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Abstract

Here, we describe the synthesis and biologic activity evaluation of 20 novel

synthetic marine sponge alkaloid analogues with 2‐amino‐1H‐imidazol (2‐AI)

core. Cytotoxicity was tested on murine 4T1 breast cancer, A549 human lung

cancer, and HL‐60 human myeloid leukemia cells by the resazurin assay. A total

of 18 of 20 compounds showed cytotoxic effect on the cancer cell lines with

different potential. Viability of healthy human fibroblasts and peripheral blood

mononuclear cells upon treatment was less hampered compared to cancer cell

lines supporting tumor cell specific cytotoxicity of our compounds. The most

cytotoxic compounds resulted the following IC50 values 28: 2.91 µM on HL‐60

cells, and 29: 3.1 µM on 4T1 cells. The A549 cells were less sensitive to the

treatments with IC50 15 µM for both 28 and 29. Flow cytometry demon-

strated the apoptotic effect of the most active seven compounds inducing

phosphatidylserine exposure and sub‐G1 fragmentation of nuclear DNA. Cell

cycle arrest was also observed. Four compounds caused depolarization of the

mitochondrial membrane potential as an early event of apoptosis. Two lead

compounds inhibited tumor growth in vivo in the 4T1 triple negative breast

cancer and A549 human lung adenocarcinoma xenograft models. Novel marine

sponge alkaloid analogues are demonstrated as potential anticancer agents for

further development.
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1 | INTRODUCTION

Cancer is one of the leading causes of death worldwide with the

reported 19.3 million new cases and death of 10 million people in

2020 (Sarfati & Gurney, 2022; Sung et al., 2021). In the European

Union cancer‐related deaths are expected as 1,269,200 cases in

2022 (Dalmartello et al., 2022). Cancer incidence is estimated to

increase with 47% in the western countries by 2040, therefore,

intensive research on the development of novel anticancer agents is

highly expected (Sarfati & Gurney, 2022; Sung et al., 2021). Since

70% of the planet is covered by oceans with an estimate of 1 million

unknown species, marine bioactive secondary metabolites and

chemical synthesis of their derivatives may facilitate anticancer drug

discovery (Anjum et al., 2016; Boucle et al., 2015). Around 30% of

known bioactive compounds with marine origin are discovered from

sponges with potential anticancer effects as alkaloids, sterols,

terpenoids, macrolides, polyketones, peptides, glycosides, quinones

(Ye et al., 2015). The wide inventory of marine sponge (phylum

Porifera) alkaloids up to 240 already identified cytotoxic compounds

as potential anticancer agents have been recently reviewed else-

where (Elgoud Said et al., 2021; Elissawy et al., 2021). Although

several marine sponge anticancer agents are reported with anti-

proliferative and proapoptotic effect, only few compounds, the

macrolide polyketide Eribulin mesylate (Halaven) was approved for

solid cancers, and nucleosides such as Fludarabin phosphate

(Fludara), Nelarabin (Arranon), Cyterabine (Cytosar‐U) are still

approved for leukemias, lymphomas by the Food and Drug

Administration (FDA) (Barreca et al., 2020; Calcabrini et al., 2017;

Ercolano et al., 2019; Wang et al., 2020). Eribulin inhibits cancer cell

division by targeting microtubule polymerization (Dybdal‐Hargreaves

et al., 2015). Fludarabine is a purine nucleoside analogue inhibiting

DNA polymerases and terminating DNA replication of cancer cells

(Berdis, 2017). Nelarabine also a purine nucleoside analogue as a

prodrug and converted to the bioactive arabinosylguanine nucleotide

triphosphate blocking DNA polymerase (Curbo & Karlsson, 2006).

Cyterabine is a cytosine with arabinose sugar moiety, it blocks DNA

and RNA synthesis as a pyrimidine analogue incorporating into the

nucleic acid and blocking elongation. Several sponge alkaloids or

chemically modified derivatives as potential anticancer agents are

under development (Elgoud Said et al., 2021; Elissawy et al., 2021; Ye

et al., 2015). The 2‐amino‐1H‐imidazol (2‐AI) core is a valuable

building block/fragment with natural occurrence in Sponge species.

The isolated natural alkaloids show a broad range of biological

activity including cytotoxic, bactericid/bacterostatic as well as

antiviral effects (Figure 1) (Berlinck & Kossuga, 2005; Hoffmann &

Lindel, 2003). On the account of pharmacophore character

of 2‐AI unit, numerous synthetic variants have been formed

in the last decades highlighting the preparation of C‐4/C‐5

substituted 2‐AI analogues (Nagasawa & Hashimoto, 2003;

Weinreb, 2007). Depending on the substitution pattern, significant

antimicrobial activity (against Gram‐positive bacteria, Escherichia

coli and/or Candida albicans) (Figure 1a), antiproliferative effects

F IGURE 1 Naturally occurring marine sponge alkaloids (Oroidin, Clathrodin, Hymenin, and Naamines) and their synthetic descendants
focusing on their structural modification at carbon 4 and/or 5 position
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(apoptosis‐inducing activities against human carcinoma cell lines)

(Figure 1b), and tubulin targeting with a C‐5‐Aroil analogue

(Figure 1c), and antibacterial activity (targeting biofilm) Figure 1d,

as well as anti‐HIV activity (via C‐5 carboxamide function) Figure 1e)

have been achieved (Chaudhary et al., 2016; Chong et al., 2012;

Dyson et al., 2014; Hura et al., 2018; Su et al., 2012; Tomašič et al.,

2015; Zidar et al., 2014).

Herein, we disclosed a preparation of novel synthetic marine

sponge alkaloid analogues, modification on three diversity points for

2‐AI score. The synthetic strategy was built on the introduction of acyl

or benzoyl as well as ester substitution at C‐5 position, insertion of a

central linker (phenyl or Ar groups) at C‐4 position and construction of

a pyrrole terminal unit involving substituted indoles besides quinolines

or pyridine scaffolds. Female breast cancer (11.7% of cases) and male

lung cancer (11.4% of cases) are among the most frequent cancer

types with high unmet medical need (Sung et al., 2021). Therefore,

cytotoxic characterization and SAR (structure activity relationship)

analysis of the constructed chemical library was accomplished through

the investigation of 4T1 murine triple negative breast cancer cells and

A549 human lung adenocarcinoma cells. Compounds were also tested

on human acute myeloid (promyelocytic) leukemia HL‐60 cells,

because it represents one of the most frequent acute leukemia with

high need for more economical, less‐toxic, and more effective therapy

(Wiese & Daver, 2018).

2 | MATERIALS AND METHODS

2.1 | Chemical information

2.1.1 | General information

1H NMR spectra were recorded at 298 K on a Bruker Avance 500

with 5mm BBO Prodigy Probe. Chemical shifts (δ) are given in ppm

and coupling constants (J) are given in Hz. Chemical shifts were

referenced to tetramethylsilane (δ= 0 ppm) as an internal standard.

