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a b s t r a c t 

In this study, four novel urea-thiourea hybrids bearing 1,4-naphthoquinone moiety were synthesized by 

the reaction of 2,3-diaminonaphthalene-1,4-dione and various isothiocyanate derivatives in 75–88% yield, 

and their molecular structures were characterized by using 1 H/ 13 C NMR, FT-IR and HRMS techniques. 

Urea-thiourea hybrids have been known for their anti-inflammatory activities. Therefore, in our study, 

we aimed to decipher their biological activities on mammalian macrophages. Macrophages were stimu- 

lated by LPS and pro-inflammatory TNF, IL6, GMCSF and IL12p40 cytokine production levels were mea- 

sured in the presence of these derivatives by ELISA. Our results suggest that these derivatives on stim- 

ulated mammalian macrophages had anti-inflammatory activities. In order to examine their intracellular 

mechanism of action, intracellular phosphorylated (activated) PI3K protein levels were measured in the 

presence of our novel derivatives by flow cytometry. Our results suggest that these novel derivatives had 

anti-inflammatory activities on mammalian macrophages by blocking the PI3K activation and decreasing 

the production of pro-inflammatory cytokines. Molecular docking calculations were also employed to elu- 

cidate the theoretical binding modes of our studied compounds with PI3K γ . These derivatives have the 

potential to be utilized as anti-inflammatory drug agents against versatile inflammatory and autoimmune 

disorders. 

© 2022 Elsevier B.V. All rights reserved. 
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. Introduction 

The urea core is one of the most valuable pharmacophore 

roup in medicinal chemistry due to its excellent hydrogen bond- 

ng ability which is a critical intermolecular force in drug- 

arget [ 1 –3 ]. Many drugs such as Sorafenib, Linifanib, Vacor, Ri- 

onavir, Cariprazine, Regorafenib etc. contain urea core in their 

olecular structures [ 1 , 2 ]. It is known that urea-containing com- 

ounds exhibit a wide range pharmacological activity such as anti- 
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nflammatory [ 4 , 5 ], anticancer [ 6 , 7 ], antiviral [ 8 , 9 ], antimycobacte-

ial [10] , antiproliferative [11] as well as they show enzyme in- 

ibitory activity for glutamate carboxypeptidase II [12] pan-RAF Ki- 

ase [13] and FMS-like tyrosine kinase 3 [14] . 

Thiourea core, like urea, also plays a critical role in medicinal 

hemistry because of the high possibility of establishing hydrogen 

onds with proteins, enzymes and receptors [ 1 , 15 ]. Thioacetazone, 

hiocarlide and ezalutamide are some of the drug molecules that 

ontain thiourea core in their molecular structures [1] . Moreover, 

t is known that a great number of compounds containing thiourea 

ore exhibit various bioactivities such as anti-inflammatory [16] , 

nticancer [ 17 , 18 ] anti(myco)bacterial, antifungal [ 19 –21 ], anti- 

holinesterase [22] and antioxidant [ 23 –25 ] activities as well as 

eing used as epoxide hydrolase inhibitors [26] and TRPV1 antag- 

nists [27] . 

https://doi.org/10.1016/j.molstruc.2022.133284
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2022.133284&domain=pdf
mailto:yahyanural@mersin.edu.tr
mailto:furkanayaz@gmersin.edu.tr
https://doi.org/10.1016/j.molstruc.2022.133284
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Scheme 1. Synthesis of thiourea, urea, 1,4-naphthoquinone hybrids ( 5a-d ). i. Acetone, reflux, 2 h; ii. Phthalimide potassium salt, acetonitrile, �, 12 h; iii. N 2 H 4 .H 2 O, H 2 O, 

60 °C, 12 h; iv. Acetonitrile, reflux, 16 h. 
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Naphthoquinone moiety is found in the molecular structures 

f many natural products and it is known that naphthoquinone 

erivatives naturally occur in various fungi, bacteria and plants 

pecies [28] . Alkanet plant contains naphthoquinone group dyes 

nd its extract was used staining rat liver tissue [29] . Naphtho- 

uinone moiety has been present in the structures of many drugs 

nd pharmaceutically important synthetic compounds that exhibit 

 wide range of biological activities including anti-inflammatory 

 30 , 31 ], anticancer [ 32 , 33 ], DNA cleavage [34] , antimicrobial

 35 , 36 ] and antimycobacterial [ 36 , 37 ], antileishmanial [37]

ctivities. 

Macrophages are important class of immune cells that have 

een associated with tumor environment, inflammatory disorders 

nd autoimmune reactions [38] . These cells can produce both pro 

nd anti-inflammatory cytokines to regulate the function of other 
2 
mmune cells in the tissue [39] . They can be regarded as the mas- 

er regulatory cells of other immune system cells. Therefore, it is 

rucial to study the effect of anti-inflammatory or immunomodu- 

atory drug candidates on these cell types. 

