were used for predicting the inhibition of the LPS-induced NF-κB
activity. One atom pair for each structure is highlighted in red and the total occurrence of the atom
pair of a given type is indicated in parentheses. The notation of the atom types is as follows: CA,
aromatic carbon; C3, olefin-type or imino carbon; C4, tetrahedral sp3-hybridized carbon; CO, carbonyl
carbon; NA, pyridine nitrogen; N1, nitrogen in nitro group; N2, amino-, amido-, or imino-nitrogen;
O1, carbonyl or nitro oxygen; O2, two-coordinated alcohol or ether-type oxygen; BR, bromine.

Thus, taking into account the 2D descriptors (atom pairs) in combination with the
ADME physicochemical parameters made it possible to develop SAR models based on
binary trees containing simple classification rules, with the possibility of interpreting the
rules in terms of chemical substructures in the compounds under study.

2.3. Comparative Analysis

To evaluate the pairwise relationship between anti-inflammatory activity of these
compounds in the cell-based assay in THP1-Blue cells and their FPR1/2 agonist activity
in the Ca2+ mobilization assay using transfected HL-60 cells, we used the Jaccard index.
This is defined in mathematical terms as the ratio of the intersection over the union for two
subsets, A and B, with different activities within the investigated series of compounds [65]
and as follows:

J(A, B) =
|A∩ B|
|A∪ B|

where the numerator corresponds to the number of compounds exhibiting both biological
activities, while the denominator is the number of compounds exhibiting at least one of the
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activities. As shown in Table 5, the relationship between FPR1 and FPR2 agonist activities is
tight, with a Jaccard index of 0.831, while the inhibition of the LPS-induced NF-κB activity
is only weakly related to the compound’s FPR1/FPR2 agonist activity.

Table 5. Jaccard indices for different pairs of biological activities.

Activity Classes
Number of Compounds

J (A,B)
|A ∪ B| |A ∩ B|

FPR1 vs. FPR2 77 64 64/77 = 0.831

FPR1 vs. NF-κB 89 21 21/89 = 0.236

FPR2 vs. NF-κB 85 18 18/85 = 0.212

No correlation was found when plotting the logarithms of IC50 and EC50 values for
the NF-κB inhibitory and FPR1/FPR2 activation assays, respectively, and for compounds
active in both types of assays (r = 0.086 for NF-κB vs. FPR1 and r=0.061 for NF-κB vs. FPR2).
However, a relatively strong linear correlation (r = 0.742, n = 80) was obtained for agonists
of both FPR1 and FPR2 (Figure 6).

Thus, the calculated Jaccard indices and Pearson correlation coefficients indicate
that there is not a significant relationship between NF-κB inhibitory activity (i.e., anti-
inflammatory activity) and FPR1/FPR2 agonist activity. Indeed, this result is also consistent
with the lack of anti-inflammatory activity observed for the FPR1 and FPR2 peptide agonists.

Among the pyridazinones and related derivatives evaluated for anti-inflammatory
activity were 98 FPR1/FPR2 agonists and 79 compounds with no FPR agonist activity.
Our analysis revealed that 46 of these compounds were not cytotoxic and exhibited anti-
inflammatory activity, as determined by their ability to inhibit the LPS-induced NF-κB
activity in human THP1-Blue monocytic cells. The most potent of these compounds also in-
hibited monocyte/macrophage IL-6 production, further supporting their anti-inflammatory
potential. While the anti-inflammatory compounds identified included both FPR agonists
and non-agonists, the calculated Jaccard indices and Pearson correlation coefficients indi-
cated that there was not a significant relationship between the anti-inflammatory activity
and FPR1/FPR2 agonist activity. This is an interesting finding, as several groups have
reported that FPR agonists can exhibit anti-inflammatory activity in in vivo inflammatory
models. For example, compound 84 (a.k.a. FPR1 agonist Cmpd17b) was reported to induce
endothelium-independent relaxation in mouse aortas and had a cardioprotection effect in
myocardial infarction injury in mice [22,37,38]. We also found that this compound had anti-
inflammatory activity using in vitro assays. In addition, an evaluation of the effect of an
FPR1 antagonist (Boc-MLF) on the ability of compounds 84 and 71 (both are FPR1-specific
agonists) showed that their anti-inflammatory effects on LPS-induced NF-κB activation
were independent of FPR1, since blocking FPR1 had no effect on their inhibitor activity in
LPS-treated THP1 cells (Figure 7).

