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A B S T R A C T

We report the identification of a new set of compounds based on the furazanopyrazine core interfering with 
eicosanoid biosynthesis and acting as potentially effective anti-inflammatory and anticancer agents. Based on our 
previous promising results on a set of furazanopyrazine-based compounds against the microsomal prostaglandin 
E2 synthase-1 (mPGES-1) enzyme, we here identified derivatives with improved pharmacokinetic properties by 
replacing the ester moiety with a more stable ether group.

A focused virtual library of 1 × 104 molecules was built and screened against mPGES-1 through molecular 
docking experiments, leading to the selection of 10 candidates for synthesis and biological evaluation. Several 
molecules were found to inhibit mPGES-1 and, among them, two items featured IC50 values in the low micro
molar range. Additional computational studies on the collection of synthesized compounds demonstrated that 
compound 3b, previously emerged as an mPGES-1 inhibitor, interfered with soluble epoxide hydrolase (sEH) 
activity, thus emerging as a valuable dual mPGES-1/sEH inhibitor. The pharmacokinetic features of the most 
potent compounds were accurately estimated. Unfortunately, poor outcomes were obtained for 3b; on the other 
hand, compound 7e exhibited promising mPGES-1 inhibition and excellent pharmacokinetic profile, demon
strating that the novel furazanopyrazine-based items with ether moiety possess improved pharmacokinetic 
properties compared to the ester-based compounds reported in our previous study. Additionally, the anticancer 
properties of 7e and 7d, the latter emerged as the most active mPGES-1 inhibitor, were evaluated and both 
compounds showed promising activities against HCT-116 human colorectal cancer (CRC) cells.

These findings highlight the furazanopyrazine core as a promising scaffold for disclosing new anti- 
inflammatory drugs with the ability to inhibit targets belonging to arachidonic acid cascade.
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1. Introduction

Prostaglandin E2 (PGE2) is a crucial mediator of inflammation since 
it is involved in various pathological diseases, including immune sur
veillance, inflammation, cell death, proliferation, and angiogenesis [1]. 
Cyclooxygenases (COXs) act together with terminal PG synthases (PGES, 
especially mPGES-1, mPGES-2, and cPGES) to produce PGE2 from 
arachidonic acid (AA). In contrast to the constitutively expressed iso
forms mPGES-2 and cPGES, mPGES-1 is an inducible membrane-bound 
isoform implicated in a number of acute and chronic diseases [2]. 
Therefore, mPGES-1 inhibition is a viable strategy in the therapy of 
chronic inflammation-related illnesses, such as colorectal cancer (CRC), 
and aids in the development of novel medications that limit the 
inflammation-induced production of PGE2 [3].

Although several mPGES-1 inhibitors have been reported so far, only 
a few compounds, such as ISC 27864, GS-248, LY3031207, and 
LY3023703, have advanced to the clinical trial stage [2]. In recent years, 
the roles that epoxyeicosatrienoic acids (EETs) and soluble epoxide 
hydrolase (sEH) play in inflammation and pain have been widely 
investigated. The biological effects of EETs are lost when they are 
broken down into their corresponding dihydroxyeicosatrienoic acids 
(DHETs or DiHETrEs) by soluble epoxide hydrolase (sEH) [4]. Further
more, various studies have demonstrated that sEH inhibitors lower 
plasma concentrations of nitric oxide metabolites and pro-inflammatory 
cytokines, and support the resolution of inflammation by promoting the 
synthesis of lipoxins [5,6].

We have been extensively involved in the discovery of several 
mPGES-1 and sEH inhibitors featuring different chemical scaffolds over 
the past ten years [7–15]. Among them, we recently reported that the 
9H-indeno[1,2-b][1,2,5]oxadiazolo[3,4-e]pyrazin-9-one core is an 
intriguing framework for the development of mPGES-1 inhibitors with 
putative anti-inflammatory and antitumor properties [10]. In this field, 
furazanopyrazine-containing molecules represent promising hit/lead 
compounds for the development of drugs that can be crucial in treating 
serious illnesses, such as inflammatory disorders and cancer [16]. 

However, the most potent furazanopyrazine-based mPGES-1 inhibitors 
developed by our research group featured an ester function, that 
prompted us to investigate the possibility of replacing this unstable 
moiety with different chemical functions while preserving their inter
esting mPGES-1 inhibitory activity.

In this work, based on this chemical scaffold, novel synthetic de
rivatives with improved pharmacokinetic properties were developed 
and evaluated for their inhibitory activity against mPGES-1 and sEH. 
The promising results reported here were achieved through a well- 
structured workflow encompassing computational research, chemical 
synthesis, and biological assessment of the most promising hit 
compounds.

2. Results and discussion

The workflow designed to identify furarazopyrazine-based com
pounds as multi-target anti-inflammatory agents is illustrated in Fig. 1. 
The subsequent paragraphs offer an in-depth explanation of each step 
involved in this process.

2.1. Preliminary in silico evaluation of substituted furazanopyridine 
compounds

Furazanopyrazine has emerged as a promising scaffold for the 
development of new small molecules targeting mPGES-1. In details, in a 
previous study, we identified 9H-indeno[1,2-b][1,2,5]oxadiazolo[3,4-e] 
pyrazine-9-one derivatives, obtained by inserting aryl ester substituents 
at the central core, showing a significant inhibitory activity against 
mPGES-1 [10]. Starting from these compounds, we performed optimi
zation studies to develop novel derivatives with an enhanced pharma
cological profile targeting mPGES-1. This led us to investigate the 
pharmacokinetic profile and biological activity of compounds 3a-c, 
7a-e, 8a-e, 12–13 (see Schemes 1–3, respectively).

mPGES-1, a membrane protein dependent on glutathione (GSH), is 
structured as a homotrimer with three equivalent monomers, here 

Fig. 1. The workflow for the development of novel furazanopyrazine-based compounds.
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named A, B, and C. Each monomer has an active site in the membrane- 
spanning region, which includes a GSH cofactor molecule and distinct 
residues originating from adjacent monomers [17]. Owing to the diverse 
chemical properties and spatial orientations of these residues, various 
regions within the mPGES-1 binding site can be identified at the inter
face between two adjacent monomers (e.g., A and B) and comprised of 

residues with different chemical features. Primarily, a groove is present 
between the GSH binding site and a molecular region near the cyto
plasmic segment of the protein, consisting of both aromatic (B:Phe44, B: 
His53) and polar (B:Asp49) residues. The GSH cofactor is located in a 
deep cavity, which exhibits a distinct U-shaped conformation resulting 
from strong interactions between its terminal carboxylate groups and 

Scheme 1. Synthetic pathway for compounds 3a-c.

Scheme 2. Synthetic pathway for compounds 7a-e and 8a-e.

Scheme 3. Synthetic pathway for compounds 12 and 13.
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the positively charged residues of mPGES-1 (B:Arg38, A:Arg73). In the 
cytoplasmic domain of the protein, a binding groove is identified be
tween helix 1 of chain B and helix 4 of chain A, which includes polar (A: 
Gln134), aliphatic (B:Val24), and aromatic (B:Tyr28) residues. Based on 
these insights into the mPGES-1 active site, our initial goal was to 
determine the importance of an aromatic moiety on the substituent at 
positions 6 or 7 of the scaffold. Specifically, we replaced the acyl ester of 
the BEO1 (Fig. 2), which previously emerged as one of the most active 
hit compounds [10], with a cyclohexanecarboxylate group, resulting in 
compound 3a, which was then investigated through computational 
studies and biological assays.

Molecular docking experiments indicated that the absence of an ar
omatic group at position 6 led to the loss of critical interactions with A: 
Tyr130, resulting in reduced inhibitory activity (Fig. 3). This was 
corroborated by biological assays, in which the compound inhibited 
mPGES-1 activity by only 30 % at a concentration of 10 μM. These re
sults highlighted the necessity of retaining the aromatic ring at this 
position to ensure potent inhibitory activity against mPGES-1.

Furthermore, to enhance the chemical stability of the compounds 
and improve their pharmacokinetic properties, we investigated the 
profile of BEO1, which contains an ester group easily susceptible to 
hydrolysis. To optimize its pharmacokinetic features, we substituted the 
aryl ester substituent with a more stable benzamidic group. Molecular 
docking analysis revealed that, while the central scaffold is oriented 
towards amino acids A:Arg126 and A:Ser127, the substituent at posi
tions 6 or 7 for regioisomers 12 and 13 (according to the chemical 
synthesis procedure, see Schemes 1-3) failed to proficiently interact with 
residues towards the GSH binding pocket and, specifically, to establish 
van der Waals interactions with A:Tyr130, likely due to the planar 
feature of the amide bond (Fig. 4). As predicted, both synthesized 
compounds 12 and 13 did not exhibit sufficient inhibitory activity on 
mPGES-1 (see Schemes 1-3).

Consequently, we considered replacing the ester group with an ether 
function to overcome these limitations. In particular, we evaluated the 
ability of compounds 7a and 8a to inhibit mPGES-1 through in silico 
studies and biological assays. Computational studies revealed that these 
compounds occupy the binding site of mPGES-1 in a promising way, as 
they were able to interact with the key amino acids (Fig. 5) and, in 
particular, to establish edge-to-face π-π interactions with B:His53. The 
biological evaluation confirmed the predicted inhibitory activity against 
mPGES-1 by compound 7a. Remarkably, preliminary pharmacokinetic 
investigations assessing the chemical stability of compound 7a in gastric 
fluid demonstrated the favorable profile of this derivative when 
compared with BEO1 (see 2.6 Microsomal Stability).