High‐resolution mass spectra (HRMS) were measured on a Thermo

Scientific Q Exactive hybrid quadrupole‐Orbitrap mass spectrometer

using HESI ion source. Samples (5 μl from 1 μg/ml solution) were

injected to the MS using flow injection method (200 μl/min,

acetonitrile/water = 50:50 with 0.1% TFA). TLC was performed on

aluminium sheets coated with silica gel 60 F254 (1.05554;

Merck). Column chromatography was performed on Kieselgel 60

(0.063–0.200mm; Merck; elution mixture: toluene/methanol or ethyl

acetate/methanol). Chemicals and solvents were commercial grade

using without any purification.

2.1.2 | General procedure for the synthesis
of 16–35

The corresponding carboxylic acid (1 mmol, 2 equiv.), triethylamine

(139 µl, 1 mmol, 2 equiv.) and TBTU (177mg, 0.55mmol, 1.1 equiv.)

were dissolved in dichloromethane (25ml) and stirred at room

temperature for 1 h. Then, 0.5mmol of corresponding amine

precursor was added into the reaction mixture and was stirred at

ambient temperature for 72 h. Then the mixture was poured into

water (50ml) and extracted with ethyl‐acetate (2 × 50 ml). The

combined organic extracts were then washed with saturated

NaHCO3 solution (1 × 80 ml) and brine (1 × 80 ml). The organic

phase was dried over Na2SO4, the solvent was removed at reduced

pressure and the residue was subjected to the flash column

chromatography (Kieselgel 60; eluents: toluene/MeOH or ethyl

acetate/methanol 30:1/15:1/9:1) and recrystallization from diethyl

ether/MeOH or toluene/MeOH mixture to achieve the pure target

compounds.

2.1.3 | Characterization of the products 16–35

Our group published earlier the chemical synthesis of six compounds

16, 17, 19, 26, 27, 30 without the evaluation of their biologic activity,

characterization of these analogues (1H, 13C NMR and HRMS

analysis) as well as NMR spectra are found in reference (Makra

et al., 2020). Structures 18, 20–25, 28–29, 31–35 were identified by

1D NMR and HRMS analysis, 1H and 13C NMR spectra are found in

the Figure S1.

Ethyl 4‐(3‐(1H‐indole‐2‐carboxamido)phenyl)−2‐amino‐1H‐

imidazole‐5‐carboxylate (16). The product has been showed and

characterized in reference (Makra et al., 2020). NMR purity: 99+%.

Ethyl 2‐amino‐4‐(3‐(8‐hydroxyquinoline‐2‐carboxamido)phenyl)−

1H‐imidazole‐5‐carboxylate (17). The product has been showed and

characterized in reference (Makra et al., 2020). NMR purity: 99+%.

N‐(3‐(2‐amino‐5‐benzoyl‐1H‐imidazol‐4‐yl)phenyl)−8‐hydroxy-

quinoline‐2‐carboxamide (18). Yellow solid, 61% yield (137mg); Silica

gel TLC Rf = 0.49 (toluene/2‐propanol = 4/1); NMR purity: 99+%. 1H

NMR (500MHz, dimethyl sulfoxide [DMSO]‐d6) δ = 11.06 (s, 1H),

10.45 (s, 1H), 8.58 (d, J = 8.6 Hz, 1H), 8.27 (d, J = 8.5 Hz, 1H), 8.02

(s, 1H), 7.76 (d, J = 8.0 Hz, 1H), 7.62 (t, J = 7.9 Hz, 1H), 7.54 (d,

J = 7.9 Hz, 1H), 7.44 (d, J = 7.2 Hz, 2H), 7.32 (t, J = 7.4 Hz, 1H), 7.24

(d, J = 7.6 Hz, 1H), 7.18 (t, J = 7.6 Hz, 1H), 7.03 (t, J = 7.9 Hz, 1H), 6.92

(d, J = 7.7 Hz, 1H), 6.05 (s, 2H) ppm. 13C NMR (126MHz, DMSO‐d6)

δ = 183.65, 162.39, 154.25, 153.42, 149.03, 147.77, 139.60, 138.62,

138.18, 136.88, 135.61, 131.26, 130.24, 130.20, 129.07, 128.18,

127.95, 125.82, 122.51, 121.59, 119.89, 119.44, 118.15,

112.56 ppm. HRMS (ESI) m/z: [M +H]+ Calcd for C26H20N5O3
+

450.1561 (100.0%), 451.1595 (28.1%); Found: 450.1554.

N‐(3‐(2‐amino‐5‐benzoyl‐1H‐imidazol‐4‐yl)phenyl)quinoline‐2‐

carboxamide (19). The product has been showed and characterized in

reference (Makra et al., 2020). NMR purity: 97%.

N‐(3‐(2‐amino‐5‐benzoyl‐1H‐imidazol‐4‐yl)phenyl)picolinamide

(20). Yellow solid, 83% yield (159mg); Silica gel TLC Rf = 0.41

(toluene/2‐propanol = 4/1); NMR purity: 99+%. 1H NMR (500MHz,

DMSO‐d6) δ = 11.02 (s, 1H), 10.36 (s, 1H), 8.75 (d, J = 4.2 Hz, 1H),

8.15 (d, J = 7.8 Hz, 1H), 8.08 (td, J = 7.6, 1.7 Hz, 1H), 7.96 (s, 1H), 7.69

(ddd, J = 7.6, 4.7, 1.3 Hz, 1H), 7.63 (d, J = 8.0 Hz, 1H), 7.42 (d,

1908 | GÉMES ET AL.
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J = 7.5 Hz, 2H), 7.31 (t, J = 7.5 Hz, 1H), 7.17 (t, J = 7.6 Hz, 2H), 7.02 (t,

J = 7.8 Hz, 1H), 6.96 (d, J = 7.7 Hz, 1H), 6.05 (s, 2H) ppm. 13C NMR

(126MHz, DMSO‐d6) δ = 183.56, 162.62, 153.40, 150.31, 149.16,

148.91, 139.62, 138.63, 138.00, 135.54, 131.20, 129.02, 128.13,

127.95, 127.38, 125.50, 122.76, 122.49, 121.32, 119.63 ppm. HRMS

(ESI) m/z: [M +H]+ Calcd for C22H18N5O2
+ 384.1455 (100.0%),

385.1489 (23.8%); Found: 384.1450.