In the present study, synthesis and anti-inflammatory activities 

n activated mammalian macrophages of novel urea-thiourea hy- 

rids bearing 1,4-naphthoquinone moiety are reported. 

We focused on the production of TNF, IL6, GMCSF and IL12p40 

ytokines by the activated macrophages in the presence of our 

rug candidates. Moreover, their intracellular mechanism of action 

as studied by measuring the phosphorylated (activated) PI3K lev- 

ls via flow cytometry technique. PI3K pathway is in the cross- 

oad of different signalling pathways that regulate inflammation 

nd metabolism. That’s why it is crucial for the immune system 

ells’ function [ 40 , 41 ]. 
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Fig. 1. 1, 5 and 10 μg/mL of 5a-d were used with or without 1 μg/mL of LPS for 24 h cell activation. There was no chemical 5a-d added control group, 10 μg/mL of salicylic 

acid added negative control group. After the incubation the cells were counted to determine the cell viability by Trypan Blue staining. 
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Our results suggested that these compounds 5a-d had anti- 

nflammatory activity by decreasing the pro-inflammatory cytokine 

roduction by the LPS stimulated mammalian macrophages. They 

xerted their effect through PI3K pathway. 

. Experimental 

.1. Materials and instrumentation 

The precursor chemicals used in the study were purchased 

rom Merck or Aldrich and were used without further purification 

s they were of high quality. A Mattson 10 0 0 Fourier transform 

nfrared (FT-IR) spectrophotometer was used to record the FT-IR 

pectra. A nuclear magnetic resonance (NMR) spectrophotometer 

rom Bruker Ultrashield Plus Biospin GmbH at 400 MHz was used 

o record the NMR spectra and decoupling experiments. The spec- 

ra of the products were determined in dimethyl sulfoxide- d 6 and 

hemical shifts were given in parts per million ( δ). The follow- 

ng abbreviations are used; s = Singlet, d = Doublet, t = Triplet, 

d = Triplet of doublets, q = Quartet, m = Multiplet. High resolu- 

ion mass spectra (HRMS) were recorded in a Waters-LCT-Premier- 

E-LTOF (TOF-MS) instrument using electrospray ionization tech- 

ique and are reported in m/z (rel. %). Melting points were deter- 

ined by a Mettler Toledo MP90 device and are uncorrected. 

.2. Synthesis of the 2,3-diaminonaphthalene-1,4-dione (2) 

The 2,3-diaminonaphthalene-1,4-dione 2 used as an interme- 

iate was synthesized as described in the literature [ 42 , 43 ] us-

ng 2,3-dichloronaphthalene-1,4-dione 1 as starting compound 

 Scheme 1 ). 

.3. General procedure for the synthesis of urea-thiourea hybrids 

earing 1,4-naphthoquinone moiety (5a-d) 

A solution of potassium thiocyanate (2.4 mmol) in acetone 

25 mL) was added dropwise at room temperatureto a stirred so- 

ution of diethylcarbamic chloride 3a (2.4 mmol), diisopropylcar- 

amic chloride 3b , 4-methylpiperazine-1-carbonyl chloride 3c or 

orpholine-4-carbonyl chloride 3d in acetone (25 mL). The mix- 

ure was then stirred and heated to reflux temperature for 2 h 

 Scheme 1 ). After cooling to room temperature, it was filtered 

nd washed with acetone, and the solvent was completely re- 

oved using rotary evaporator. Thus, isothiocyanate derivatives 
3 
a-d of the compounds were obtained. The isothiocyanate com- 

ound which was obtained in the previous step was dissolved in 

cetonitrile (50 mL), and was added to a stirred solution of 2,3- 

iaminonaphthalene-1,4-dione 2 (1 mmol) in acetonitrile (50 mL). 

fter heating at reflux temperature for 16 h ( Scheme 1 ), it was

ooled to room temperature and the solvent was removed using 

otary evaporator. The crude product was first washed with water 

nd then washed with diethyl ether, after which each desired urea- 

hiourea hybrids bearing 1,4-naphthoquinone moiety 5a-d was ob- 

ained in pure form. 