2.2. Building of a library of furazanopyrazine based-compounds and 
virtual screening against mPGES-1

Based on the preliminary data obtained, we built a new virtual li
brary of furazanopyrazine compounds by replacing the original ester 
functional group with a more stable ether moiety with the final aim of 
obtaining new derivatives with enhanced pharmacokinetic properties. 
Considering synthetic accessibility (see 2.3 Chemistry), we generated 
two libraries of 5.8 × 104 molecules each, by combining approximately 
5000 commercially available alkyl bromides, containing at least an ar
omatic ring, with 6-hydroxy-9H-indeno[1,2-b][1,2,5]oxadiazolo[3,4-e] 

pyrazin-9-one and 7-hydroxy-9H-indeno[1,2-b][1,2,5]oxadiazolo[3,4- 
e]pyrazin-9-one chemical cores (see 2.3 Chemistry), respectively (using 
CombiGlide software, see Experimental section). Subsequently, phar
macokinetic filters were applied to exclude compounds with unfavor
able predicted ADME profile (see Experimental section). The resulting 
library was subjected to virtual screening for evaluating potential 
mPGES-1 (PDB ID: 4BPM [18]) inhibition through molecular docking 
experiments. The most promising compounds were identified through 
an in-depth analysis of their binding mode and interaction pattern with 
the receptor site of interest.

Starting from the structural information of mPGES-1 described 
above, compounds that complied with the following key interactions 
were selected: 

• interactions with B:Tyr28, B:Phe44, B:His53;
• polar contacts with A:Arg126, A:Ser127, A:Thr131, B:Gln36, B: 

Asp49;
• π-π interactions with A:Tyr130, a key residue interacting with GSH as 

a cofactor.

From this virtual screening, compounds 3b, 3c, 7b-e, and 8b-e were 
identified as the most promising candidates through docking analysis 
and were selected for the subsequent chemical synthesis step.

The analysis of docking poses showed a similar binding mode for the 
selected compounds. As reported in Fig. 6, the chemical core occupied 
the active site of mPGES-1, establishing two π-π stacking interactions 
with B:Tyr28 and A:Tyr130, which indicated a good accommodation 
within the GSH binding site, while the aryl group was directed toward 
the amino acid B:Phe44 and B:His53.

Fig. 2. 2D structure of BEO1.

Fig. 3. Binding mode of 3a (coloured according to atom type: C green, O red, N 
blue) in the binding site of mPGES-1 (chains A and B are shown as green and 
blue ribbons, respectively) in the presence of the cofactor GSH (coloured ac
cording to atom type: C faded orange, O red, N blue, S yellow, polar H grey). π-π 
stacking interactions are represented as dotted blue lines. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web 
version of this article.)
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2.3. Chemistry

Substituted analogues 3a-c were obtained, driving the Bratton’s 
protocol [19] with appropriate modification [10] (Scheme 1). In detail, 
the synthesis of derivative 2 started from electrophilic bromination with 
N-bromosuccinimide of the freshly prepared benzoyl derivate of the 

commercially available 5-hydroxy-1-indanone, followed by oxidation 
using dimethyl sulfoxide. Condensation of the latter intermediate 
gem-diol with furazan-3,4-diamine in a mixture of ethanol and acetic 
acid afforded two 4- and 5-substituted regioisomers tetracycles in a ratio 
of 0.88:1, respectively. The two isomers were readily separated and 
purified by silica gel chromatography, followed by ester cleavage of 

Fig. 4. Binding mode of 12 (A) (coloured according to atom type: C cyan, O red, N blue) and 13 (B) (coloured according to atom type: C faded plum, O red, N blue) in 
the mPGES-1 (chains A and B are shown as green and blue ribbons, respectively) binding site in the presence of the cofactor GSH (coloured according to atom type: C 
faded orange, O red, N blue, S yellow, polar H grey). Hydrogen bonds are represented as dotted yellow lines, π-π stacking interactions are represented as dotted blue 
lines and π-cation in green. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 5. 3D representation of the binding mode of 7a (A) (coloured according to atom type: C faded red, O red, N blue) and 8a (B) (coloured according to atom type: C 
magenta, O red, N blue) in the mPGES-1 (Chains A and B are shown as green and blue ribbons, respectively) binding site in the presence of the cofactor GSH (coloured 
according to atom type: C faded orange, O red, N blue, S yellow, polar H grey). Hydrogen bonds are represented as dotted yellow lines, π-π stacking interactions are 
shown as dotted blue lines. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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5-substituted tetracycle with sodium thiophenolate in MeOH/THF (1:1), 
which produced the corresponding phenol 2 in 95 % yield.

It is noteworthy that the phenolic derivative is useful for the intro
duction of additional moieties. Namely, nucleophilic substitution was 
employed to add a range of alkyl groups to the phenolic function.

Thus, the treatment of 2 with alkylbromide in DMF under basic 
conditions (K2CO3) at room temperature for 24 h afforded compounds 
3a-c [20].

At that point, we approached a different pathway where steps of 
protection and corresponding deprotection of the benzoyl group were 
escaped through the use of intermediates 5a-e prepared from indanone 
4. In this way, compounds 7a-e, 8a-e, 12 and 13 (Schemes 2 and 3) were 
obtained in satisfactory yields. Instead, the new route was not successful 
for compounds 3a-c, maybe because the reaction conditions were not 
compatible with the alkyl chain. We accomplished the same results 
when the conversion of 5a-e in the corresponding tetracycles analogues 
was carried out with a microwave-assisted procedure [21]. Indeed, as 
reported in Table 1, compounds 7a-e, 8a-e, 12 and 13 were achieved 
with no very impressive improvement in yields but with very interesting 
reduced reaction times [from 31 h (7 h + 24 h) to 10 min (5 min +5 
min)].

2.4. In vitro evaluation of the inhibitory activity of the selected 
compounds on mPGES-1

To test the effects of the compounds on inhibition of mPGES-1 ac
tivity, we employed a cell-free enzyme activity assay using microsomes 
of interleukin-1β-stimulated A549 cells as mPGES-1 source and PGH2 
(20 μM) as substrate; formed PGE2 was measured as mPGES-1 product 
using RP-HPLC and MK886 served as reference drug [22,23]. Among the 
selected test compounds that were screened at a concentration of 10 μM, 
the compounds 7c, 7d, and 8d, carrying a 4-fluoro-phenylethyl or 3-tri
fluoromethyl-phenylethyl residues in 6- or 7-position of the 9H-indeno 
[1,2-b][1,2,5]oxadiazolo[3,4-e]pyrazin-9-one core, were most efficient 
and inhibited mPGES-1 activity by approximately 70 %, similar as the 
reference drug MK886 (10 μM) (see Table S2). Also, compounds 7b, 7e 
and 8c with 4-bromophenylmethyl, phenylpropyl, or 4-fluoro-pheny
lethyl moieties inhibited mPGES-1 activity at 10 μM by >50 %, albeit 
apparently less efficient as the former three derivatives (see Table S2). 
All other compounds had some minor activity, with <45 % inhibition of 
mPGES-1. More detailed concentration-response studies with the most 
promising candidates revealed IC50 values of 1.0 ± 0.2 μM and 3.5 ±

0.7 μM for 7d and 8d, respectively (see Fig. S58).

2.5. Computational studies and biological evaluation of the subset of 
furazanopyrazine derivatives on soluble epoxide hydrolase (sEH)

Given the encouraging results obtained for mPGES-1 inhibition, we 
decided to evaluate the activity of these compounds against the soluble 
epoxide hydrolase (sEH), a key target involved in the AA cascade and 
which has recently captured our interest due to its important role in 
inflammation and cancer [11,12,14,24]. Specifically, sEH is a homodi
meric enzyme including, in each monomer, a phosphatase site in the 
N-terminal domain and a hydrolase site in the C-terminal domain, which 
is involved in the metabolization of epoxyeicosatrienoic acids (EETs) 
[4]. While the phosphatase site is still poorly understood, the hydrolase 
site has been well investigated. It takes the form of a long "L"-shaped 
hydrophobic tunnel containing the amino acid residues Tyr383, Tyr466, 
and Asp335, which are part of catalytic triad [25,26]. Tyrosine phenolic 
groups have been shown to be involved in the mechanism of action of 
enzyme by polarizing the epoxide group of the natural substrate, while 
aspartate makes a nucleophilic attack with its carboxyl group.

Various inhibitors of the sEH enzyme were developed over the years, 
including alkylureas, which have key structural features for interaction 
with this enzyme [27]: 

• a hydrogen bond acceptor group (e.g., a carbonyl group of urea or 
amide) that interacts with Tyr383 and Tyr466, mimicking the oxy
gen of the epoxide in natural substrates;

• a hydrogen bond donor group, such as the NH of an amide or urea, 
capable of establishing a bond with Asp335.

Based on this information, we screened the compounds selected on 
mPGES-1 against sEH by molecular docking experiments. Careful anal
ysis of docking poses revealed that compound 3b possessed promising 
characteristics as a potential sEH inhibitor (Fig. 7). Indeed, among the 

Fig. 6. Binding mode of 3b (A) (coloured according to atom type: C faded red-orange, O red, N blue), 7b (B) (coloured according to atom type: C violet, O red, N 
blue, Br dark purple), 7c (C) (coloured according to atom type: C faded blue, O red, N blue, F teal), 7d (D) (coloured according to atom type: C light green, O red, N 
blue, F aqua green), 7e (E) (coloured according to atom type: C orange, O red, N blue), 8c (F) (coloured according to atom type: C pink, O red, N blue, F aqua green), 
8d (G) (coloured according to atom type: C azure, O red, N blue, F aqua green), 8e (H) (coloured according to atom type: C teal green, O red, N blue) in the mPGES-1 
(chains A e B are shown as green and blue ribbons) binding site in the presence of the cofactor GSH (coloured according to atom type: C faded orange, O red, N blue, S 
yellow, polar H grey). π-π stacking interactions are represented as dotted blue lines while halogen bonds are shown as dotted violet lines. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 1 
Yields (%) of the compounds 7a-e, 8a-e, 12 and 13 were obtained by applying 
the classical method and Microwave-assisted procedures.