N‐(3‐(2‐amino‐5‐benzoyl‐1H‐imidazol‐4‐yl)phenyl)‐4‐bromo‐

1H‐pyrrole‐2‐carboxamide (21). Yellow solid, 90% yield (202mg);

Silica gel TLC Rf = 0.47 (toluene/2‐propanol = 4/1); NMR purity: 97%.
1H NMR (500MHz, DMSO‐d6) δ= 11.92 (s, 1H), 10.92 (s, 1H), 9.64 (s,

1H), 7.81 (s, 1H), 7.57 (d, J = 8.1 Hz, 1H), 7.51 – 7.43 (m, 1H),

7.39–7.32 (m, 1H), 7.21 (s, 2H), 7.17–7.12 (m, 1H), 7.10–7.06 (m,

1H), 7.04–6.86 (m, 2H), 6.74 (s, 1H), 5.92 (s, 2H) ppm. 13C NMR

(126MHz, DMSO‐d6) δ = 161.39, 158.35, 139.63, 138.87, 131.27,

129.13, 128.11, 127.89, 127.21, 123.64, 122.71, 121.05, 119.41,

116.15, 113.12, 96.07, 95.66 ppm. HRMS (ESI) m/z: [M +H]+ Calcd

for C21H17BrN5O2
+ 450.0561 (100.0%), 452.0540 (97.3%), 451.0594

(22.7%), 453.0574 (22.1%), 452.0628 (2.5%), 454.0607 (2.4%),

451.0531 (1.8%), 453.0511 (1.8%); Found: 450.0553, 452.0532,

451.0586, 453.0563.

N‐(3‐(2‐amino‐5‐benzoyl‐1H‐imidazol‐4‐yl)phenyl)‐1H‐pyrrole‐

2‐carboxamide (22). Yellow solid, 54% yield (100mg); Silica gel TLC

Rf = 0.41 (toluene/2‐propanol = 4/1); NMR purity: 97%. 1H NMR

(500MHz, DMSO‐d6) δ= 11.58 (s, 1H), 10.98 (s, 1H), 9.58 (s, 1H),

7.82 (s, 1H), 7.59 (d, J = 8.1 Hz, 1H), 7.48–6.80 (m, 9H), 6.16 (d,

J = 3.4 Hz, 1H), 5.99 (s, 2H) ppm. 13C NMR (126MHz, DMSO‐d6)

δ = 159.44, 139.60, 139.23, 131.28, 129.37, 128.68, 128.12, 126.57,

122.91, 120.95, 119.30, 111.73, 109.34 ppm. HRMS (ESI) m/z:

[M +H]+ Calcd for C21H18N5O2
+ 372.1455 (100.0%), 373.1489

(22.7%); Found: 372.1448.

N‐(3‐(2‐amino‐5‐benzoyl‐1H‐imidazol‐4‐yl)phenyl)‐5‐fluoro‐1H‐

indole‐2‐carboxamide (23). Yellow solid, 50% yield (110mg); Silica gel

TLC Rf = 0.43 (toluene/2‐propanol = 4/1); NMR purity: 90%. 1H NMR

(500MHz, DMSO‐d6) δ= 11.80 (s, 1H), 11.02 (s, 1H), 10.09 (s, 1H), 7.86

(t, J = 1.9Hz, 1H), 7.62 (d, J = 7.1Hz, 1H), 7.49–7.38 (m, 6H), 7.33 (t,

J = 7.4Hz, 1H), 7.18 (t, J = 7.7Hz, 2H), 7.09 (td, J = 9.3, 2.5 Hz, 1H), 7.00

(t, J = 7.9Hz, 1H), 6.90 (d, J = 7.7Hz, 1H), 6.03 (s, 2H) ppm. 13C NMR

(126MHz, DMSO‐d6) δ = 183.61, 159.65, 157.68 (d, J = 231.9Hz),

153.38, 149.14, 139.57, 138.68, 135.50, 133.98, 133.68, 131.24,

129.06, 128.15, 127.89, 127.57 (d, J = 10.3Hz), 125.24, 122.44,

121.28, 119.51, 114.06 (d, J = 10.0Hz), 112.95 (d, J = 27.0Hz),

106.35 (d, J = 22.8Hz), 104.22 (d, J = 3.4Hz) ppm. HRMS (ESI) m/z:

[M +H]+ Calcd for C25H19FN5O2
+ 440.1518 (100.0%), 441.1551

(27.0%); Found: 440.1509.

Ethyl 2‐amino‐4‐(3‐(5‐methoxy‐1H‐indole‐2‐carboxamido)phenyl)‐

1H‐imidazole‐5‐carboxylate (24). Pale yellow solid, 58% yield

(122 mg); Silica gel TLC Rf = 0.39 (toluene/2‐propanol = 4/1);

NMR purity: 99%. 1H NMR (500MHz, DMSO‐d6) δ= 11.56

(s, 1H), 10.85 (s, 1H), 10.18 (s, 1H), 8.26 (s, 1H), 7.77

(d, J = 8.0 Hz, 1H), 7.70 (d, J = 7.8 Hz, 1H), 7.37 (d, J = 4.0 Hz, 1H),

7.36 (d, J = 2.5 Hz, 1H), 7.34 (t, J = 8.0 Hz, 1H), 7.14 (d, J = 2.4 Hz,

1H), 6.89 (dd, J = 9.0, 2.5 Hz, 1H), 5.77 (s, 2H), 4.19 (q, J = 7.1 Hz,

2H), 3.79 (s, 3H), 1.24 (t, J = 7.1 Hz, 3H). 13C NMR (126MHz,

DMSO‐d6) δ = 160.07, 159.91, 154.32, 152.09, 146.35, 138.71,

135.15, 132.57, 132.32, 128.07, 127.86, 124.79, 121.41, 120.20,

115.47, 113.67, 112.04, 104.01, 102.58, 59.82, 55.77, 14.74 ppm.

HRMS (ESI) m/z: [M + H]+ Calcd for C22H22N5O4
+ 420.1667

(100.0%), 421.1700 (23.8%); Found: 420.1663.

N‐(3‐(2‐amino‐5‐benzoyl‐1H‐imidazol‐4‐yl)phenyl)‐1H‐indole‐

2‐carboxamide (25). Yellow solid, 52% yield (109mg); Silica gel TLC

Rf = 0.45 (toluene/2‐propanol = 4/1); NMR purity: 91%. 1H NMR

(500MHz, DMSO‐d6) δ= 11.69 (s, 1H), 11.02 (s, 1H), 10.05 (s, 1H),

7.88 (s, 1H), 7.68 (d, J = 8.0 Hz, 1H), 7.63 (d, J = 9.0 Hz, 1H), 7.48 (d,

J = 8.3 Hz, 1H), 7.43 (d, J = 7.1 Hz, 2H), 7.42–7.40 (m, 1H), 7.33

(t, J = 7.4 Hz, 1H), 7.23 (t, J = 7.6 Hz, 1H), 7.19 (t, J = 7.7 Hz, 2H), 7.08

(t, J = 7.5 Hz, 1H), 6.99 (t, J = 7.9 Hz, 1H), 6.89 (d, J = 7.7 Hz, 1H), 6.04

(s, 2H) ppm. 13C NMR (126MHz, DMSO‐d6) δ = 183.61, 159.96,

153.39, 149.19, 139.57, 138.80, 137.25, 135.49, 131.98, 131.25,

129.07, 128.15, 127.88, 127.52, 125.15, 124.21, 122.44, 122.23,

121.22, 120.36, 119.46, 112.85, 104.24 ppm. HRMS (ESI) m/z:

[M +H]+ Calcd for C25H20N5O2
+ 422.1612 (100.0%), 423.1646

(27.0%); Found: 422.1607.