.3.1. N-((3-amino-1,4-dioxo-1,4-dihydronaphthalen-2- 

l)carbamothiol)-1,1-diethylurea, 

a 

Red colour powder. Yield, 0.28 g, 79%. m.p.: 124–126 °C (de- 

omp.). IR (cm 

−1 ): υmax 3401, 3343, 3282, 3247, 3112, 2972, 16 6 6, 

626. 1 H NMR (400 MHz, DMSO- d 6 ): δ 11.71 (s, 1H, NH) 9.57 (s, 

H, NH), 8.02-7.98 (m, 2H, Ar-H), 7.88-7.84 (m, 1H, Ar-H), 7.78- 

.75 (m, 1H, Ar-H), 7.19 (s, 2H, NH 2 ), 3.44 (q, 4H, J = 6.4 Hz, 2 x

H 2 ), 1.15 (t, 6H, J = 6.4 Hz, 2 x CH 3 ). 
13 C NMR (100 MHz, DMSO-

 6 ): δ 181.7 (C = O), 180.9 (C = O), 177.1 (C = S), 153.9 (C = O), 144.5,

34.9, 132.4 (2 x C), 130.2, 125.8, 125.7, 113.6, 41.0 (2 x C H 2 ), 13.5

2 x C H 3 ). HRMS (ESI-TOF-MS): calcd. for C 16 H 18 N 4 O 3 S [M + Na]

69.0997; found 369.1040. 

.3.2. N-((3-amino-1,4-dioxo-1,4-dihydronaphthalen-2- 

l)carbamothiol)-1,1-diisopropylurea, 

b 

Red colour powder. Yield, 0.30 g, 88%. m.p.: 162–164 °C (de- 

omp.). IR (cm 

−1 ): υmax 3388, 3280, 3244, 3113, 2977, 2927, 1655, 

635. 1 H NMR (400 MHz, DMSO- d 6 ): δ 11.63 (s, 1H, NH) 9.44 (s, 

H, NH), 8.02-7.98 (m, 2H, Ar-H), 7.86 (td, 1H, J = 7.5 Hz, 0.9 Hz,

r-H), 7.76 (td, 1H, J = 7.5 Hz, 0.9 Hz, Ar-H), 7.15 (s, 2H, NH 2 ),

.04-3.92 (m, 2H, 2 x CH), 1.29 (d, 12H, J = 6.6 Hz, 4 x CH 3 ).
3 C NMR (100 MHz, DMSO- d 6 ): δ 181.7 (C = O), 180.9 (C = O), 177.2

C = S), 153.1 (C = O), 144.3, 134.9, 132.44, 132.36, 130.2, 125.8, 125.6, 

13.6, 46.3 (2 x C H), 20.7 (4 x C H 3 ). HRMS (ESI-TOF-MS): calcd. for

 18 H 23 N 4 O 3 S [M + H] 375.1491; found 375.1507. 

.3.3. N-((3-amino-1,4-dioxo-1,4-dihydronaphthalen-2- 

l)carbamothiol)-4-methylpiperazine-1-carboxamide, 

c 

Red colour powder. Yield, 0.31 g, 82 %. m.p.: 103–105 °C (de- 

omp.). IR (cm 

−1 ): υmax 3427, 3323, 3267, 3062, 2956, 2931, 2870, 
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Fig. 2. 1, 5 and 10 μg/mL of 5a-d was used without LPS for 24 h cell activation. There was no chemical 5a-d added control group, 10 μg/mL of salicylic acid added negative 

control group together with 1μg/mL of LPS, there was only 1 μg/mL of LPS in the positive control group. After the incubation the supernatants were used for TNF (A), IL6 

(B), GMCSF (C) and IL12p40 (D) ELISAs. 
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674, 1645, 1615. 1 H NMR (400 MHz, DMSO- d 6 ): δ 11.41 (s, 1H, 2 x

H), 10.19 (s, 1H, NH) 8.00-7.95 (m, 2H, Ar-H), 7.84 (td, 1H, J = 7.5

z, 1.3 Hz, Ar-H), 7.74 (td, 1H, J = 7.5 Hz, 1.3 Hz, Ar-H), 7.16 (s,

H, NH 2 ), 3.50 (t, 4H, J = 4.7 Hz, 2 x CH 2 ), 2.38 (t, 4H, J = 4.7

z, 2 x CH 2 ), 2.23 (s, 3H, NCH 3 ). 
13 C NMR (100 MHz, DMSO- d 6 ): δ

81.6 (C = O), 180.9 (C = O), 177.0 (C = S), 154.0 (C = O), 144.5, 134.8,

32.3 (2 x C), 130.1, 125.7, 125.6, 113.4, 54.0 (2 x C H 2 ), 45.2 (2

 C H 2 ), 43.7 ( C H 3 ). HRMS (ESI-TOF-MS): calcd. for C 16 H 17 N 4 O 4 S

M + H] 374.1287; found 374.1292. 