Compound Classic Method Yield (%) MW Methods Yield (%)

7a 27 32
7b 35 40
7c 35 37
7d 25 26
7e 36 39
8a 23 24
8b 24 26
8c 25 26
8d 18 19
8e 21 22
12 13 15
13 12 12

Fig. 7. 3D representation of 3b (coloured according to atom type: C faded red- 
orange, O red, N blue) in the hydrolase binding site of sEH (represented as grey 
ribbons). Hydrogen bonds are shown as dotted yellow lines, π-π stacking in
teractions are represented as dotted blue lines. (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the Web version 
of this article.)
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tested compounds, we observed that the carbonylic moiety of 3b acted 
as a hydrogen bond acceptor, interacting with the amino acids Tyr383 
and Tyr466, which are part of the catalytic triad of the enzyme. In 
addition, the two aromatic rings of compound 3b occupied the hydro
phobic region of the binding pocket, by establishing interactions with 
amino acids His524 and Trp336, which contribute to the inhibitory 
activity.

The results from the docking studies with sEH encouraged us to test 
experimentally if compound 3b could inhibit sEH activity. We employed 
a well-established cell-free activity assay for sEH using purified human 
recombinant sEH as enzyme source and 3-phenyl-cyano(6-methoxy-2- 
naphthalenyl)methyl ester-2-oxiraneacetic acid (PHOME) as substrate; 
AUDA (12-[[(tricyclo[3.3.1.13,7]dec-1-ylamino)carbonyl]amino]- 
dodecanoic acid) was used as reference drug [28]. As shown in Fig. 8, 
compound 3b yielded a comparable inhibitory activity (± SEM) at 10 
μM against sEH (48 ± 10 %) as against mPGES-1 (44 ± 7 %).

2.6. Microsomal Stability

Based on the promising data obtained for the screened 
furazanopyrazine-based compounds, we investigated step-by-step the 
pharmacokinetic features of a small set of selected compounds. Specif
ically, we focused on evaluating the chemical stability of the starting 
compound BEO1 and the most potent inhibitors of mPGES-1, particu
larly those synthesized with higher reaction yields. This strategy enabled 
a comparative analysis of the chemical stability of all derivatives 
substituted at the 6-position of the core scaffold.

In this context, human liver microsomes (HLM) are subcellular 
fractions derived from the liver’s endoplasmic reticulum, obtained 
through differential high-speed centrifugation. These fractions contain 
various enzymes like CYPs, flavin-monooxygenase, carboxylesterases, 
epoxide hydrolase, and UGTs, making HLM a preferred in vitro model for 
drug metabolism studies. The incubation process requires NADPH or an 
NADPH regenerating system, and UDGPA and alamethicin are needed 
for UGT activity determination. HLM are favored due to their simplicity, 
cost-effectiveness, long-term storage, and suitability for high- 
throughput screening [29–32]. For these reasons, in this study we 
evaluated the hepatic stability of test compounds after incubation with 
HLMs. In our assay, we monitored the loss of the test compounds over 
time through CYP-UGT-mediated metabolic pathways.

The extent of microsomal clearance allowed the determination of 
different pharmacokinetic parameters such as in vitro t1/2, CLintin vitro 
and CLintin vivo. In vitro t1/2 and CLint of test compounds after liver mi
crosomes incubation were calculated according to the “well stirred” 

model [33].
As expected, our results first highlighted that compound 3b is cate

gorized as having high clearance. On the other hand, compounds BEO1 
and 7c were categorized as having intermediate clearance (Table 2) 
[34]. Among the tested compounds with low in vivo calculated intrinsic 
hepatic clearance, 7e and 7b demonstrated the best stability after he
patic microsomal incubation.

2.7. In vitro bioscreens for anticancer activity

mPGES-1 has increasingly been recognized as a critical target for 
cancer suppression due to the role of PGE2 as a bioactive lipid mediating 
various biological effects, including those related to malignancy, 
particularly in colorectal cancer (CRC) [35,36]. Compounds 7d and 7e, 
which exhibited promising inhibitory effects on mPGES-1 and demon
strated good pharmacokinetic profiles, were evaluated for their anti
proliferative activity on human HCT-116 cells, a widely used preclinical 
in vitro model for human CRC in numerous biomedical studies [37]. As 
depicted in Fig. 9, the cell survival index indicates moderate antitumor 
effects for test compounds, with IC50 values in the low micromolar range 
(Table 3). Notably, compound 7e displayed the most significant anti
proliferative effects, with an IC50 value of 6.4 ± 0.7 μM, thereby sup
porting the potential utility of mPGES-1 inhibition in controlling specific 
tumor phenotypes. However, under identical experimental conditions, 
treatment of healthy control cultures (HaCaT cell line) with both com
pounds resulted in moderate cytotoxicity, associated with IC50 values of 
approximately 17 and 28 μM for compounds 7d and 7e, respectively. 
Moreover, the analysis of biological effects in cultured cells reveals that, 
at lower concentrations, cellular responses directly correlated with the 
in vitro concentration of the tested compounds. As the concentration 
increases, concentration-effect curves tend to a plateau becoming almost 
independent of the concentration. Therefore, further efforts will be 
devoted to understand better and optimize the biological behavior of 
these compounds for preclinical development, aiming to enhance their 
safety profile and selectivity towards tumor cells.

3. Conclusions

This study highlights the potential of new furazanopyrazine-based 
compounds as promising anticancer agents through an interdisci
plinary approach. Starting from the promising data obtained on hit 
compounds previously identified by us, we successfully identified and 
synthesized novel derivatives by replacing the functional ester group 
with a more stable ether moiety, thereby enhancing pharmacokinetic 

Fig. 8. Dual inhibition of mPGES-1 and sEH by 3b. Data of individual measurements (n = 3) and the resulting mean are expressed as percentage relative to the 
vehicle-treated control. Statistical analysis was performed on raw data by RM one-way ANOVA and Dunnett’s multiple comparisons test with single pooled variance. 
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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properties while preserving anti-inflammatory activity. The building 
and screening of a focused virtual library led to the selection and syn
thesis of promising candidates, which demonstrated significant inhibi
tory activity against mPGES-1.

In order to further investigate the synthesized molecules, their ability 
to also interfere with soluble epoxide hydrolase (sEH) activity was 
studied in silico and with specific biological assays. The obtained results 
revealed the potential of compound 3b to inhibit, together with mPGES- 

1, the soluble epoxide hydrolase (sEH) enzyme and to disclose 
furazanopyrazine-based compounds acting as dual-target inhibitors 
within the AA cascade, suggesting a cooperative inhibition mechanism. 
Unfortunately, compound 3b did not reveal a promising pharmacoki
netic profile among the set of screened compounds and, accordingly, we 
aim to exploit this structural information in the future to develop new 
derivatives that retain this promising multi-target inhibitory activity 
and feature an improved pharmacokinetic profile.

Table 2 
Microsomal stability of test compounds in the presence of NADPH and UDPGA.

Structure Compound % parent compound depletion (h)100 - [concentration 
at time points min/concentration at 0 min] × 100

In vitro half- 
life (min)

Microsomal 
Intrinsic 
Clearance 
(CLint, micr)(μL 
min− 1 mg− 1)

Calculated in 
vivo intrinsic 
(hepatic) 
Clearance 
(CLint) (mL 
min− 1 Kg− 1)

0.5 1.0 1.5 2.0 0.693/k, 
where k is the 
slope of linear 
regression of 
the percentage 
parent 
compound 
remaining 
against time

ln 2/t1/2 ×

[volume of 
incubation 
medium (μl)/ 
microsomal 
protein in 
incubation 
(mg)]

CLint, micr ×

(mg 
microsome 
g− 1 liver) ×
[liver mass 
(g)/body 
mass (kg)]

3b 99.9 ± 0.1 – – – 4.5 307.01 252.49

7e 5.0 ± 0.6 13.9 ± 1.3 20.4 ± 0.3 20.6 ± 0.2 325.9 4.25 3.50

7d 11.2 ± 1.7 20.9 ± 0.2 36.4 ± 0.2 38.6 ± 2.2 158.8 8.73 7.18

7a 6.2 ± 0.8 23.2 ± 0.3 30.1 ± 0.7 38.4 ± 0.1 164.6 8.42 6.92

BEO1 26.1 ± 0.1 58.4 ± 0.2 63.9 ± 0.2 67.9 ± 0.2 69.6 19.93 16.39

7b 4.2 ± 0.2 14.8 ± 1.6 26.7 ± 0.5 26.1 ± 0.2 238.2 5.82 4.78

7c 36.7 ± 2.2 69.3 ± 0.9 78.8 ± 2.1 84.7 ± 0.7 42.9 32.32 26.58
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Given the involvement of mPGES-1 in human CRC, compounds that 
emerged as most active against mPGES-1 and, simultaneously, showed a 
promising pharmacokinetic profile, confirmed by studies conducted on 
human liver microsomes (7d and 7e), were tested on the HCT-116 cell 
line, revealing moderate antiproliferative effects that highlight their 
potential as novel putative therapeutic agents.

Overall, the combination of computational design, chemical syn
thesis, and biological evaluation led to the successful identification of 
furazanopyrazine derivatives as a novel class of anti-inflammatory and 
anticancer drugs. The encouraging results of this study pave the way for 
further development and optimization of these compounds, potentially 
leading to novel therapeutic alternatives for treating chronic inflam
matory diseases and associated illnesses, including cancer.

4. Experimental section

4.1. Computational detail

4.1.1. Building of a combinatorial library and virtual screening
Interactive Enumeration tool of CombiGlide software was employed 

to build two virtual libraries of 5848 furazanopyrazine-based com
pounds: according to the synthetic scheme, 5848 commercially avail
able alkyl halides, containing at least an aromatic ring, (downloaded 
from Sigma-Aldrich and prepared by Reagent Preparation) were used to 
generate the library [38]. Subsequently, pharmacokinetic properties 
were calculated by QikProp software (Schrödinger Suite) for all gener
ated compounds [39]. The application of pharmacokinetic filters based 
on Lipinski’s rule of five allowed compounds with an unfavorable ADME 
profile to be discarded. Then, the remaining 5237 molecules of each 
library were subjected to molecular docking-virtual screening 
campaigns.