N‐(3‐(5‐acetyl‐2‐amino‐1H‐imidazol‐4‐yl)phenyl)‐5‐methoxy‐1H‐

indole‐2‐carboxamide (26). The product has been showed and

characterized in reference (Makra et al., 2020). NMR purity: 99+%.

N‐(3‐(2‐amino‐5‐benzoyl‐1H‐imidazol‐4‐yl)phenyl)‐5‐

methoxy‐1H‐indole‐2‐carboxamide (27). The product has been

showed and characterized in reference (Makra et al., 2020). NMR

purity: 99+%.

N‐(3‐(2‐amino‐5‐benzoyl‐1H‐imidazol‐4‐yl)phenyl)‐5‐bromo‐1H‐

indole‐2‐carboxamide (28). Yellow solid, 70% yield (175mg); Silica gel

TLC Rf = 0.47 (toluene/2‐propanol = 4/1); NMR purity: 95+%. 1H NMR

(500MHz, DMSO‐d6) δ= 11.91 (s, 1H), 11.03 (s, 1H), 10.14 (s, 1H),

7.93 (s, 1H), 7.86 (s, 1H), 7.62 (d, J = 7.1 Hz, 1H), 7.47–7.38 (m, 4H),

7.34 (dd, J = 8.7, 1.9 Hz, 2H), 7.19 (t, J = 6.4Hz, 2H), 7.00 (t, J = 7.1Hz,

1H), 6.91 (d, J = 7.6Hz, 0H), 6.04 (s, 2H) ppm. 13C NMR (126MHz,

DMSO‐d6) δ = 183.61, 159.57, 153.38, 149.13, 139.56, 138.65,

135.83, 135.49, 133.27, 131.26, 129.30, 129.07, 128.14, 127.92,

126.79, 125.27, 124.38, 122.45, 121.27, 119.52, 114.87, 112.80,

103.66 ppm. HRMS (ESI) m/z: [M +H]+ Calcd for C25H19BrN5O2
+

500.0717 (100.0%), 502.0697 (97.3%), 501.0751 (27.0%), 503.0730

(26.3%), 502.0784 (3.5%), 504.0764 (3.4%), 501.0687 (1.8%),

503.0667 (1.8%); Found: 500.0707, 501.0737, 502.0686, 503.0716,

504.0744.

N‐(3‐(2‐amino‐5‐benzoyl‐1H‐imidazol‐4‐yl)phenyl)‐5‐chloro‐1H‐

indole‐2‐carboxamide (29). Yellow solid, 58% yield (132mg); Silica gel

TLC Rf = 0.45 (toluene/2‐propanol = 4/1); NMR purity: 98%. 1H NMR

(500MHz, DMSO‐d6) δ= 11.84 (s, 1H), 10.94 (s, 1H), 10.08 (s, 1H),

7.87 (s, 1H), 7.77 (s, 1H), 7.63 (d, J= 7.8Hz, 1H), 7.53–7.29 (m, 5H),

7.28–7.14 (m, 3H), 7.01 (t, J = 7.8 Hz, 1H), 6.94 (d, J = 7.9Hz, 1H), 5.97

(s, 2H) ppm. 13C NMR (126MHz, DMSO‐d6) δ = 183.61, 159.60,

153.33, 149.07, 139.63, 138.66, 135.67, 135.53, 133.53, 131.20,

129.03, 128.59, 128.12, 127.89, 125.26, 124.89, 124.29, 122.47,

121.37, 121.24, 119.60, 114.45, 103.82 ppm. HRMS (ESI) m/z:

[M +H]+ Calcd for C25H19ClN5O2
+ 456.1222 (100.0%), 458.1193
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(32.0%), 457.1256 (27.0%), 459.1226 (8.6%); Found: 456.1214,

457.1245, 458.1175, 459.1212.

N‐(3‐(5‐acetyl‐2‐amino‐1H‐imidazol‐4‐yl)phenyl)‐5‐fluoro‐1H‐

indole‐2‐carboxamide (30). The product has been showed and

characterized in reference (Makra et al., 2020). NMR purity: 99+%.

Ethyl 2‐amino‐4‐(3‐(5‐fluoro‐1H‐indole‐2‐carboxamido)phenyl)‐

1H‐imidazole‐5‐carboxylate (31). Pale yellow solid, 40% yield (81mg);

Silica gel TLC Rf = 0.35 (toluene/2‐propanol = 4/1); NMR purity: 91%.
1H NMR (500MHz, DMSO‐d6) δ= 11.82 (s, 1H), 10.85 (s, 1H), 10.28 (s,

1H), 8.26 (s, 1H), 7.77 (d, J = 9.2Hz, 1H), 7.71 (d, J = 7.9Hz, 1H),

7.51–7.46 (m, 1H), 7.46 (d, J = 3.5Hz, 1H), 7.45 (d, J = 1.8Hz, 1H), 7.34

(t, J = 7.9Hz, 1H), 7.09 (td, J = 9.3, 2.5Hz, 1H), 5.77 (s, 2H), 4.19 (q,

J = 7.1Hz, 2H), 1.24 (t, J = 7.1Hz, 3H) ppm. 13C NMR (126MHz,

DMSO‐d6) δ = 159.90, 159.81, 157.68 (d, J = 233.3Hz), 152.09,

146.31, 138.57, 135.18, 133.98, 133.74, 128.11, 127.60 (d,

J = 10.4Hz), 124.94, 121.44, 120.23, 114.05 (d, J = 9.9Hz), 112.93 (d,

J = 26.5Hz), 112.05, 106.34 (d, J = 22.7Hz), 104.26 (d, J = 5.4Hz) ppm.

HRMS (ESI) m/z: [M +H]+ Calcd for C21H19FN5O3
+ 408.1467 (100.0%),

409.1500 (22.7%); Found: 408.1461.