.3.4. N-((3-amino-1,4-dioxo-1,4-dihydronaphthalen-2- 

l)carbamothiol)morpholine-4-carboxamide, 

d 

Red colour powder. Yield, 0.27 g, 75%. m.p.: 171–173 °C (de- 

omp.). IR (cm 

−1 ): υmax 3425, 3399, 3322, 3250, 3120, 2959, 2898, 

857, 1683, 1653, 1636. 1 H NMR (400 MHz, DMSO- d 6 ): δ 11.38 

s, 1H, NH), 10.23 (s, 1H, NH), 8.00-7.96 (m, 2H, Ar-H), 7.86-7.79 

m, 1H, Ar-H), 7.76-7.73 (m, 1H, Ar-H), 7.18 (s, 2H, NH 2 ), 3.62- 

.61 (m, 4H, 2 x CH 2 ), 3.51-3.50 (m, 4H, 2 x CH 2 ). 
13 C NMR

100 MHz, DMSO- d 6 ): δ 181.7 (C = O), 181.0 (C = O), 177.1 (C = S),

54.3 (C = O), 144.6, 134.9, 133.6, 132.4, 130.2, 125.8, 125.7, 113.5, 
4

5.9 (4 x CH 2 ). HRMS (ESI-TOF-MS): calcd. for C 17 H 20 N 5 O 3 S [M + H]

61.0971; found 361.0986. 

.4. Bioactivity studies 

.4.1. Cell growth 

Mammalian macrophages were J774.2 cells (ATCC) and these 

ells have murine origins. Cell growth was done in complete me- 

ia containing 10% fetal bovine serum and Roswell Park Memorial 

nstitute (RPMI 1640) media with 1% antibiotics (100 μg/cm 

3 peni- 

illin and 100 μg/cm 

3 streptomycin) [ 44 , 45 ]. 

.4.2. LPS activation of the macrophages and application of the 

erivatives 

10 6 cells/well in 1 mL concentration were plated to 24 well 

lates for overnight resting in a 37 °C 5% CO 2 humidified incubator. 

, 5 and 10 μg/mL of chemical was used with or without 1 μg/mL 

f LPS for 24 h cell activation. There was no chemical added con- 

rol group, 10 μg/mL of Salicylic acid added negative control group. 

fter the incubation ELISA was done to the supernatants of each 
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Fig. 3. 1, 5 and 10 μg/mL of 5a-d was used with 1 μg/mL LPS for 24 h cell activation. There was no chemical 5a-d added control group, 10 μg/mL of salicylic acid added 

negative control group together with 1 μg/mL of LPS, there was only 1 μg/mL of LPS in the positive control group. After the incubation the supernatants were used for TNF 

(A), IL6 (B), GMCSF (C) and IL12p40 (D) ELISAs. ( ∗ p < 0,001, ∗∗ p < 0,0 0 05, ∗∗∗ p < 0,0 0 01, N = 3). 
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amples and the cells were counted to determine the cell viabil- 

ty by Trypan Blue staining. Student t test statistical analysis was 

onducted on each data set consisting of three biologically inde- 

endent experiments by GraphPad Prism Version 5 [ 44 , 45 ]. 

.4.3. TNF α, IL12p40, GMCSF and IL6 ELISAs 

Manufacturer’s guidelines were strictly followed for each ELISA 

it (BD Biosciences, CA, USA) to determine the production levels of 

NF α, IL12p40, GMCSF and IL6 cytokines by stimulated/activated 

acrophages [ 44 , 45 ]. 

.4.4. Examining the intracellular phosphorylated PI3K levels in the 

acrophages by flow cytometry 

Above experimental set up was utilized to determine active 

hosphorylated PI3K levels in macrophages. Cells were fixed by BD 

ix Buffer I (557870) and the procedures were conducted by fol- 

owing the BD protocol. After cell permeabilization by BD PERM 

uffer III (558050), the samples were intracellularly stained with 

D PE Mouse anti-PI3K (Invitrogen) by following the procedures 

etailed in the BD protocol. Afterwards the samples were analyzed 

y BD FACS ARIA III to measure the intracellular levels of phospho- 

ylated PI3K [ 44 , 45 ]. 
5 
.5. Molecular docking studies 

Compounds 5a-d were prepared to generate 3D structures with 

ll possible conformations, tautomers and protonation states at 

hysiologic conditions. Crystal structure of PI3K γ which was re- 

orted as potential target for the treatment of chronic inflamma- 

ory disorders [ 46 , 47 ] was downloaded from RSCB protein data 

ank (PDB ID: 4ANW) and prepared for docking calculations. Bind- 

ng pocket of the protein was defined using native ligand as refer- 

nce. Extra precision method was used for docking. Recent version 

f Schrödinger software [48] and related modules were used in all 

alculations. 