Compounds 3a, 7a, 8a, 12, and 13 were drawn by 2D Sketcher of 
Maestro (Schrödinger Suite) and prepared using LigPrep software 
(Schrödinger Suite) [40] at a pH = 7.4 ± 1.0, and the structures ob
tained were minimized using OPLS 2005 force field.

4.1.2. Virtual Screening Workflow on mPGES-1
The X-ray crystal of mPGES-1 co-crystallized with the inhibitor LVJ 

(PDB ID: 4BPM [18]) was downloaded by RCS PDB and prepared using 
Protein Preparation Wizard (Schrödinger Suite) [41,42]: cap termini 
were incorporated, hydrogen atoms were introduced, and bond orders 
were assigned after the removal of all water molecules, solvent, and 
co-complexed compound. The centroid of the active site was defined by 
accounting for the grid box in molecular docking experiments using the 
co-crystallized ligand as a guide. The final coordinates of the grid center 
were 22.63 (x), 48.39 (y), 78.66 (z) and the inner and outer box di
mensions were of 10 × 10 × 10 and 26.66 × 26.66 × 26.66, respectively.

The Virtual Screening was performed using the Virtual Screening 
Workflow tool as implemented in Schrödinger Suite, considering three 
levels of precision: 

• High-Throughput Virtual Screening (HTVS) scoring and sampling 
phase: saved first 80 % of compounds ranked by docking score;

• Standard Precision (SP) scoring and sampling phase: saved first 80 % 
ranked compounds;

• Extra Precision (XP) scoring and sampling generated 10 poses for 
each ligand. Compounds ranked in the top 90 % based on the docking 
score were selected and constituted the final output.

Compounds were visually examined and selected based on their 
adherence to the critical interactions for the subsequent chemical syn
thesis phase.

4.1.3. Molecular docking experiments on soluble epoxide hydrolase (sEH)
The X-ray crystal structure of sEH in complex with the inhibitor BSU 

(1,3-diphenylurea) (PDB ID: 5AI5 [26]) was retrieved by Protein Data 
Bank and prepared using Protein Preparation Wizard (Schrödinger 
Suite) [41,42]: all water molecules, solvent and co-complexed com
pound were removed, cap termini were incorporated, hydrogen atoms 
were added, and bond orders were assigned. The grid box for molecular 
docking experiments was determined using the co-crystallized ligand to 
define the centroid of the active site. The final coordinates of the grid 
center were − 16.43 (x), − 11.02 (y), 15.93 (z) and the inner and outer 
box dimensions were of 10 × 10 × 10 and 23.94 × 23.94 × 23.94, 
respectively. Molecular docking experiments were performed using 
Glide software and the Extra Precision (XP) mode [43–47]. Specifically, 
during the initial docking phase, 10000 poses were kept and evaluated 
to select 800 conformations, which were subjected to the minimization 
step with an energy threshold of 0.15 kcal/mol. Finally, a maximum of 
20 poses were retained for subsequent analysis to examine the binding 
mode.

Fig. 9. Cell survival index, evaluated by the MTT assay and live/dead cell ratio, for (A) HCT-116 and (B) HaCaT cell lines following 48 h of incubation with the 
indicated concentrations (0–50 μM) of 7d and 7e as indicated in the legend. Data are expressed as a percentage of untreated control cells and are reported as the 
mean of four independent experiments ± SEM (n = 24). The cell survival index was calculated as described in the experimental section and plotted in line graphs 
against the different concentrations of the tested molecules. ***p < 0.001 vs. control cells.

Table 3 
IC50 values (μM) relative to 7d and 7e in the indicated cancer cell line (HCT-116) 
and healthy cells (HaCaT) following 48 h of incubation. IC50 values are calcu
lated from concentration-effect curves and reported as mean values ± SEM (n =
24).

IC50 ± SEM (μM)

Compound HTC-116 HaCat

7d 8.3 ± 1.1 17 ± 2.0
7e 6.4 ± 0.7 28 ± 1.5
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4.2. General synthetic procedures

Materials. Inorganics, organic reagents, and solvents were commer
cial pure compounds and used without further purification. TLC ana
lyses were performed using silica gel plates (silica gel 60 F-254) 
visualized by UV light, fluorescent light, and iodine.

Column chromatographies were carried out on silica gel (70–230 
mesh). 1H and 13C NMR spectra were recorded on Varian Inova 500 MHz 
and BrukerAvance 400 MHz spectrometers: chemical shifts in ppm (δ) 
and J coupling constants in Hz. All 13C NMR spectrum are proton/ 
fluorine decoupled. The following abbreviations are used to indicate the 
multiplicity: s, singlet; d, doublet; m, multiplet; b, broad signal. 
Elemental analysis was performed in duplicate using a Flash Smart V 
CHNS instrument (Thermo Fischer). Melting points were determined on 
a Fischer Scientific melting point apparatus. Abbreviations, NBS: N- 
bromosuccinimide; DMF: N,N-dimetilformammide; DMSO: dime
thylsulfoxide; PLC: Preparative Layer Plates.

4.2.1. Synthesis of 9-oxo-9H-2-oxa-1,3,4,10-tetraazacyclopenta[b] 
fluoren-6-yl cyclohexanecarboxylate (3a)

In 100 mL round bottom flask charged with a magnetic stirrer, 
cyclohexanecarbonyl chloride (1.47 g, 10.0 mmol) was added to com
pound 2 (3.60 g, 15.0 mmol) and K2CO3 (2.07 g, 15.0 mmol) in 20 mL of 
DMF. The resulting mixture was stirred for 24 h at room temperature. 
The reaction was quenched with 50 mL H2O and the aqueous phase was 
extracted with diethyl ether (3 × 40 mL). The organic phase was washed 
with 2 N NaOH (2 × 20 mL), dried over Na2SO4 and concentrated under 
reduced pressure. The residue was purified by flash column chroma
tography on silica gel (hexane:ethyl acetate, 7:3) to give the compound 
3a as Yellow solid. Yield 20.0 %. M.p. = 116 ◦C. 1H NMR (500 MHz, 
DMSO‑d6): δ 8.33 (d, J = 8.1 Hz, 1H), 8.28 (bs, 1H), 7.87 (d, J = 8.1 Hz, 
1H), 2.88 (m, 1H), 2.20 (m, 2H), 1.92 (m, 2H), 1.80 (m, 1H), 1.71 (m, 
2H), 1.37–1.61 (m, 3H). 13C NMR (125 MHz, DMSO‑d6): δ 184.3, 173.7, 
161.4, 158.0, 153.8, 153.6, 153.5, 141.6, 138.0, 129.9, 127.2, 118.2, 
42.6, 28.7, 25.7, 25.1. Anal. Calcd. for C18H14N4O4: C, 61.71 %; H, 4.030 
%; N, 15.99 %; found: C, 61.56 %; H, 4.160 %; N, 15.81 %. HRMS (ESI) 
calcd. [M+H]+ 351.1015, found 351.1021.

Under the same conditions the following compounds were prepared.

4.2.2. Benzyl 2-((9-Oxo-9H-2-oxa-1,3,4,10-tetraazacyclopenta[b] 
fluoren-6-yl)oxy)acetate (3b)

Prepared in 20.0 % yield using benzyl bromoacetate. Yellow solid. 
M.p. = 186 ◦C. 1H NMR (500 MHz, CDCl3): δ 8.05 (d, J = 8.6 Hz, 1H), 
7.58 (d, J = 2.3 Hz, 1H), 7.41–7.34 (m, 6H), 5.29 (s, 2H), 4.94 (s, 2H). 
13C NMR (125 MHz, CDCl3): δ 182.4, 166.9, 165.7, 161.4, 159.5, 152.8, 
142.4, 142.3, 135.0, 134.6, 128.9, 128.8, 128.7, 127.8, 124.4, 107.4, 
67.7, 65.6. Anal. Calcd. for C20H12N4O5: C, 61.86 %; H, 3.110 %; N, 
14.43 %; found: C, 61.75 %; H, 3.010 %; N, 14.53 %. HRMS (ESI) calcd. 
[M+H]+ 389.0808, found 389.0878.

4.2.3. 6-(3-(Benzyloxy)propoxy)-2-oxa-1,3,4,10-tetraazacyclopenta[b] 
fluoren-9-one (3c)

Prepared in 25.0 % yield using benzyl-3-bromopropyl ether. Brown 
Mustard solid. M.p. = 199–200 ◦C. 1H NMR (500 MHz, CDCl3): 8.04 (d, 
J = 8.6 Hz, 1H), 7.67 (d, J = 2.3 Hz, 1H), 7.44 (dd, J = 8.4 and 2.3 Hz, 
1H), 7.28–7.35 (m, 5H), 4.55 (bs, 2H), 4.38 (t, J = 6.3 Hz, 2H), 3.69 (dd, 
J = 10.8 and 5.8 Hz, 2H), 2.19 (m, 2H); 13C NMR (125 MHz, CDCl3): δ 
186.5, 162.6, 153.9, 149.9, 148.9, 143.2, 140.1, 137.9, 129.5, 128.4, 
127.6, 127.6, 127.3, 114.9, 109.4, 73.1, 66.3, 66.0, 29.6. Anal. Calcd. 
for C21H16N4O4: C, 64.94 %; H, 4.150 %; N, 14.43 %. Found: C, 65.13 %; 
H, 4.050 %; N, 14.54 %. HRMS (ESI) calcd. [M+H]+ 389.1172, found 
389.1240.