N‐(3‐(2‐amino‐5‐benzoyl‐1H‐imidazol‐4‐yl)‐4‐chlorophenyl)‐5‐

bromo‐1H‐indole‐2‐carboxamide (32). Yellow solid, 33% yield

(88mg); Silica gel TLC Rf = 0.52 (toluene/2‐propanol = 4/1); NMR

purity: 99+%. 1H NMR (500MHz, DMSO‐d6) δ= 11.88 (s, 1H), 11.14

(s, 1H), 10.18 (s, 1H), 7.93 (s, 1H), 7.70 (s, 1H), 7.63 (d, J = 8.4 Hz, 1H),

7.45 (d, J= 8.7 Hz, 1H), 7.39 (s, 1H), 7.37–7.33 (m, 3H), 7.24 (t,

J = 7.0 Hz, 1H), 7.14 (d, J = 8.7 Hz, 1H), 7.09 (t, J = 7.3 Hz, 2H), 6.01 (s,

2H) ppm. 13C NMR (126MHz, DMSO‐d6) δ = 183.41, 159.67, 153.52,

146.40, 139.05, 137.65, 135.96, 135.19, 133.01, 130.98, 129.38,

129.27, 128.58, 127.57, 127.28, 126.94, 124.41, 123.91, 123.85,

120.95, 114.90, 112.88, 103.93 ppm. HRMS (ESI) m/z: [M +H]+

Calcd for C25H18BrClN5O2
+ 534.0327 (100.0%), 536.0307 (97.3%),

536.0298 (32.0%), 538.0277 (31.1%), 535.0361 (27.0%), 537.0340

(26.3%), 537.0331 (8.6%), 539.0311 (8.4%), 536.0394 (3.5%),

538.0374 (3.4%), 535.0298 (1.8%), 537.0277 (1.8%), 538.0365

(1.1%), 540.0345 (1.1%); Found: 534.0316, 535.0346, 536.0294,

537.0323, 538.255, 539.0294.

N‐(3‐(2‐amino‐5‐benzoyl‐1H‐imidazol‐4‐yl)‐5‐chlorophenyl)‐

5‐bromo‐1H‐indole‐2‐carboxamide (33). Yellow solid, 28% yield

(75 mg); Silica gel TLC Rf = 0.56 (toluene/2‐propanol = 4/1); NMR

purity: 99+%. 1H NMR (500MHz, DMSO‐d6) δ= 11.88 (s, 1H), 11.04

(s, 1H), 10.25 (s, 1H), 7.94 (d, J = 1.5 Hz, 1H), 7.84 (s, 1H), 7.79 (s,

1H), 7.48 (s, 1H), 7.45 (d, J = 8.9 Hz, 2H), 7.42–7.36 (m, 2H), 7.36

(dd, J = 8.7, 1.9 Hz, 1H), 7.26 (t, J = 7.5 Hz, 2H), 6.99 (s, 1H), 6.01 (s,

2H) ppm. 13C NMR (126MHz, DMSO‐d6) δ = 183.65, 159.80,

153.35, 147.26, 139.98, 139.56, 137.12, 136.00, 132.87, 132.38,

131.50, 129.26, 128.94, 128.31, 127.02, 124.47, 122.77, 119.51,

118.79, 114.92, 112.90, 104.10 ppm. HRMS (ESI) m/z: [M + H]+

Calcd for C25H18BrClN5O2
+ 534.0327 (100.0%), 536.0307 (97.3%),

536.0298 (32.0%), 538.0277 (31.1%), 535.0361 (27.0%), 537.0340

(26.3%), 537.0331 (8.6%), 539.0311 (8.4%), 536.0394 (3.5%),

538.0374 (3.4%), 535.0298 (1.8%), 537.0277 (1.8%), 538.0365

(1.1%), 540.0345 (1.1%); Found: 534.0320, 536.0298, 535.0348,

537.0323, 538.0257, 539.0292.

N‐(3‐(2‐amino‐5‐benzoyl‐1H‐imidazol‐4‐yl)‐4‐methylphenyl)‐5‐

bromo‐1H‐indole‐2‐carboxamide (34). Pale yellow solid, 82% yield

(211mg); Silica gel TLC Rf = 0.45 (toluene/2‐propanol = 4/1); NMR

purity: 95+%. 1H NMR (500MHz, DMSO‐d6) δ= 11.83 (s, 1H), 10.99

(s, 1H), 9.92 (s, 1H), 7.93–7.88 (m, 1H), 7.50 (d, J = 7.6 Hz, 1H), 7.44

(d, J = 8.8 Hz, 1H), 7.42 (s, 1H), 7.37–7.30 (m, 2H), 7.30 (d, J = 7.0 Hz,

2H), 7.20 (t, J = 6.8 Hz, 1H), 7.04 (t, J = 6.8 Hz, 2H), 6.95 (d, J = 7.9 Hz,

1H), 5.99 (s, 2H), 2.09 (s, 3H) ppm. 13C NMR (126MHz, DMSO‐d6)

δ = 183.29, 159.36, 153.51, 149.75, 139.16, 136.28, 135.83, 135.63,

133.43, 131.70, 130.77, 129.89, 129.33, 128.49, 127.52, 126.69,

124.29, 123.77, 122.88, 119.54, 114.85, 112.78, 103.49, 19.57 ppm.

HRMS (ESI) m/z: [M +H]+ Calcd for C26H21BrN5O2
+ 514.0874

(100.0%), 516.0853 (97.3%), 515.0907 (28.1%), 517.0887 (27.4%),

516.0941 (3.8%), 518.0920 (3.7%), 515.0844 (1.8%), 517.0824

(1.8%); Found: 514.0862, 516.0839, 515.0893, 517.0873, 518.0904.

N‐(4‐(2‐amino‐5‐benzoyl‐1H‐imidazol‐4‐yl)phenyl)‐5‐bromo‐

1H‐indole‐2‐carboxamide (35). Yellow solid, 30% yield (75 mg); Silica

gel TLC Rf = 0.35 (toluene/2‐propanol = 4/1); NMR purity: 93%. 1H

NMR (500MHz, DMSO‐d6) δ= 11.91 (s, 1H), 10.25 (s, 1H), 7.91 (s,

1H), 7.62 (d, J = 8.6 Hz, 2H), 7.55 (d, J = 7.3 Hz, 2H), 7.47–7.32 (m,

6H), 7.28 (t, J = 7.6 Hz, 2H), 6.13 (s, 2H) ppm. 13C NMR (126MHz,

DMSO‐d6) δ = 184.24, 159.70, 152.23, 139.49, 138.92, 135.93,

133.23, 131.56, 129.96, 129.29, 129.27, 128.31, 126.86, 124.36,

119.41, 114.88, 112.84, 103.93 ppm. HRMS (ESI) m/z: [M +H]+

Calcd for C25H19BrN5O2
+ 500.0717 (100.0%), 502.0697 (97.3%),

501.0751 (27.0%), 503.0730 (26.3%), 502.0784 (3.5%), 504.0764

(3.4%), 501.0687 (1.8%), 503.0667 (1.8%); 500.0702, 501.0736,

502.0679, 503.0714.