. Results and discussion 

.1. Synthesis and characterization 

The urea-thiourea hybrids bearing 1,4-naphthoquinone moiety 

a-d were synthesized in 75–88% yields by reacting correspond- 

ng isothiocyanate derivatives 4a-d with 2,3-diaminonaphthalene- 

,4-dione 2 by using method reported in the literature with 

ome modifications [48] . In our previous study [43] , we per- 
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Fig. 4. 10 μg/mL of 5a-d was used with 1 μg/mL LPS for 24 h cell activation. There 

was no chemical 5a-d added control group, 10 μg/mL of salicylic acid added neg- 

ative control group together with 1 μg/mL of LPS, there was only 1 μg/mL of LPS 

in the positive control group. The samples were analyzed by BD FACS ARIA III to 

measure the intracellular levels of phosphorylated PI3K. ( ∗p < 0,001, ∗∗ p < 0,0 0 05, 
∗∗∗ p < 0,0 0 01, N = 3). 
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ormed the synthesis of 1,4-naphthoquinone N -aroylthioureas in 

cetone at reflux temperature in excellent yields by reaction of 2,3- 

iaminonaphthalene-1,4-dione 2 and aroylisothiocyanates. How- 

ver, applying the same method to the synthesis of urea-thiourea 

ybrids bearing 1,4-naphthoquinone moiety 5a-d , produced rela- 

ively low yields (less than 30% yield), and even we could not ob- 

ain any products for some of the compounds. For this reason, after 

erforming the synthesis of 4a-d compounds in acetone and then 

vaporating the acetone, we determined that the yield increased 

hen reacting 4a-d with 2,3-diaminonaphthalene-1,4-dione 2 in 

cetonitrile at reflux temperature. Molecular structures of the urea- 

hiourea hybrids bearing 1,4-naphthoquinone moiety 5a-d were 

haracterized by using 1 H NMR, 13 C NMR, FT-IR and HRMS tech- 

iques. Although 2,3-diaminonaphthalene-1,4-dione is a weak nu- 

leophile, one of its amino groups can easily attack aroilisothio- 

yanate. However, when one of the amino groups has reacted, the 

ther adjacent amino group has very low or no reactivity due to 

ts contribution to the aromaticity of the ring system [43] . 

.2. The compounds 5a-d were not cytotoxic 

Cell viability of the macrophages was measured in the presence 

f compounds 5a-d . Trypan blue staining was done after 24 h of 

ncubation of the cells with 1, 5 and 10 μg/mL of 5a-d together 

ith ( Fig. 1 A) or without ( Fig. 1 B) 1 μg/mL of LPS. Our results sug-

ested that 5a-d were not cytotoxic and biocompatible in the con- 

entration ranges that we used ( Fig. 1 ). It also implies that their

otential bioactivities would be independent of a change in the cell 

iability. 

.3. Immunostimulatory activities of 5a-d 

TNF, IL6, GMCSF and IL12p40 cytokines are well characterized 

s pro-inflammatory cytokines that play essential and key roles 

n inflammatory and autoimmune disorders [ 49 , 50 ]. Immunostim- 

latory molecules have adjuvant potentials to be utilized in can- 
6 
er immunotherapies as well as in vaccine formulations [ 51 , 52 ]. 

acrophages’ ability to produce these pro-inflammatory cytokines 

n the presence of 5a-d and absence of LPS was measured after 24 

 of incubation. Compounds 5a-d were used in 1, 5 and 10 μg/mL 

f concentration. In these concentration ranges, these chemicals 

acked an immunostimulatory activity, since they were not able 

o stimulate macrophages to produce any of the cytokines ( Fig. 2 ). 

PS stimulated positive control groups had substantial amounts of 

hese cytokines in their supernatants that was measured by ELISA 

 Fig. 2 ). These results eliminate adjuvant potential of the chemicals. 

.4. Anti-inflammatory activities of 5a-d 

Since TNF, IL6, GMCSF and IL12p40 cytokines are crucial in in- 

ammatory reactions in different autoimmune and chronic inflam- 

atory diseases, we focused on the potential effects of the com- 

ounds 5a-d on these cytokines’ production levels by the mam- 

alian macrophages [ 49 , 50 ]. Urea, thiourea and naphthoquinone 

tructures’ anti-inflammatory potentials have been studied by dif- 

erent groups [ 53 –58 ]. In this study we aimed to further detail out

he anti-inflammatory activities of 5a-d that were based on urea, 

hiourea and naphthoquinone moieties by deciphering their intra- 

ellular mechanism of action as well. 