4.2.4. Synthesis of 2,3-dihydro-5-(phenylmethoxy)-1H-inden-1-one (5a)
To 5-hydroxy-1-indanone (0.222 g, 1.50 mmol) and K2CO3 (0.207 g, 

1.50 mmol) dissolved in 2.0 mL of DMF, benzyl bromide (0.171 g, 1.00 

mmol) was added. The reaction mixture was stirred for 24 h at room 
temperature, then was quenched with 50 mL H2O and the aqueous 
phases were extracted with diethyl ether (3 x 40 mL). The organic phase 
was washed with 2 N NaOH (2 x 20 mL) to remove the excess of phenol, 
dried over Na2SO4 and concentrated under reduced pressure. The res
idue was purified by flash column chromatography on silica gel (hexane: 
ethyl acetate, 9:1) to give the compound 5a as Yellowish solid. Yield 
60.0 %. M.p. = 107 ◦C. 1H NMR (500 MHz, DMSO‑d6): δ 7.56 (d, J = 8.5 
Hz, 1H), 7.47 (m, 2H), 7.41 (t, J = 7.3 Hz, 2H), 7.35 (m, 1H), 7.19 (bs, 
1H), 7.03 (dd, J = 8.5 and 2.0 Hz, 1H), 5.23 (s, 2H), 3.05 (m, 2H), 2.59 
(m, 2H). 13C NMR (125 MHz, DMSO‑d6): δ 204.7, 164.3, 158.7, 136.9, 
130.5, 129.0, 128.5, 128.3, 125.1, 116.3, 111.6, 70.2, 36.5, 25.9. Anal. 
Calcd. for C16H14O2: C, 80.65 %; H, 5.920 %; found: C, 80.51 %; H, 
6.050 %.

Under the same conditions the following compounds were prepared.

4.2.5. 5-[(4-Bromophenyl)methoxy]-2,3-dihydro-1H-inden-1-one (5b)
Prepared in 90.0 % yield using 4-bromobenzyl bromide. Yellow 

Solid. M.p. = 128–129 ◦C. 1H NMR (500 MHz, CDCl3): δ 7.71 (d, J = 8.2 
Hz, 1H), 7.54 (d, J = 8.1 Hz, 2H), 7.32 (d, J = 8.1 Hz, 2H), 6.94–7.00 (m, 
2H), 5.11 (s, 2H), 3.10 (m, 2H), 2.69 (m, 2H). 13C NMR (125 MHz, 
CDCl3): δ 205.2, 164.0, 158.1, 135.1, 131,9, 130.8, 129.0, 125.5, 122.2, 
115.8, 110.8, 69.5, 36.4, 25.9. Anal. Calcd. for C16H13BrO2: C, 60.59 %; 
H, 4.130 %; found: C, 60.79 %; H, 4.020 %.

4.2.6. 5-[2-(4-Fluorophenyl)ethoxy]-2,3-dihydro-1H-inden-1-one (5c)
Prepared in 42.0 % yield using 4-fluorophenethyl bromide. Yellow- 

green solid. M.p. = 177 ◦C. 1H NMR (500 MHz, CDCl3): δ 7.67 (d, J 
= 9.2 Hz, 1H), 7.24 (m, 2H), 7.00 (m, 2H), 6.86–6.91 (m, 2H), 4.22 (t, J 
= 6.8 Hz, 2H), 3.03–3.13 (m, 4H), 2.66 (m, 2H); 13C NMR (125 MHz, 
CDCl3): δ 205.1, 171.0, 164.2, 162.8, 160.4, 157.9, 130.2, 125.3, 115.4, 
115.1, 110.2, 68.8, 36.2, 34.0, 25.7. Anal. Calcd. for C17H15FO2: C, 
75.54 %; H, 5.590 %; found: C, 75.64 %; H, 5.450 %.

4.2.7. 5-[3-(Trifluoromethyl)phenethoxy]-2,3-dihydro-1H-inden-1-one 
(5d)

Prepared in 36.0 % yield using 3-(trifluoromethyl)phenethyl bro
mide. Yellow solid. M.p. = 171 ◦C. 1H NMR (400 MHz, CDCl3): δ 7.67 (d, 
J = 9.1 Hz, 1H), 7.55 (bs, 1H), 7.41–7.53 (m, 3H), 6.86–6.91 (m, 2H), 
4.26 (t, J = 6.6 Hz, 2H), 3.18 (t, J = 6.6 Hz, 2H), 3.06 (m, 2H), 2.65 (m, 
2H); 13C NMR (100 MHz, CDCl3): δ 205.1, 164.1, 158.0, 138.7, 132.2, 
130.4, 128.8, 125.6, 125.2, 123.5, 123.4, 123.4, 115.4, 110.2, 68.3, 
36.2, 35.2, 25.7. Anal. Calcd. for C18H15F3O2: C, 67.50 %; H, 4.720 %; 
found: C, 67.51 %; H, 4.770 %.

4.2.8. 5-(3-Phenylpropoxy)-2,3-dihydro-1H-inden-1-one (5e)
Prepared in 70.0 % yield using 1-bromo-3-phenylpropane. Light 

yellow solid. M.p. = 74 ◦C. 1H NMR (400 MHz, CDCl3): δ 7.70 (d, J =
8.4 Hz, 1H), 7.29–7.35 (m, 2H), 7.21–7.26 (m, 3H), 6.92 (dd, J = 8.5, 
2.1 Hz, 1H), 6.89 (bs, 1H), 4.05 (t, J = 6.3 Hz, 2H), 3.10 (m, 2H), 2.85 
(m, 2H), 2.69 (m, 2H), 2.17 (m, 2H); 13C NMR (100 MHz, CDCl3): δ 
205.1, 164.5, 158.0, 141.0, 130.2, 128.3, 128.3, 125.9, 125.2, 115.5, 
110.1, 67.1, 36.3, 31.9, 30.4, 25.7. Anal. Calcd. for C18H18O2: C, 81.17 
%; H, 6.810 %; found: C, 81.02 %; H, 6.950 %.

4.2.9. Synthesis of 2,2-dihydroxy-1,3-dioxo-indan-4-yl derivates (6a-e)

4.2.9.1. Classical procedure. N-bromosuccinimide (0.671 g, 3.60 mmol) 
was added to protected phenol (5a-e) (1.80 mmol) in 9.0 mL of dime
thylsulfoxide. The reaction mixture was stirred at 60 ◦C for 3 h and then 
at 80 ◦C for 4 h. Finally, the reaction was cooled to room temperature 
and poured into 200 mL of water. The product was extracted with three 
portions of 100 mL of CH2Cl2, and then the combined organic extracts 
were dried (sodium sulfate), filtered and evaporated. The residue was 
used without any further purification for the next step of reaction.
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4.2.9.2. Microwave procedure. In a 10 mL Pyrex microwave vial, Sele
nium dioxide (0.344 g, 3.10 mmol) was added to a solution-protected 
phenol (5a-e) (1.00 mmol) in dioxane:H2O 10 % (v/v). The reaction 
vial was sealed with a snap-on cap and was shook until a dark solution 
was obtained. The mixture was subjected to microwave heating for 5 
min (hold time) at 180 ◦C (internal probe, power 300 W). The overall 
crude was filtered on Whatman paper and was washed with Acetone. 
The residue was used without any further purification for the next step 
of the reaction.

4.2.10. Synthesis of 6- and 7-phenylmethoxy-2-oxa-1,3,4,10- 
tetraazacyclopenta[b]fluoren-9-one (7a and 8a)

4.2.10.1. Classical procedure. A mixture of 6a (0.142 g, 0.500 mmol) 
and furazan-3,4-diamine (0.050 g, 0.500 mmol) in 1.5 mL of ethanol and 
1.5 mL of glacial acetic acid was stirred at room temperature for 18 h 
and then heated at reflux for 6 h. The solid was filtered and washed with 
water, and the residue was purified by silica gel chromatography (hex
ane:ethyl acetaye, 7:3) to give the regioisomers 7a and 8a in ratio 
1:0.88, respectively.

4.2.11. 6-Phenylmethoxy-2-oxa-1,3,4,10-tetraazacyclopenta[b]fluoren-9- 
one (7a)

Yield 26.6 %. Yellow solid. M.p. = 186 ◦C. 1H NMR (500 MHz, 
DMSO‑d6): δ 8.06 (d, J = 8.1 Hz, 1H), 7.85 (bs, 1H), 7.56 (m, 1H), 7.53 
(d, J = 8.0 Hz, 2H), 7.44 (m, 2H), 7.38 (m, 1H), 5.49 (s, 2H); 13C NMR 
(125 MHz, DMSO‑d6): δ 183.8, 166.4, 163.5, 162.1, 154.0, 153.6, 142.9, 
136.2, 134.7, 129.1, 128.8, 128.4, 127.6, 124.7, 108.2, 71.0. Anal. 
Calcd. for C18H10N4O3: C, 65.45 %; H, 3.050 %; N, 16.96 %; found: C, 
65.55 %; H, 3.070 %; N, 16.89 %. HRMS (ESI) calcd. [M+H]+ 331.0753, 
found 331.0820.

4.2.12. 7-Phenylmethoxy-2-oxa-1,3,4,10-tetraazacyclopenta[b]fluoren-9- 
one (8a)

Yield 23.4 %. Yellow solid. M.p. = 183 ◦C. 1H NMR (500 MHz, 
DMSO‑d6): δ 8.25 (d, J = 7.5 Hz, 1H), 7.66 (m, 2H), 7.53 (d, J = 7.4 Hz, 
2H), 7.44 (m, 2H), 7.38 (m, 1H), 5.44 (s, 2H); 13C NMR (125 MHz, 
DMSO‑d6): δ 185.3, 164.8, 164.5, 163.2, 162.1, 153.6, 143.0, 136.3, 
133.2, 129.1, 128.7, 128.4, 126.9, 126.5, 109.0, 70.9. Anal. Calcd. for 
C18H10N4O3: C, 65.45 %; H, 3.050 %; N, 16.96 %; found: C, 65.43 %; H, 
3.090 %; N, 16.95 %. HRMS (ESI) calcd. [M+H]+ 331.0753, found 
331.0821.