Thus, the question is whether some of the FPR agonists reported to have anti-inflammatory
activity actually mediate their effects through FPR-independent pathways, as is suggested
by our results with these series of compounds. This could explain how treatment with some
agonists known to be inflammatory (i.e., FPR1 agonists) could result in anti-inflammatory
effects. At the very least, it should be considered in FPR studies that some FPR agonists
may mediate their effects in vivo through both FPR-dependent and FPR-independent
pathways, possibly to include homologous down-regulation of FPR in a process called
functional antagonism [66]. As another example, FPR agonists 69, 71, and 73 were all re-
ported previously to reduce pain hypersensitivity in rats with CFA-induced inflammatory
arthritis [26]. Interestingly, compounds 69 and 71 inhibited LPS-induced NF-κB activity,
and compound 71 inhibited LPS-induced IL-6 production, whereas 73 was inactive. Thus,
FPR-dependent and FPR-independent anti-inflammatory effects should be considered
when making conclusions regarding the therapeutic potential of these compounds. In
comparison, the anti-inflammatory effects of the pyrazolone-based FPR1/FPR2 dual ago-
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nist (i.e., Cmpd43) have been reported in several murine models of inflammation [40–44];
however, this compound did not inhibit an LPS-induced NF-kB activity, suggesting that
it is likely acting in vivo through signaling pathways not involving NF-kB. Nevertheless,
additional targets should also be considered when evaluating the anti-inflammatory effects
of this class of compounds. For example, several pyridazinones structurally related to
compounds 1–120 were reported to be positive allosteric modulators of the α7 nicotinic
acetylcholine receptor (nAChR) [67]. It is known that such positive allosteric modulators
can act on α7 nAChRs producing anti-nociceptive activity [68,69]. The nAChRs are ex-
pressed not only by neurons but also by macrophages and other immune cells involved
in inflammation [70,71]. In these cells, stimulation of the nAChR by specific agonists sup-
presses the release of pro-inflammatory cytokines and could have a therapeutic potential
for the alleviation of rheumatoid arthritis [72]. Another potential target of pyridazine
compounds could be monoamine oxidase (MAO), and pyridazinones structurally related to
the compounds evaluated here were reported as MAO-A inhibitors [73,74]. MAO inhibitors
have anti-inflammatory effects in the CNS and a variety of non-CNS tissues [75]. Moreover,
MAO-A inhibitors could be used for the reprogramming of tumor-associated macrophages
to improve cancer immunotherapy [76].
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Figure 7. The effect of Boc-MLF on the anti-inflammatory activity of compounds 71 and 84. THP1-
Blue cells were pretreated for 15 min with buffer or 25 µM Boc-MLF, followed by treatment of 30 min
with DMSO or 5 µM of compounds 71 and 84. The cells were then incubated for 24 h with media
(control) or 250 ng/mL LPS, as indicated. NF-κB activation was monitored by measuring the secreted
alkaline phosphatase activity spectrophotometrically in the cell supernatants (A655), as described. The
data are presented as the mean± S.D. of triplicate samples from one experiment that is representative
of three independent experiments.

3. Materials and Methods
3.1. Materials

DMSO, N-formyl-Met-Leu-Phe (fMLF), and Trp-Lys-Tyr-Met-Val-Met (WKYMVM)
were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). Cmpd43 (TC-FPR
43) and Boc-MLF were purchased from Tocris Biosciences (Bristol, UK). Fluo-4AM was
purchased from Invitrogen (Carlsbad, CA, USA). Roswell Park Memorial Institute (RPMI)
1640 medium was purchased from HyClone Laboratories (Logan, UT, USA). Fetal calf
serum and fetal bovine serum (FBS) were purchased from ATCC (Manassas, VA, USA).
Hanks’ balanced salt solution was purchased from Life Technologies (Grand Island, NY,
USA). HBSS without Ca2+ and Mg2+ was designated as HBSS−. HBSS containing 1.3 mM
CaCl2 and 1.0 mM MgSO4 was designated as HBSS+.