2.2 | Cell culturing

The A549 human non‐small cell lung cancer cell line, the human

HL‐60 promyelocytic leukemia cell line, and the 4T1 murine triple

negative breast cancer cell line was purchased from the American

Type Culture Collection. Cells were maintained in the following

media: A549 cells in Dulbecco's modified Eagle medium (DMEM)/

F12 (containing 3.151 g/L glucose), RPMI (containing 2 g/L glucose)

for the HL‐60 or 4T1 cell lines. Media were purchased from

Capricorn Scientific GmbH and supplemented with 10% fetal bovine

serum (Euroclone, Peri), 2 mM GlutaMAX (Gibco), 100 U/ml penicillin,

and 100 µg/ml streptomycin antibiotics (penicillin G sodium salt and

streptomycin sulfate salt; Merck). The cells were cultured in a

standard tissue culture Petri dish, 10mm in diameter (Corning Life

Sciences) at maximum 80% confluence in a standard atmosphere of

95% air and 5% CO2 (Sanyo).

2.3 | Isolation of primary human fibroblasts

Human primary skin fibroblasts were isolated as described previously

(Szebeni et al., 2018). Briefly, healthy volunteers (age 18–60 years)

were enrolled into the study. The punch biopsies were taken from
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healthy subjects from the breast area undergoing plastic surgery.

Primary fibroblasts were obtained from the skin by enzymatic

digestion according to a standard protocol. Briefly, skin specimens

were first washed in Salsol A solution (Human Rt) supplemented with

2% antibiotic/antimycotic solution (Sigma‐Aldrich). Skin samples

were then cut into narrow strips and incubated in Dispase solution

(Roche Diagnostics, Mannheim, Germany) overnight at 4°C. The

epidermis was subsequently separated from the dermis. Fibroblasts

were obtained by incubating the dermis in Digestion Mix solution

(Sigma‐Aldrich, Collagenase, Hyaluronidase, and Deoxyribonuclease)

at 37°C for 2 h. Cell suspensions were filtered through a 100 µm

nylon mesh (BD Falcon), and cells were pelleted by centrifugation

(Megafuge 16; Thermo Fisher Scientific). Fibroblasts were grown in

low glucose DMEM/F12 medium containing 15% FCS, 1% antibiotic/

antimycotic (PAA, Pasching, Austria) and 1% L‐glutamine solution

(PAA). Fibroblasts were cultured at 37°C and 5% CO2 in humidified

conditions. Depending on the cell growth, the medium was changed

every 2–4 days, and cells were passaged at 80% of confluence.

2.4 | Isolation of peripheral blood mononuclear
cells (PBMCs)

The PBMCs were isolated from the peripheral blood of healthy

volunteers as described previously (Szebeni et al., 2022). Briefly, the

withdrawal of 20ml peripheral blood was carried out into ethylene-

diaminetetraacetic acid (EDTA) Vacutainers (Beckton Dickinson).

PBMCs were isolated by Ficoll density gradient centrifugation using

Leucosep tubes (Greiner Bio‐One). Cells were pelleted by centrifuga-

tion at 800g for 20min. The ring of PBMCs was harvested by

pipetting and diluted with 15ml phosphate buffered saline (PBS),

then centrifuged at 350g for 5 min. The supernatant (S/N) was

removed. If necessary, red blood cells were lysed by 2ml ACK

solution (prepared in our laboratory: 0.15M NaH4Cl, 10mM KHCO3,

0.1 mM Na2EDTA, pH7.4; Merck) at room temperature (RT) for 2 min.

Cells were washed with 15ml PBS and centrifuged at 350g for 5 min.

Cells were resuspended in complete RPMI‐1640 cell culture media

(Lonza) containing 10% FCS (Euroclone), 100 U/ml penicillin sodium

salt and 100 μg/ml streptomycin sulfate salt (Merck). The cells were

plated for the treatment as described in the relevant Sections of

Materials and Methods (Section 2).

2.5 | Human ethical clearance

The subjects gave their informed consent for inclusion before

participating in the study. The study was conducted in accordance

with the Declaration of Helsinki, and the protocol was approved for

the isolation of human fibroblast by the Regional and Institutional

Research Ethics Committee (2799, 3517). The protocol was approved

for the isolation of human PBMCs by the National Institute of

Environmental Health under the 47226‐7/2019/EÜIG (2019) ethical

license. Informed consent was obtained from all subjects involved in

the study.

2.6 | Resazurin cell viability assay

Viability of the cells was measured using the resazurin assay as

described previously (Demjen et al., 2018; Szebeni et al., 2017,

2018). Briefly, the healthy human primary fibroblasts (6000),

A549 (10,000), HL‐60 (20,000), 4T1 (10,000), PBMCs (200,000)

were seeded into 96‐well plates (Corning Life Sciences) in media.

Adherent cells were cultured overnight before treatment.

Compounds were dissolved in DMSO at 10 mM concentration.

Serial dilutions were made in cell culture media freshly. Effects of

the compounds were examined in the following concentrations:

1.56, 3.13, 6.25, 12.5, 25, and 50 µM in 100 µl after 72 h

incubation. The most active compounds 23, 27, 28, 29, 32, 33,

and 35 were tested in the following concentrations: 390 nM,

780 nM, 1.56 µM, 3.13 µM, 6.25 µM, 12.5 µM for the treatment

of HL‐60 cells for 72 h. Resazurin reagent (Merck) was dis-

solved in PBS (pH 7.4) at 0.15 mg/ml concentration, sterile

filtered (0.22 µm, Merck Millipore), and aliquoted at −20°C. We

applied resazurin 20 µl stock to 100 µl/well culture. After 2 h

incubation at 37°C, 5% CO2 (Sanyo) fluorescence (530 nm

excitation/580 nm emission) was recorded on a multimode

microplate reader (Biotek Synergy H1; Agilent). Viability was

calculated with relation to untreated control cells (1 corresponds

to 100% viability on the y axis), and blank wells containing media

without cells. IC50 values (50% inhibiting concentration) were

calculated by GraphPad Prism® (version 8).

2.7 | Flow cytometry

2.7.1 | Detection of phosphatidylserine exposure

Apoptosis was detected as described previously (Demjen et al.,

2018). Briefly, HL‐60 cells (100,000) were treated with the

compounds for 24 h. Briefly, cells cultured under different condi-

tions were collected and resuspended in Annexin V binding buffer

(0.01M HEPES, 0.14M NaCl and 2.5 mM CaCl2, Merck). Annexin

V‐Alexa 488 (2.5:100; Thermo Fisher Scientific) was added to

the cells, which were then kept in the dark at room temperature

for 15 min. Before the acquisition, propidium iodide (10 µg/ml)

(Sigma‐Aldrich) was added in Annexin V binding buffer to dilute

Annexin V‐Alexa 488 5X. Cells were acquired on a Cytoflex S

cytofluorimeter (Beckman Coulter) and analysed using CytExpert

software (version 2.4; Beckman Coulter). The percentage of the

AnnexinV‐Alexa 488, (AnnV) negative and propidium iodide, (PI)

negative living cells (AnnV−/PI−), the early apoptotic (AnnV+/PI−),

late apoptotic (AnnV+/PI+) and necrotic (AnnV−/PI+) cells were

determined. Data were visualized by GraphPad Prism®.