Under the same conditions the following compounds were prepared.

4.2.13. 6-[(4-Bromophenyl)methoxy]-2-oxa-1,3,4,10-tetraazacyclopenta 
[b]fluoren-9-one (7b)

Yield 35.0 %. Yellow solid. M.p. = 198 ◦C. 1H NMR (500 MHz, 
DMSO‑d6): δ 8.07 (d, J = 8.5 Hz, 1H), 7.84 (d, J = 2.1 Hz, 1H), 7.64 (d, J 
= 8.6 Hz, 2H), 7.53–7.46 (m, 3H), 5.48 (s, 2H); 13C NMR (125 MHz, 
CDCl3): δ 187.3, 166.4, 161.4, 158.1, 154.7, 147.3, 143.8, 140.1, 136.7, 
134.6, 129.3, 127.9, 125.9, 112.3, 108.4, 70.4. Anal. Calcd. for 
C18H9BrN4O3: C, 52.83 %; H, 2.22 %; N, 13.69 %; found: C, 52.82 %; H, 
2.410 %; N, 13.55 %. HRMS (ESI) calcd. [M+H]+ 408.9858, found 
408.9865.

4.2.14. 7-[(4-Bromophenyl)methoxy]-2-oxa-1,3,4,10-tetraazacyclopenta 
[b]fluoren-9-one (8b)

Yield 24.0 %. Yellow ocher solid. M.p. = 205–206 ◦C. 1H NMR (500 
MHz, DMSO‑d6): δ 8.24 (d, J = 8.8 Hz, 1H), 7.71–7.59 (m, 3H), 
7.53–7.45 (m, 3H), 5.42 (s, 2H); 13C NMR (125 MHz, DMSO‑d6): δ 
188.2, 166.8, 162.7, 159.6, 154.0, 147.8, 146.1, 140.2, 135.7, 132.0, 
130.5, 127.7, 124.6, 121.9, 108.2, 70.3. Anal. Calcd. for C18H9BrN4O3: 
C, 52.83 %; H, 2.220 %; N, 13.69 %; found: C, 52.75 %; H, 2.110 %; N, 
13.78 %. HRMS (ESI) calcd. [M+H]+ 408.9858, found 408.9865.

4.2.15. 6-[2-(4-Fluorophenyl)ethoxy]-2-oxa-1,3,4,10-tetraazacyclopenta 
[b]fluoren-9-one (7c)

Yield 35.1 %. Light yellow-green solid. M.p. = 201–204 ◦C. 1H NMR 
(500 MHz, CDCl3): δ 8.05 (d, J = 8.6 Hz, 1H), 7.67 (bs, 1H), 7.34 (d, J =
8.6 Hz, 1H), 7.32–7.28 (m, 2H), 7.07 (t, J = 8.3 Hz, 2H), 4.45 (t, J = 6.6 
Hz, 2H), 3.21 (t, J = 6.6 Hz, 2H). 13C NMR (125 MHz, DMSO‑d6): δ 
186.4, 166.6, 162.5, 160.4, 153.7, 148.0, 142.9, 134.5, 131.3, 129.0, 
127.7, 124.3, 115.6, 115.5, 108.0, 70.1, 34.1. Anal. Calcd. for 
C19H11FN4O3: C, 62.99 %; H, 3.060 %; N, 15.46 %, found: C, 63.16 %; H, 
3.010 %; N, 15.39 %. HRMS (ESI) calcd. [M+H]+ 363.0815, found 
363.0883.

4.2.16. 7-[2-(4-Fluorophenyl)ethoxy]-2-oxa-1,3,4,10-tetraazacyclopenta 
[b]fluoren-9-one (8c)

Yield 25.0 %. Light yellow-green solid. M.p. = 200–203 ◦C. 1H NMR 
(500 MHz, CDCl3): δ 8.22 (d, J = 8.1 Hz, 1H), 7.50–7.45 (m, 3H), 7.30 
(m, 1H), 7.06 (m, 2H), 4.39 (t, J = 6.5 Hz, 2H), 3.19 (t, J = 6.5 Hz, 2H); 
13C NMR (125 MHz, CDCl3): δ 184.6, 167.5, 160.0, 152.9, 149.4, 144.9, 
141.0, 136.9, 132.8, 130.4, 130.0, 127.8, 122.6, 115.6, 108.1, 70.2, 
34.6. Anal. Calcd. for C19H11FN4O3: C, 62.99 %; H, 3.060 %; N, 15.46 %; 
found: C, 62.91 %; H, 3.020 %; N, 15.49 %. HRMS (ESI) calcd. [M+H]+

363.0815, found 363.0883.

4.2.17. 6-[3-(Trifluoromethyl)phenethoxy]-2-oxa-1,3,4,10- 
tetraazacyclopenta[b]fluoren-9-one (7d)

Yield 25.0 %. Yellow-green solid. M.p. = 235–236 ◦C. 1H NMR (500 
MHz, DMSO‑d6): δ 8.03 (d, J = 8.5 Hz, 1H), 7.80 (d, J = 1.4 Hz, 1H), 
7.76 (m, 1H), 7.71 (d, J = 7.1 Hz, 1H), 7.64–7.54 (m, 2H), 7.46 (m, 1H), 
4.62 (t, J = 6.6 Hz, 2H), 3.26 (t, J = 6.6 Hz, 2H); 13C NMR (125 MHz, 
DMSO‑d6): δ 183.6, 166.5, 162.1, 154.0, 153.7, 142.9, 142.9, 139.8, 
134.7, 134.7, 133.8, 129.8, 128.8, 127.7, 126.1, 124.3, 123.7, 108.0, 
69.7, 34.6. Anal. Calcd. for C20H11N4O3F3: C, 58.26 %; H, 2.690 %; N, 
13.59 %; found: C, 58.43 %; H, 2.790 %; N, 13.49 %. HRMS (ESI) calcd. 
[M+H]+ 413.0783, found 413.0850.

4.2.18. 7-[3-(Trifluoromethyl)phenethoxy]-2-oxa-1,3,4,10- 
tetraazacyclopenta[b]fluoren-9-one (8d)

Yield 18.0 %. Yellow-green solid. M.p. = 231–233 ◦C. 1H NMR (500 
MHz, DMSO‑d6): δ 8.22 (bs, 1H), 7.83–7.75 (m, 2H), 7.70 (d, J = 6.6 Hz, 
1H), 7.65–7.55 (m, 3H), 4.57 (t, J = 6.5 Hz, 2H), 3.25 (t, J = 6.5 Hz, 2H); 
13C NMR (125 MHz, DMSO‑d6): δ 186.5, 166.5, 162.1, 153.7, 143.0, 
141.6, 139.9, 136.9, 133.7, 133.2, 129.8, 126.8, 126.5, 126.1, 124.3, 
123.7, 123.2, 108.8, 69.5, 34.6. Anal. Calcd. for C20H11F3N4O3: C, 58.26 
%; H, 2.690 %; N, 13.59 %; found: C, 58.22 %; H, 2.700 %; N, 13.45 %. 
HRMS (ESI) calcd. [M+H]+ 413.0783, found 413.0849.

4.2.19. 6-[3-Phenylpropoxy]-2-oxa-1,3,4,10-tetraazacyclopenta[b] 
fluoren-9-one (7e)

Yield 36.0 %. Brown Mustard solid. M.p. = 196 ◦C. 1H NMR (500 
MHz, DMSO‑d6): δ 8.05 (bs, 1H), 7.75 (bs, 1H), 7.49 (bs, 1H), 7.17–7.35 
(m, 5H), 4.33 (bs, 2H), 2.82 (t, J = 7.4 Hz, 2H), 2.13 (m, 2H); 13C NMR 
(125 MHz, DMSO‑d6): δ 183.8, 167.1, 154.4, 149.8, 148.9, 143.1, 142.0, 
137.6, 134.7, 128.7, 128.8, 127.8, 126.4, 124.3, 107.9, 69.2, 31.7, 30.4. 
Anal. Calcd. for C20H14N4O3: C, 67.03 %; H, 3.940 %; N, 15.63 %; found: 
C, 67.21 %; H, 3.990 %; N, 15.49 %. HRMS (ESI) calcd. [M+H]+

359.1066, found 359.1133.

4.2.20. 7-[3-phenylpropoxy]-2-oxa-1,3,4,10-tetraazacyclopenta[b] 
fluoren-9-one (8e)

Yield 21.0 %. Brown Mustard solid. M.p. = 191 ◦C. 1H NMR (500 
MHz, CDCl3): δ 8.22 (d, J = 8.4 Hz, 1H), 7.51–7.45 (m, 2H), 7.35 (s, 1H), 
7.33 (d, J = 7.4 Hz, 2H), 7.24 (d, J = 7.4 Hz, 2H), 4.19 (t, J = 6.5 Hz, 
2H), 2.88 (t, J = 7.5 Hz, 2H), 2.24 (m, 2H); 13C NMR (125 MHz, CDCl3): 
δ 187.3, 165.8, 158.3, 150.9, 148.6, 144.9, 140.6, 137.5, 134.8, 128.6, 
128.2, 126.6, 125.0, 122.3, 108.2, 64.5, 33.5, 29.7. Anal. Calcd. for 
C20H14N4O3: C, 67.03 %; H, 3.940 %; N, 15.63 %. Found: C, 67.01 %; H, 
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3.950 %; N, 15.71 %. HRMS (ESI) calcd. [M+H]+ 359.1066, found 
359.1134.

4.2.20.1. Microwave procedure. In a 10 mL Pyrex microwave vial, 
furazan-3,4-diamine (50 mg, 0.5 mmol) was added to a solution of 6a 
(0.142 g, 0.500 mmol) in EtOH:AcOH (1:1) (v/v). The reaction vial was 
sealed with a snap-on cap and was shook until a dark solution was ob
tained. The mixture was subjected to microwave heating for 5 min (hold 
time) at 180 ◦C (internal probe, power 300 W). The overall crude was 
filtered on Whatman paper and was purified by PLC (CH2Cl2). (Yields 
are reported in Table 1 of the manuscript).