The urea-thiourea hybrids bearing 1,4-naphthoquinone moi- 

ty 5a-d had differential effects on the ability of the LPS ac- 

ivated macrophages to produce TNF, IL6, GMCSF and IL12p40 

 Fig. 3 ). While they were all equally effective and able to com- 

letely knockdown the TNF production levels by the LPS stimu- 

ated macrophages to the undetected levels, they had different ef- 

ects on the production levels of IL6 and GMCSF ( Fig. 3 ). They were

imilar in their activities to reduce the IL12p40 production by the 

PS activated macrophages compared to the only LPS stimulated 

ositive control group. Based on the changes in IL6 and GMCSF 

roduction levels we could discuss the anti-inflammatory activities 

f 5a-d ( Fig. 3 ). Compound 5c bearing 4-methylpiperazine moi- 

ty in the molecular structure was the most potent followed by 

qually effective compounds 5b and 5d bearing diisopropyl amine 

roup and morpholine ring, respectively. Compound 5a bearing a 

iethyl amine group in the molecular structure had the least activ- 

ty ( Fig. 3 ). Although there was a difference in their potencies they 

ll exerted substantial anti-inflammatory activities ( Fig. 3 ). They 

ere more potent than salicylic acid as anti-inflammatory agent 

 Fig. 3 ). 

.5. The compounds 5a-d exerted their effects through PI3K pathway 

One of the most prominent pathways for the inflammatory re- 

ctions is PI3K pathway. It is interconnected with the signalling 

athways that regulate inflammation, metabolism and gene ex- 

ression [ 40 , 41 ]. After observing the anti-inflammatory effects of 

a-d , we focused on their possible role for changing the PI3K ac- 

ivity by measuring the intracellular levels of the phosphorylated, 

amely active, PI3K protein. Our flow cytometry analysis suggested 

hat 5a-d substantially and statistically decreased the levels of the 

hosphorylated PI3K compared to the only LPS treated control 

roups ( Figs. 4 and S17). Therefore, at least, one of their mech- 

nism of action was the down-regulation of the phosphorylated 

I3K protein levels intracellularly in the mammalian macrophages 

o halt their pro-inflammatory cytokine production capacities upon 

PS stimulation. 

There are studies suggesting naphthoquinone’s effect on 

rc/PI3K pathway [ 59 , 60 ], and these studies mostly focused on the 

ancer cells. To the best of our knowledge, we did not find such 

esults in literature showing anti-inflammatory activities of these 

tructures through PI3K pathway. Moreover, there are also studies 

uggesting the activity of urea-thiourea based compounds through 
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Fig. 5. Binding interactions of native ligand (left) and 5c (right) with the PI3K γ . 
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I3K pathway and those studies mostly focus on tumor or cancer 

ases [ 61 –63 ]. Similar to naphthoquinone structures, to our knowl- 

dge, our study is the first example suggesting the mechanism of 

ction of urea-thiourea moieties in the immune cells through PI3K 

athway. 

The ability of urea and thiourea groups to form strong hydrogen 

onds and the naphthoquinone moiety carrying the amine group 

o form hydrogen bonds and π- π interactions can be considered 

s the possible reasons for the high bioactivity of these compounds 

a-d . Based on the bioactivity results obtained for 5c , the piper- 

zine ring seems to play an important role for the observed bioac- 

ivity of 5c . It is known that the piperazine ring has low toxicity, it

an form multiple hydrogen bonds, and it has p K a values that im- 

rove the pharmacokinetic properties of drug candidates [ 64 , 65 ], 

his core is present in the molecular structure of many drug com- 

ounds such as clozapine, vortioxetine and buspirone, and many 

rug candidates [ 65 , 66 ]. While the main scaffold of urea-thiourea- 

,4-naphthoquinone affect the activity of the different intracellular 

ignalling pathway molecules, the piperazine ring in the molecular 

tructure of compound 5c has the superior ability to form hydro- 

en bonds compared to the other compounds that we synthesized 

nd analysed and this property of 5c adds substantial advantages 

n its bioactivity. 

Our future studies will focus on the animal models of inflam- 

atory diseases as well as autoimmune diseases in which different 

oncentrations of 5a-d will be experimented. Further studies on 

heir mechanism of action will also shed light on other possible 

athways that they might be effective on the function of immune 

ells. 

.6. Molecular docking evaluation 

In order to elucidate the inhibition mechanism of our studied 

ompounds, molecular docking was employed to reveal the bind- 

ng modes with PI3K γ . Although one should not expect a cor- 
7 
elation between binding scores and activities [ 67 –69 ], docking 

cores obtained for compounds 5a, 5b, 5c and 5d agreed well 

ith the experimental findings (Table S1). A close inspection of 

he docked poses showed that several favorable interactions con- 

ributed to these high docking scores. Among the critical interac- 

ions, compound 5c engages a similar interaction observed in the 

ative ligand/PI3K γ complex, with the hinge region through hy- 

rogen bonding to the Val882 ( Fig. 5 ). Although this interaction is 

ot a bidentate interaction that was reported to improve the PI3K γ
ctivity [70] , besides a π- π stacking interaction with Tyr867, two 

ydrogen bonds with positively charged Lys890 and a salt bridge 

ith negatively charged Asp950 might account for the high activ- 

ty of 5c . It is noteworthy to mention that the piperazine ring of 

c is involved in this salt bridge (Ligand interactions of the rest 

f the compounds are given in the supplementary material as Fig. 