GÉMES ET AL. | 1911

 10982299, 2022, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ddr.22006 by M

T
A

 B
iological R

esearch C
enter, W

iley O
nline L

ibrary on [14/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



2.7.2 | Sub‐G1 and cell cycle analysis

Cell cycle analysis was performed as described previously (Alfoldi

et al., 2019). Briefly, the HL‐60 cells (100,000) treated with

compounds were collected after 72 h, washed with PBS and

resuspended in DNA binding buffer (1X PBS, 0.1% tri‐sodium‐

citrate, 10 µg/ml PI, 0.1% Triton X‐100, 10 µg/ml RNaseA; Merck).

After 30min incubation at room temperature cells were acquired on

a Cytoflex S cytofluorimeter, sub‐G1 apoptotic population and cell

cycle phases were analyzed using CytExpert software. Doublets were

gated out for cell cycle analysis which was based on FSC‐H/FSC‐W

dot plots. Data were visualized by GraphPad Prism®.

2.7.3 | Detection of the mitochondrial membrane
depolarization

The change of the mitochondrial membrane polarization was

detected as described previously (Kanizsai et al., 2018; Kotogany

et al., 2020). Briefly, HL‐60 cells (1 × 105) were plated in 24‐well

tissue culture plates (Corning Life Sciences) in RPMI 10% FCS and

were treated in 500 μl media containing test compounds. Untreated

control cells were supplemented with 500 μl cell culture media. After

16 h, the supernatants were harvested. Cells were washed with

PBS, trypsinized, pooled with the corresponding supernatant, and

centrifuged (2000 rpm, 5min). The pellet was resuspended

and incubated in 5 μg/ml JC‐1 (5,5′,6,6′‐tetrachloro‐1,1′,3,3′‐

tetraethylbenzimidazolocarbocyanine iodide for 15min, Chemodex)

containing media in final volume 300 μl at 37°C. Finally, using PE

(585/42 nm) ‐ FITC (525/40 nm) channels, the red‐green fluores-

cence intensity of 2 × 104 events was acquired immediately on a

Cytoflex S flow cytometer. Data were analyzed using CytExpert

software gating out debris. Bar graphs show the percentage of green

positive cells visualized by GraphPad Prism® 8.

2.8 | In vivo tumor models

2.8.1 | The A549 xenograft assay

The A549 xenograft assay was performed as described previously

(Puskás et al., 2016). Briefly, tumor cells were cultured, counted, and

resuspended in sterile PBS at a concentration of 4.5 × 107 cells/ml.

A volume of 100 µl (4.5 × 106 cells, respectively) was injected

subcutaneously into the flanks of NOD SCID (NOD.Cg‐

PrkdcscidIl2rgtm1Wjl/SzJ, Innovo Ltd.) mice at an age of 6 weeks.

Mice were kept in individual ventilated cages to avoid infection. All

mice were fed a commercial sterile diet and water ad libitum and

were housed in an animal facility under a 12‐h light/dark cycle at

constant temperature and humidity. The study was performed

according to the Institutional and National Animal Experimentation

and Ethics Guidelines under ethical clearance (XXIX./3610/2012).

Common vehicle of compound 28 consisting of 80% Peg‐200 (Merck)

and 20% Chremophor EL (BASF) was dissolved in water for injection

in 1:8 final ratio. After growth of tumors to an average of 20mm3 and

randomization into groups, 10 mice per treatment group were

treated with 60mg/kg of 28 daily in 100 µl intraperitoneally; or one

dose of 5mg/kg cisplatin (Platidiam, 0.5 mg/ml, TEVA Hungary)

intraperitoneally in every fourth day. The health of these mice was

monitored every day and tumor sizes were measured periodically (in

every 2 days) using digital calipers until sacrifice. Tumor volumes

were calculated by the formula 0.5 × d2 × D, where d =minor

diameter, D=major diameter. Animal weights were measured

throughout the study to monitor toxicity. Arithmetic means and

standard error of the mean (SEM) values were determined in MS

Excel (Microsoft Corp.).

2.8.2 | The 4T1 murine breast cancer model

The 4T1 triple negative murine breast cancer model was performed

as described previously (Balog et al., 2019). Briefly, the animal

experiments were performed in accordance with animal experimen-

tation and ethics guidelines of the EU (2010/63/EU). Experimental

protocols were approved by the responsible governmental agency

(National Food Chain Safety Office) in possession of an ethical

clearance XXIX./128/2013. Female Charles River‐derivative BALB/c

mice (8–10 weeks old) were purchased from Kobay Ltd., (Ankara,

Turkey) and were injected orthotopically with 4T1 breast carcinoma

cells (1 × 105 cells in 100 µl FCS free RPMI). The animals had free

access to food and water. Ten mice were included into each

experimental group. Common vehicle of compounds consisting of

80% Peg‐200 (Merck) and 20% Chremophor EL (BASF) was dissolved

in water for injection in 1:8 final ratio. After growth of tumors to an

average of 20mm3 and randomization into groups, 10 mice per

treatment group were treated with 60mg/kg of 28 or 29 daily in

100 µl intraperitoneally. Treatment by cisplatin (Platidiam, 0.5 mg/ml,

TEVA Hungary) was started after 10 days of inoculation and followed

in every 4th day in 4mg/kg dose administered intraperitoneally once

on the day of the treatment. Tumors were evaluated macroscopically

by the following parameters: (1) incidence of palpable tumors was

determined by the daily monitoring of animals in each experimental

group; (2) tumor size was measured with a precision caliper and

calculated according to the formula: 0.5 × d2 × D; where d =minor

diameter, D=major diameter. Mice showing signs of suffering (lost

15% of body weight and/or loss of the righting reflex and/or enable

to eat, drink) due to (ethical) legislation were sacrificed. Animal

weights were measured throughout the study to monitor toxicity.

Arithmetic means and SEM values were determined in MS Excel.

2.9 | Statistical analysis

Significance of differences between groups was determined by

two‐tailed Student's t test in Microsoft Excel in a paired comparison

with the untreated samples in the assays of cells. For the in vivo
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experiments, the distribution of data was examined by the

D'Agostino & Pearson test in GraphPad Prism. The data of 4T1

model showed normal distribution with 4× deviation differences

among the groups, therefore multiple comparison was performed by

the Brown‐Forsythe and Welch analysis of variance (ANOVA) by

controlling the False Discovery Rate, test: Two stage Benjamini‐

Krieger‐Yekutieli, Q [Desired false discovery rate] = 0.1. The data of

A549 model showed normal distribution with similar deviation among

the groups, therefore multiple comparison was performed by the

Ordinary one‐way ANOVA by controlling the false discovery rate as

above.