4.2.21. Synthesis of N-(2,3-dihydro-1-oxo-1H-inden-5-yl)benzamide (10)
5-Amino-2,3-dihydro-1H-inden-1-one (9) (0.147 g, 1.00 mmol) was 

dissolved in 3.0 ml of 10 % aqueous sodium hydroxide solution in a 25 
mL flask. Solutions of tetra-n-butylammonium chloride (0.028 g, 0.10 
mmol) in 1.0 mL of CH2Cl2 and benzoyl chloride (0.281 g, 0.232 mL, 
2.00 mmol) in 1.0 mL of CH2Cl2 were prepared. After cooling all solu
tions at 0 ◦C, they were mixed at once. The reaction mixture was kept 
under vigorous magnetic stirring at reflux for 24 h. After the removal of 
the solvent under reduced pressure, the residue was diluted with brine 
and extracted with CH2Cl2. After drying on Na2SO4, the solvent was 
evaporated and the residue was purified by silica gel chromatography 
(hexane:ethyl acetate, 7:3) to give the compound 10 as light brown 
solid. Yield 70.0 %. M.p. = 74–75 ◦C. 1H NMR (500 MHz, CDCl3): δ 8.19 
(d, J = 8.2 Hz, 1H), 8.06 (bs, 1H, NH), 7.93 (d, J = 8.2 Hz, 1H), 7.83 (d, 
J = 1.6 Hz, 1H), 7.49–7.63 (m, 5H), 3.17 (m, 2H), 2.76 (m, 2H); 13C 
NMR (125 MHz, CDCl3): δ 206.5, 168.1, 151.0, 140.7, 137.7, 137.6, 
132.1, 128.9, 127.3, 127.1, 119.9, 114.5, 36.7, 25.5. Calculated for 
C16H13NO2: C, 76.48 %; H, 5.210 %; N, 5.570 %; found: C, 76.51 %; H, 
5.330 %; N, 5.460 %.

4.2.22. Synthesis of N-(2,2-dihydroxy-1,3-dioxo-indan-5-yl)benzamide 
(11)

4.2.22.1. Classical procedure. N-bromosuccinimide (0.356 g, 2.00 
mmol) was added to a solution of 10 (0.251 g, 1.00 mmol) in 5.0 mL of 
DMSO. The reaction mixture was stirred at 60 ◦C for 3 h and then at 
80 ◦C for 4 h with a vacuum line attached to the top of the reaction flask 
condenser. The reaction mixture was cooled to room temperature and 
then poured into 200 mL of water. The product was extracted with three 
portions of 100 mL of CH2Cl2, and then the combined organic extracts 
were dried (sodium sulfate), filtered and evaporated. The residue was 
used without any further purification for the next step of the reaction.

4.2.22.2. Microwave procedure. In a 10 mL Pyrex microwave vial, Se
lenium dioxide (0.344 mg, 3.10 mmol) was added to a solution of 10 
(0.251 g,1.00 mmol) in dioxane:H2O 10 % (v/v). The reaction vial was 
sealed with a snap-on cap and was shook until a dark solution was ob
tained. The mixture was subjected to microwave heating for 5 min (hold 
time) at 180 ◦C (internal probe, power 300 W). The overall crude was 
filtered on Whatman paper and was washed with acetone. The residue 
was used without any further purification for the next step of the 
reaction.

4.2.23. Synthesis of N-(9-oxo-9H-2-oxa-1,3,4,10-tetraazacyclopenta[b] 
fluoren-6-yl)benzamide (12) and N-(9-oxo-9H-2-oxa-1,3,4,10- 
tetraazacyclopenta[b]fluoren-7-yl)benzamide (13)

4.2.23.1. Classical procedure. A mixture of 11 (0.149 g, 0.500 mmol) 
and furazan-3,4-diamine (0.050 g, 0.50 mmol) in 1.5 mL of ethanol and 
1.5 mL of glacial acetic acid was stirred at room temperature for 18 h 
and then heated at reflux for 6 h. The precipitated solid was filtered and 
washed with water and the residue was purified by silica gel chroma
tography (hexane:ethyl acetate, 7:3) to give the regioisomers 12 and 13 

in ratio 1:0.88, respectively.

4.2.24. N-(9-oxo-9H-2-oxa-1,3,4,10-tetraazacyclopenta[b]fluoren-6-yl) 
benzamide (12)

Yield 13.3 %. Yellow ocher solid. M.p. = 293–296 ◦C. 1H NMR (500 
MHz, DMSO‑d6): δ 11.11 (s, 1H, NH), 8.79 (bs, 1H), 8.26 (d, J = 8.4 Hz, 
1H), 8.12 (d, J = 8.4 Hz, 1H), 8.02 (d, J = 7.2 Hz, 2H), 7.67 (m, 1H), 
7.60 (d, J = 7.6 Hz, 2H); 13C NMR (125 MHz, DMSO‑d6): δ 183.9, 167.2, 
163.6, 162.0, 153.6, 148.2, 141.7, 141.4, 136.1, 134.3, 133.0, 129.3, 
129.1, 128.4, 126.9, 113.5. Anal. Calcd. for C18H9N5O3: C, 62.98 %; H, 
2.640 %; N, 20.40 %; found: C, 62.87 %; H, 2.750 %; N, 20.35 %. HRMS 
(ESI) calcd. [M+H]+ 344.0705, found 344.0771.

4.2.25. N-(9-oxo-9H-2-oxa-1,3,4,10-tetraazacyclopenta[b]fluoren-7-yl) 
benzamide (13)

Yield 11.7 %. Yellow ocher solid. M.p. = 286–286 ◦C. 1H NMR (500 
MHz, DMSO‑d6): δ 11.02 (s, 1H, NH), 8.56 (bs, 1H), 8.37–8.38 (m, 2H), 
8.02 (d, J = 7.2 Hz, 2H), 7.66 (m, 1H), 7.57 (d, J = 7.2 Hz, 2H); 13C NMR 
(125 MHz, DMSO‑d6): δ 185.5, 167.1, 163.1, 154.0, 153.7, 146.5, 141.4, 
134.7, 134.4, 132.9, 129.3, 129.1, 128.5, 126.1, 126.1, 114.5. Anal. 
Calcd. for C18H9N5O3: C, 62.98 %; H, 2.640 %; N, 20.40 %; found: C, 
62.99 %; H, 2.690 %; N, 20.32 %. HRMS (ESI) calcd. [M+H]+ 344.0705, 
found 344.0770.

4.2.25.1. Microwave procedure. In a 10 mL Pyrex microwave vial, 
furazan-3,4-diamine (0.050 g, 0.50 mmol) was added to a solution of 11 
(0.149 g, 0.500 mmol) in EtOH:AcOH (1:1) (v/v). The reaction vial was 
sealed with a snap-on cap and was shook until a dark solution was ob
tained. The mixture was subjected to microwave heating for 5 min (hold 
time) at 180 ◦C (internal probe, power 300 W). The overall crude was 
filtered on Whatman paper and was washed with acetone. The residue 
was purified by PLC (CH2Cl2) to yield 27 % of regioisomers 12 and 13 in 
ratio 1:0.78 respectively.

4.3. In vitro drug metabolism studies using human liver microsomes

4.3.1. Instrumentation and analytical conditions
The metabolic stability of investigated compounds was monitored 

using a Nexera UHPLC system (Shimadzu, Kyoto, Japan) consisting of a 
CBM-20A controller, two LC-30AD pumps, a DGU-20 A5R degasser, an 
SPD-M20A photo diode array detector, a CTO-20AC column oven, a SIL- 
30AC autosampler.

The chromatographic separation was carried out on a Kinetex™ C18 
150 × 2.1 mm × 2.6 μm (100 Å) column (Phenomenex, Bologna, Italy). 
The optimal mobile phase consisted of 0.1 % HCOOH/H2O v/v (A) and 
0.1 % HCOOH/ACN v/v (B). Analysis was performed in gradient elution 
as follows: 0–14.00 min, 2–85 % B; 14–16.00 min, isocratic to 95 % B; 
then 5 min for column re-equilibration. Flow rate was 0.5 mL min− 1. The 
column oven temperature was set to 40 ◦C. Injection volume was 3 μL of 
each sample. The following PDA parameters were applied: sampling 
rate, 12.5 Hz; detector time constant, 0.160 s; cell temperature, 40 ◦C. 
Data acquisition was set in the range 190–800 nm and chromatograms 
were monitored at 254 nm.

For the calibration curves, the primary stock solutions were prepared 
in DMSO. The intermediate stock solutions and the working standard 
solutions were prepared by serial dilution of the stock solutions in 
methanol. The calibration curve was obtained in a concentration range 
of 50–1.0 μM with five concentration levels and triplicate injection of 
each level were run. Peak areas were plotted against corresponding 
concentrations and the linear regression was used to generate a cali
bration curve with R2 values was ≥0.999.

The method was validated in terms of specificity and selectivity, 
limits of detection (LOD), limits of quantification (LOQ), accuracy and 
precision (Table S1). Specificity and selectivity parameters were eval
uated by analysing blank matrix samples from different batches to assess 
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the potential interference of endogenous components in the samples. 
Chromatograms of these blank matrix samples were compared with 
chromatograms of matrix samples spiked with a very low concentration 
of the compound of interest. LOD and LOQ were calculated by using the 
standard deviation (SD) and the slope of the calibration curve, multi
plied by 3.3 and 10, respectively. The repeatability of the chromato
graphic system was assessed in terms of intra-day and inter-day 
precision. The accuracy was calculated by the percentage relative error 
(Er %), and the precision was evaluated by the percentage of relative 
standard deviation (% RSD). The obtained data demonstrated accept
able accuracy and precision of the developed analytical method.