18, Fig. S19 and Fig. S20). 

. Conclusion 

In summary, we are presenting four urea-thiourea hybrids bear- 

ng 1,4-naphthoquinone moiety 5a-d . These compounds 5a-d were 

ested for their anti-inflammatory activities. They had differential 

ffects on the production levels of the pro-inflammatory cytokines 

y the in vitro activated mammalian macrophages. These effects 

ere through the regulation of PI3K pathway. Intracellular levels 

f the phosphorylated (activated) PI3K were decreased in the pres- 

nce of the compounds 5a-d in the LPS stimulated macrophages 

ompared to the control groups. Our results suggested that their 

echanism of action was through PI3K pathway that has been 

ssociated with the inflammation and cancer. Molecular docking 

imulations revealed that the studied compounds engaged favor- 

ble interactions with critical amino acids in the binding pocket 

f PI3K γ which overlaped with our flow cytometry results. Our 

tudy suggests that these derivatives might be utilized as anti- 

nflammatory drug candidates. Our future studies will focus on 
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eptualization, Methodology, Writing – review & editing. Furkan 

yaz: Conceptualization, Investigation, Formal analysis, Software, 

ethodology, Writing – original draft, Writing – review & editing. 

cknowledgments 

We are thankful to the Scientific and Technological Research 

ouncil of Turkey (TÜB ̇ITAK, project grant 118Z407) for the finan- 

ial support. 

upplementary materials 

Supplementary material associated with this article can be 

ound, in the online version, at doi: 10.1016/j.molstruc.2022.133284 . 

eferences 

[1] R. Ronchetti, G. Moroni, A. Carotti, A. Gioiello, E. Camaioni, Recent advances in 
urea-and thiourea-containing compounds: focus on innovative approaches in 

medicinal chemistry and organic synthesis, RSC Med. Chem. 12 (2021) 1046–
1064, doi: 10.1039/D1MD0 0 058F . 

[2] A.K. Ghosh, M. Brindisi, Urea derivatives in modern drug discovery and medic- 

inal chemistry, J. Med. Chem. 63 (2019) 2751–2788, doi: 10.1021/acs.jmedchem. 
9b01541 . 

[3] A. Dhananjay Jagtap, N. Bharatrao Kondekar, A .A . Sadani, J.W. Chern, Ureas: 
applications in drug design, Curr. Med. Chem. 24 (2017) 622–651, doi: 10.2174/ 

0929867323666161129124915 . 
[4] M. Maciuszek, A. Ortega-Gomez, S.L. Maas, M. Perretti, A. Merritt, O. Soehn- 

lein, T.M. Chapman, Synthesis and evaluation of novel cyclopentane urea FPR2 

agonists and their potential application in the treatment of cardiovascular in- 
flammation, Eur. J. Med. Chem. 214 (2021) 113194, doi: 10.1016/j.ejmech.2021. 

113194 . 
[5] A .H. Abdelazeem, A .G. Safi El-Din, M.M. Abdel-Fattah, N.H. Amin, S.M. El- 

Moghazy, M.T. El-Saadi, Discovery of novel urea-diarylpyrazole hybrids as dual 
COX-2/sEH inhibitors with improved anti-inflammatory activity and highly re- 

duced cardiovascular risks, Eur. J. Med. Chem. 205 (2020) 112662, doi: 10.1016/ 

j.ejmech.2020.112662 . 
[6] S. Sagar, S. Singh, J.R. Mallareddy, Y.A. Sonawane, J.V. Napoleon, S. Rana, 

J.I. Contreras, C. Rajesh, et al., Structure activity relationship (SAR) study iden- 
tifies a quinoxaline urea analog that modulates IKK β phosphorylation for pan- 

creatic cancer therapy, Eur. J. Med. Chem. 222 (2021) 113579, doi: 10.1016/j. 
ejmech.2021.113579 . 

[7] M. Ashraf-Uz-Zaman, S. Shahi, R. Akwii, M.S. Sajib, M.J. Farshbaf, R.R. Kallem, 

W. Putnam, W. Wang, et al., Design, synthesis and structure-activity relation- 
ship study of novel urea compounds as FGFR1 inhibitors to treat metastatic 

triple-negative breast cancer, Eur. J. Med. Chem. 209 (2021) 112866, doi: 10. 
1016/j.ejmech.2020.112866 . 