3.2. Compounds

Our studies included 175 compounds that were previously synthesized and character-
ized at NEUROFARBA, Pharmaceutical and Nutraceutical Section, University of Florence,
Italy. We previously evaluated the FPR1/FPR2 agonist activity of these compounds by
evaluating their ability to induce Ca2+ mobilization in FPR-transfected HL60 cells and
human neutrophils [22–29,53,54]. Compounds 61 and 139 were synthesized as described
(see Supplementary Materials). All test compounds were dissolved in DMSO at stock
concentrations of 10 mM and stored at −20 ◦C. For primary screening assays (analysis of
NF-κB activation, IL-6 production, and cytotoxicity), the following final concentrations of
the compounds were used: 3.125, 6.25, 12.5, 25, and 50 µM; the final concentration of DMSO
was 1% in all samples. The most potent compounds were retested at final concentrations in
the submicromolar and low micromolar range (0.1–5.0 µM).
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3.3. Cell Culture

All cells were cultured at 37 ◦C in a humidified atmosphere containing 5% CO2. The
THP1-Blue cells (InvivoGen, San Diego, CA, USA) were cultured in an RPMI 1640 medium
(Mediatech Inc., Herndon, VA, USA) supplemented with 10% (v/v) fetal bovine serum
(FBS), 100 µg/mL streptomycin, 100 U/mL penicillin, 100 µg/mL phleomycin (Zeocin),
and 10 µg/mL blasticidin S. Human monocyte-macrophage MonoMac-6 cells (Deutsche
Sammlung von Mikroorganismen und Zellkulturen GmbH, Braunschweig, Germany) were
grown in an RPMI 1640 medium supplemented with 10% (v/v) FBS, 10 µg/mL bovine
insulin, 100 µg/mL streptomycin, and 100 U/mL penicillin.

3.4. Analysis of NF-κB Activation

The activation of NF-κB was measured using an alkaline phosphatase reporter assay
in human monocytic THP1-Blue cells stably transfected with a secreted embryonic alkaline
phosphatase gene that is under the control of a promoter inducible by the NF-κB. The
THP1-Blue cells (2 × 105 cells/well) were pretreated with the test compound or DMSO for
30 min, followed by an addition of 250 ng/mL LPS for 24 h. Alkaline phosphatase activity
was determined in cell supernatants using a QUANTI-Blue mix (InvivoGen) and measured
at 655 nm and compared with positive control samples (LPS). For active compounds, the
concentrations of the inhibitors that caused a 50% inhibition of the NF-κB reporter activity
(IC50) were calculated.

3.5. IL-6 Analysis

A human IL-6 ELISA kit (BD Biosciences, San Jose, CA, USA) was used to measure IL-6
production. MonoMac-6 cells were plated in 96-well plates at a density of 2 × 105 cells/well
in a culture medium supplemented with 3% (v/v) endotoxin-free FBS. The cells were
pretreated with the test compound or DMSO for 30 min, followed by addition of 250 ng/mL
LPS for 24 h. The IC50 values for IL-6 production were calculated by plotting the percentage
inhibition against the logarithm of the inhibitor concentration (at least five points).

3.6. Cytotoxicity Assay

The cytotoxicity was analyzed with a CellTiter-Glo Luminescent Cell Viability Assay
Kit from Promega (Madison, WI, USA), according to the manufacturer’s protocol. The
luminescent ATP assays are based on a luciferase enzymatic reaction which uses ATP
from viable cells to generate photons. For this assay, the cells were incubated with the
compounds under investigation for 24 h. After treatment, the cells were equilibrated to
room temperature for 30 min, luciferase + luciferin substrate was added, and the samples
were analyzed with a Fluoroscan Ascent FL (Thermo Fisher Scientific, Waltham, MA, USA).
The IC50 values were calculated by plotting the percentage inhibition against the logarithm
of the inhibitor concentration (at least five points).

3.7. Ca2+ Mobilization Assay

Changes in the intracellular Ca2+ [Ca2+]i were measured with a FlexStation II scanning
fluorometer (Molecular Devices). The cells, which were suspended in Hank’s balanced
salt solution without Ca2+ and Mg2+ but with 10 mM HEPES (HBSS−), were loaded with
1.25 µg/mL Fluo-4 AM dye and incubated for 30 min in the dark at 37 ◦C. After the
dye loading, the cells were washed with HBSS− containing 10 mM HEPES, resuspended
in HBSS+ containing Ca2+, Mg2+, and 10 mM HEPES (HBSS+), and aliquoted into the
wells of black microtiter plates (2 × 105 cells/well). For the evaluation of the direct
agonist activity, the compounds of interest were added from a source plate containing
dilutions of the test compounds in HBSS+ and changes in the fluorescence were monitored
(λex = 485 nm, λem = 538 nm) every 5 s for 240 s at room temperature after the automated
addition of the compounds. The maximum change in the fluorescence during the first
3 min, expressed in arbitrary units over the baseline, was used to determine a response. The
responses for the FPR1 agonists were normalized to the response induced by 5 nM fMLF
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for FPR1-HL60 cells or 5 nM WKYMVM for FPR2-HL60 cells, which were assigned a
value of 100%. A curve fitting (5–6 points) and a calculation of median effective inhibitory
concentrations (IC50) were performed by nonlinear regression analysis of the dose–response
curves generated using Prism 8 (GraphPad Software, Inc., San Diego, CA, USA).