4.3.2. Drug metabolism studies by HLM
25 μL of 5 mg/mL human microsomes (HLM, Thermo Fisher Scien

tific, Bremen, Germany) were pre-incubated with 0.625 μL of 100 μg/mL 
alamethicin, which forms pores in microsomal membranes, promoting 
access of substrate and cofactor to UGT enzymes. Then 2.5 μL of sample 
(5 mM) with 168 μL of 100 mM phosphate buffer (pH 7.4), 4 μL of 500 
mM magnesium chloride were added, the mixture was incubated at 
37 ◦C for 5 min. The reaction started by adding 50 μL of mix NADPH 10 
mM and UDP-GlcUA (uridine diphosphate-glucuronic acid) 20 mM as 
cofactors (1:1 v/v) and was carried out 37 ◦C for 30, 60, 90 and 120 min 
in a Thermomixer comfort (Eppendorf, Hamburg, Germany). The reac
tion was stopped by the addition of 300 μL ice-cold acetonitrile, and then 
samples were centrifuged at 14,000 rpm at 25 ◦C for 5 min (Eppendorf® 
microcentrifuge 5424, Hamburg, Germany). The supernatants were 
collected and analyzed in triplicate by UHPLC. The control at 0 min was 
obtained by the addition of the organic solvent immediately after in
cubation with microsomes. As the positive control was used testosterone 
while the negative control was prepared by incubation up to 60 min 
without UDP-GlcUA/NADPH. The negative control is essential to detect 
problems such as non-specific protein binding or heat instability.

The extent of metabolism is quantified as a percentage of the parent 
compound turnover. The results are reported as mean ± standard de
viation (SD) from two independent experiments.

The results were expressed in terms of in vitro microsome half-lives 
(t1/2), in vitro intrinsic clearance (CLintin vitro) and intrinsic in vivo 
clearance (CLintin vivo). In vitro half-lives (t1/2) were calculated using the 
expression t1/2 = 0.693/b, where b is the slope found in the linear fit of 
the natural logarithm of the fraction remaining of the parent compound 
vs. incubation time. Microsomal intrinsic clearance was calculated as 
CLintin vitro = (1000) × (0.693/t1/2)/0.5. The intrinsic in vitro clearance 
was scaled to the intrinsic in vivo clearance (CLintin vivo) using human 
physiology-based scaling factor (PBSF): CLintin vivo = CLintin vitro × PBSF 
(microsome protein/gram liver: 32 × gram liver/kg b.w.: 25.7) [48].

4.4. Biological assays

4.4.1. Cell-free mPGES-1 activity assay
Preparation of mPGES-1 in microsomes of A549 cells and determi

nation of PGE2 formation under cell-free conditions was performed as 
previously described [22,23]. In brief, A549 were treated with 1 ng/mL 
interleukin-1β for 48 h at 37 ◦C and 5 % CO2 to induce expression of 
mPGES-1. After sonification, the homogenate was subjected to differ
ential centrifugation at 10,000 g for 10 min and 174,000 g for 1 h at 4 ◦C. 
The pelleted microsomal fraction was resuspended in 1 mL of homoge
nization buffer (0.1 M potassium phosphate buffer, pH 7.4, 1 mM phe
nylmethanesulfonyl fluoride, 60 μg/mL soybean trypsin inhibitor, 1 
μg/mL leupeptin, 2.5 mM glutathione, and 250 mM sucrose), and the 
total protein concentration was determined using Bradford protein 
assay. Microsomal membranes were diluted in potassium phosphate 
buffer (0.1 M, pH 7.4) containing 2.5 mM glutathione. Test compounds 
or vehicle were added, and after 15 min at 4 ◦C, the reaction (100 μL 
total volume) was initiated by the addition of 20 μM PGH2 (final con
centration). After 1 min at 4 ◦C, the reaction was terminated using stop 
solution (100 μL; 40 mM FeCl2, 80 mM citric acid, and 10 μM 11β-PGE2 

as internal standard). Formed PGE2 was separated by solid-phase 
extraction and analyzed by RP-HPLC as described previously [23].

4.4.2. Cell-free sEH activity assay
Expression, purification and activity assay of human recombinant 

sEH were performed as described before [28]. Briefly, Sf9 cells, infected 
with a recombinant baculovirus, were sonicated (3 × 10 s at 4 ◦C) in lysis 
buffer containing NaHPO4 (50 mM, pH 8.0), NaCl (300 mM), glycerol 
(10 %), EDTA (1 mM), phenyl-methanesulphonylfluoride (1 mM), leu
peptin (1 μg/mL), and soybean trypsin inhibitor (60 μg/mL). After 
centrifugation (100,000 × g, 60 min, 4 ◦C) the supernatants were sub
jected to benzyl-thiosepharose-affinity chromatography to purify sEH 
using 4-fluorochalcone oxide in PBS containing DTT (1 mM) and EDTA 
(1 mM) as elution buffer. Dialyzed and concentrated (Millipore 
Amicon-Ultra-15 centrifugal filter) sEH was assayed for total protein 
with Bio-Rad protein detection kit (Bio-Rad Laboratories, Munich, 
Germany) and the enzyme activity was determined by using a 
fluorescence-based assay as described before [28]. In brief, sEH was 
diluted in Tris buffer (25 mM, pH 7.0) supplemented with BSA (0.1 
mg/mL) and pre-incubated with test compounds or vehicle (0.1 % 
DMSO) for 15 min at room temperature. The reaction was started by the 
addition of 50 mM 3-phenyl-cyano(6-methoxy-2-naphthalenyl)methyl 
ester-2-oxiraneacetic acid (PHOME), a non-fluorescent compound that 
is enzymatically converted into fluorescent 6-methoxy-naphtaldehyde 
at room temperature. After 60 min, the reaction was stopped by 
ZnSO4 (200 mM) and fluorescence was detected (λem 465 nm, λex 330 
nm).

4.5. Preclinical studies in cellular models

4.5.1. Human cell cultures
HCT-116 cells (CCL-247™), an epithelial-like carcinoma cell line 

derived from the colon of an adult male with colon cancer, were pur
chased from ATCC (Virginia, USA). The cells were cultured in RPMI 
medium (Invitrogen, Paisley, UK) supplemented with 10 % fetal bovine 
serum (FBS, Cambrex, Verviers, Belgium), 2 mM L-glutamine (Sigma, 
Milan, Italy), 100 units/ml penicillin (Sigma), and 100 μg/mL strepto
mycin (Sigma). Cultures were maintained in a humidified incubator at 
37 ◦C with 5 % carbon dioxide, following the ATCC guidelines [37].

HaCaT cells, human immortalized keratinocytes (generously pro
vided by Dr. Valeria Cicatiello at the Italian National Research Council 
(CNR), Institute of Genetics and Biophysics, Naples, Italy), were cultured 
in a humidified atmosphere with 5 % CO2 at 37 ◦C. The cells were grown 
in DMEM (Invitrogen) supplemented with 10 % fetal bovine serum (FBS, 
Cambrex), 2 mM L-glutamine, 100 units/mL penicillin (Sigma-Aldrich), 
and 100 μg/mL streptomycin. Cells were seeded at a density of 2–4 x 104 

cells/cm2 and cultured until reaching approximately 80–90 % conflu
ence [49]. HaCaT cells serve as an ideal in vitro model for studying 
biocompatibility and toxicological cellular responses.

4.5.2. Bioscreens in vitro for anticancer activity
The bioactivity and cellular responses to in vitro treatment with 

compounds 7d and 7e were assessed using a "cell survival index", which 
combines cell viability evaluation with cell counting. The cell survival 
index is calculated as the arithmetic mean of the percentage values 
derived from the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl 
tetrazolium bromide) assay and automated cell counting [50]. HCT-116 
and HaCaT cells were seeded in 96-well culture plates at a density of 104 

cells per well and allowed to grow for 24 h. Subsequently, the culture 
medium was replaced with fresh medium, and the cells were exposed to 
various concentrations (2.5–50 μM) of the test compounds 7d and 7e for 
an additional 48 h. After treatment, the medium was removed, and the 
cells were incubated with 20 μL per well of an MTT solution (5 mg/mL 
MTT, Sigma) for 1 h in a humidified incubator with 5 % CO2 at 37 ◦C. 
The incubation was terminated by removing the MTT solution and 
adding 100 μL per well of DMSO to solubilize the formazan crystals. 
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Absorbance was measured at 550 nm using a microplate reader (iMark 
microplate reader, Bio-Rad, Milan, Italy). Cell numbers were determined 
using the TC20 automated cell counter (Bio-Rad, Milan, Italy), which 
employs disposable slides, TC20 trypan blue dye (0.4 % w/v in 0.81 % 
sodium chloride and 0.06 % potassium phosphate dibasic solution), and 
a CCD camera to count cells based on image analysis. After removing the 
medium, the cells were collected, and 10 μL of the cell suspension, mixed 
with a 0.4 % trypan blue solution at a 1:1 ratio, were loaded into the 
chambers of the disposable slides. The results were expressed as total 
cell count (cells/mL). The instrument automatically incorporates the 
dilution factor and provides both the live cell count and the percentage 
of viability when trypan blue-stained cells are detected. Total counts and 
live/dead ratios from random samples of each cell line were compared 
with manual hemocytometer counts in control experiments. The IC50 
values were determined from concentration-effect curves obtained by 
plotting data from six replicates of each experiment, with each experi
ment repeated four times, resulting in a total of 24 samples (n = 24). 
Nonlinear regression analysis for concentration-effect curves was per
formed using GraphPad Prism 8.0 software [50].

4.5.3. Statistical data analysis
Data are expressed as mean ± SEM. IC50 values were calculated by 

nonlinear regression using GraphPad Prism Version 8.0 software (San 
Diego, CA) one site binding competition. Statistical evaluation of the 
data was performed by one-way ANOVA followed by a Bonferroni post 
hoc test for multiple comparisons.
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