[8] W. Nguyen, J. Jacobson, K.E. Jarman, T.R. Blackmore, H.J. Sabroux, S.R. Lewin, 
D.F. Purcell, B.E. Sleebs, Optimization of 5-substituted thiazolyl ureas and 6- 

substituted imidazopyridines as potential HIV-1 latency reversing agents, Eur. 
J. Med. Chem. 195 (2020) 112254, doi: 10.1016/j.ejmech.2020.112254 . 

[9] R. Khachatoorian, E.D. Micewicz, A. Micewicz, S.W. French, P. Ruchala, Opti- 

mization of 1, 3-disubstituted urea-based inhibitors of Zika virus infection, 
Bioorg. Med. Chem. Lett. 29 (2019) 126626, doi: 10.1016/j.bmcl.2019.126626 . 

[10] K. Pavi ́c, Z. Raji ́c, H. Michnová, J. Jampílek, I. Perkovi ́c, B. Zorc, Second genera-
tion of primaquine ureas and bis-ureas as potential antimycobacterial agents, 

Mol. Divers. 23 (2019) 657–667, doi: 10.1007/s11030- 018- 9899- z . 
8

[11] J. Krzywik, E. Maj, A. Nasulewicz-Goldeman, W. Mozga, J. Wietrzyk, 
A. Huczy ́nski, Synthesis and antiproliferative screening of novel doubly modi- 

fied colchicines containing urea, thiourea and guanidine moieties, Bioorg. Med. 
Chem. Lett. 47 (2021) 128197, doi: 10.1016/j.bmcl.2021.128197 . 

[12] J.D. Young, M.T. Ma, T.R. Eykyn, R.A. Atkinson, V. Abbate, A. Cilibrizzi, 
R.C. Hider, P.J. Blower, Dipeptide inhibitors of the prostate specific membrane 

antigen (PSMA): a comparison of urea and thiourea derivatives, Bioorg. Med. 
Chem. Lett. 42 (2021) 128044, doi: 10.1016/j.bmcl.2021.128044 . 

[13] M.P. Huestis, D. Dela Cruz, A.G. DiPasquale, M.R. Durk, C. Eigenbrot, P. Gibbons, 

A. Gobbi T.L. Hunsaker, et al., Targeting KRAS mutant cancers via combination 
treatment: discovery of a 5-fluoro-4-(3 h)-quinazolinone aryl urea pan-RAF ki- 

nase inhibitor, J. Med. Chem. 64 (2021) 3940–3955, doi: 10.1021/acs.jmedchem. 
0c02085 . 

[14] Q. Zhang, K. Zhao, L. Zhang, X. Jiao, Y. Zhang, C. Tang, Synthesis and biologi-
cal evaluation of diaryl urea derivatives as FLT3 inhibitors, Bioorg. Med. Chem. 

Lett. 30 (2020) 127525, doi: 10.1016/j.bmcl.2020.127525 . 

[15] E. Khan, S. Khan, Z. Gul, M. Muhammad, Medicinal importance, coordination 
chemistry with selected metals (Cu, Ag, Au) and chemosensing of thiourea 

derivatives. A review, Crit. Rev. Anal. Chem. 51 (2021) 812–834, doi: 10.1080/ 
10408347.2020.1777523 . 

[16] S. Mazzotta, T. Cebrero-Cangueiro, L. Frattaruolo, M. Vega-Holm, M. Carretero- 
Ledesma, J. Sánchez-Céspedes, A.R. Cappello, F. Aiello, et al., Exploration of 

piperazine-derived thioureas as antibacterial and anti-inflammatory agents. In 

vitro evaluation against clinical isolates of colistin-resistant acinetobacter bau- 
mannii, Bioorg. Med. Chem. Lett. 30 (2020) 127411, doi: 10.1016/j.bmcl.2020. 

127411 . 
[17] Z. Chen, L. Zhang, J. Yang, L. Zheng, F. Hu, S. Duan, K.S. Nandakumar, S. Liu,

et al., Design, synthesis, and structure–activity relationship of N-Aryl-N 

′ - 
(thiophen-2-yl)thiourea derivatives as novel and specific human TLR1/2 ago- 

nists for potential cancer immunotherapy, J. Med. Chem. 64 (2021) 7371–7389, 

doi: 10.1021/acs.jmedchem.0c02266 . 
[18] S.Y. Abbas, R.A.K. Al-Harbi, M.A.S. El-Sharief, Synthesis and anticancer activity 

of thiourea derivatives bearing a benzodioxole moiety with EGFR inhibitory 
activity, apoptosis assay and molecular docking study, Eur. J. Med. Chem. 198 

(2020) 112363, doi: 10.1016/j.ejmech.2020.112363 . 
[19] D. Er ̧s en, M. Ülger, S. Mangelinckx, M. Gemili, E. Ş ahin, Y. Nural, Synthesis and
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