3.8. Molecular Modeling

For SAR classification analysis, we used an atom pair representation of molecular
structures with each atom pair denoted as T1_D_T2, where T1 and T2 are the types of
atoms in the pair and D represents the topological distance or number of bonds in the
shortest path between these atoms in a structural formula. In our investigation, T1 and
T2 were defined with symbolic codes used in HyperChem, Version 7 (Hypercube, Inc.,
Waterloo, ON, Canada) for an atom type representation within an MM+ force field [60–62].
For example, CA, CO, and C3 codes were used for sp2-hybridized aromatic, carbonyl, and
pyrazole carbon atoms, respectively. This approach allows easy generation of atom pairs
directly from the output file containing the molecular structure (HIN file) built by HyperChem.

A total of 147 compounds were included in the analysis. The racemic mixtures
along with individual enantiomers corresponding to these racemates were excluded, as
they are indistinguishable in the atom pair 2D representation of the molecular structures.
All 1029 unique atom pairs possible for non-hydrogen atoms in the 147 investigated
compounds were generated. This 147×1029 data matrix was automatically built by our
CHAIN program based on HIN files created in HyperChem. By convention, a matrix
element at the intersection of the ith row and jth column was equal to the jth atom pair
occurrence in the ith molecule. The data matrix obtained in this way for the 147 compounds
was supplemented with columns corresponding to the physicochemical ADME parameters
calculated with the use of a SwissADME online tool (http://www.swissadme.ch, accessed
on 1 August 2021) [59].

The total matrix containing both atom pair and ADME descriptors was used for the
construction of SAR rules with the use of a binary classification tree methodology [77]
with STATISTICA 6.0 using discriminant-based univariate splits with estimated prior
probabilities and equal misclassification costs for classes.

4. Conclusions

Previously, we identified a number of FPR1/FPR2 agonists and found that many of
the active compounds had a pyridazinone core structure [22–29]. In an effort to identify
novel anti-inflammatory compounds, we evaluated a library of 177 pyridazinone-like
compounds and related scaffolds. Although the pyridazinone scaffold was present in
~70% of the compounds that inhibited the LPS-induced NF-κB activity in a cell-based
anti-inflammatory assay, there was not a good correlation between the FPR1/FPR2 agonist
activity and the anti-inflammatory activity. We suggest that some of these compounds could
mediate their anti-inflammatory effects through FPR-independent pathways, which may
explain why treatment with some agonists that are known to be inflammatory (i.e., FPR1
agonists) results in anti-inflammatory effects. We developed a SAR classification model
based on atom pair descriptors and physicochemical ADME parameters and found that
the C4_7_CA, C3_7_F, CA_8_O1, and C4_7_NO atom pairs, together with the topological
polar surface area (tPSA), a physicochemical descriptor, were important. This classification
model could provide a relatively simple approach for de novo design of anti-inflammatory
compounds with pyridazinone-like scaffolds. Further research is clearly needed to define
the molecular targets of pyridazinones and structurally related compounds with anti-
inflammatory activity and to define their relationships (if any) to FPR signaling events.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27123749/s1. Synthesis of compounds 61 and 139.
Table S1: Selected ADME parameters of the investigated compounds calculated with SwissADME
web tool. Table S2: Experimentally observed and predicted classes for inhibition of NF-κB activity for
the pyridazinones and related derivatives in according to classification tree analysis [78].

http://www.swissadme.ch
https://www.mdpi.com/article/10.3390/molecules27123749/s1
https://www.mdpi.com/article/10.3390/molecules27123749/s1
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Novel Pyrrolo[3,4-d]pyridazinone Derivatives on Lipopolysaccharide-Induced Neuroinflammation. Int. J. Mol. Sci. 2020, 21, 2575.
[CrossRef] [PubMed]
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