3 | RESULTS

3.1 | Chemical synthesis of the 2‐amino‐1H‐
imidazole compounds and structure activity
relationship

To obtain potentially cytotoxic compounds, a simple and convenient

multistep synthetic pathway has been developed starting from

2‐amino pyrimidine scaffold towards structurally modified sponge

alkaloid analogues 16–35. Following multistep procedure involving

Mannich‐3CR, intramolecular oxidative annulation, a reduction step

and finally an amine coupling sequence, a diversely structured

chemical library has been constructed, with varying substituents in

three positions (Figure 2).

In each step, the applied methods have been accomplished by

slight modification of the selected literature procedures. The 1a‐g

Mannich products have been prepared in yields of 30%–90%, next,

the corresponding nitro intermediates 2–8 were isolated in poor to

high yields (20%–95%). The reduction step of 2–8 was carried out by

SnCl2 induction in concentrated HCl to form the 9–15 3‐aminophenyl

intermediates (yields: 62%–92%). Finally, primary amine coupling

mediated by TEA/TBTU gave the target amides 16–35 in yields up

to 90%.

The cytotoxic characterization of the 20‐membered alkaloid

library has revealed a moderate to weak antitumor activity

against 4T1, A549 and HL‐60 cancer cell lines. As biological

assessment shows, the insertion of indole moiety at the R3

position exposed a potential hit compound. Although a moderate

HL‐60 effect was demonstrated with the inclusion of

8‐hydroxiquinoline in combination with R1= OEt (17, IC50 = 5.81

μM), remarkable cytotoxicity was detected only for 23. In case of

23, the introduction of C‐7‐fluorine substituted indole and

R1 = Ph contribute for the higher cytotoxic potential against the

evaluated cancer cell lines such as 4T1 (IC50 = 9.05 μM) as well as

HL‐60 (IC50 = 5.21 μM). Unfortunately, other indole analogues 16

and 24 with R1 = OEt showed a significantly decreased antitumor

level with 12.61–34.63 μM IC50 values, with 24 showing a

moderate potential on HL‐60 cell line (IC50 = 7.57 μM). In

addition, other five or six‐membered rings like pyrroles and

pyridines as well as quinoline moieties at R3 exhibited diminished

cytotoxic effects (Figure 3).

As a continuation, further seven analogues 25–31 have been

prepared by incorporating either R1= Ac or Bz as well as R3 = indole

units decorated with EWG (halogenides) or ED (OMe) groups at

C‐7 (Figure 4). Insertion of chlorine (for 29) instead of fluorine

F IGURE 2 Four‐step synthetic procedure towards the preparation of synthetic sponge alkaloid analogues 16–35 involving (1) Mannich
3‐CR; Lewis acid ‐induced coupling reaction of 2‐aminopyrimidine aldehydes and β‐keto compounds; (2) Sequential one‐pot, two‐step
annulation with formation of C4‐, C5‐disubstituted 2‐amino‐1H‐imidazoles; (3) Reduction of NO2 group, preparation of 2‐amino‐4‐aminophenyl‐
1H‐imidazoles; (4) Coupling of the corresponding carboxylic acids furnishing the desired final products 16–35
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(for 23) or bromine (for 28) resulted in significant increase of

bioactivity in the same cells. Interestingly, the chlorine derivative

(29) showed potent cytotoxicity in 4T1 cells (3.10 μM), but the

fluorine (23) and brominated (28) derivatives exhibited lower

cytotoxicity on 4T1 cells (9.05 or 12.99 μM), respectively. Similar

HL‐60 activity was observed for 23 (IC50 = 5.21 μM), 28 (IC50 =

2.91 μM), and 29 (IC50 = 4.03 μM). Surprisingly, 27 possessing a

C‐7‐methoxy unit in the indole score (R1 = Ph) presents compara-

ble HL‐60 result with a 3.12 μM IC50 value. On the other hand,

diminished cytotoxicity was observed in those analogues, where

R1 =Me unit was introduced (26 and 30).

In consideration of the preparative and biological results,

compound 28 has been selected for further structural modifica-

tion from the three suitable analogues having acceptable

cytotoxic effects in the range of 2.8–2.9 μM (target: HL‐60 cell

culture).

Diversification approaches included the addition of halogen and

methyl substituents in different positions on the aromatic ring (with

fixed R1 position, compounds 32–34); (Figure 5), or the precursor

meta aminated form was changed into para (for 35) leading to four

analogues. As a result, only HL‐60 inhibitory effect was observedfor

32 and 33, exclusively (Figure 5). The observed 7.82 and 6.44 μM

results revealed that any substitution of the aromatic ring reduced

the cytotoxic potential even against the most sensitive HL‐60

cell line.

3.2 | Compounds with 2‐amino‐1H‐imidazol core
impaired tumor cell viability

We defined the dose‐response curves of our in‐house synthetized

20‐members compound library by the resazurin viability assay on 4T1

murine breast cancer, A549 human lung adenocarcinoma, and HL‐60

human acute promyelocytic leukemia cells (Figure S2). The half

maximal inhibitory concentration (IC50) values are presented in

Table 1. Several compounds not meeting criteria related to activity

were omitted from further studies, these are as follows. The IC50

values of six compounds (16, 20, 26, 30, 31, 34) were above 10µM

(the pharmacologically favorable range) or the IC50 values of these

compounds could not be determined (n.d.) for all three tested cell lines

(Hughes et al., 2011). Two molecules were completely inactive in the

applied concentration range (19, 21). Five compounds possessed low

antiproliferative activity (17, 18, 22, 24, 25). Further investigations

focused only on analogs with potent cytotoxic activity on three

different cell lines: 4T1, A549, and HL‐60. Seven compounds (23, 27,

28, 29, 32, 33, 35) that hampered the viability of all three tested cell

lines were selected for subsequent experiments. The tumor cell

specific cytotoxic selectivity of the compounds was tested on normal

primary cells such as healthy human fibroblasts and PBMCs. While the

12.5 µM treatment with the selected seven compounds caused decline

in the viability index to 0.7 of healthy human fibroblasts, the viability of

PBMCs was not affected (Figure S3).

F IGURE 3 The structures of heterocycles 16–24 investigated in preliminary assessment. Compounds were synthesized by the above‐
mentioned protocol and were isolated in yields of 50%–90%
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F IGURE 4 The chemical structures of the hit‐like compound 23 and its descendant analogues 25–31, isolating in yields of 40%–70%.
Following the observed test results, the derivative 28 (dashed line box) was selected for further derivatization

F IGURE 5 The results of late‐stage structural modification of compound 28. The synthesized four analogues 32–35 have isolated in yields of
28%–82%
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Cells were treated with compounds 16–35, hashmark (#) labeled

compounds were used in 39 nM, 78 nM, 1.56 µM, 3.125 µM,

6.25 µM, 12.5 µM concentrations and the following concentrations

for the rest: 1.56, 3.125, 6.25, 12.5, 25, and 50 µM in three biological

replicates for 72 h. Viability was examined by resazurin assay as

described in Section 2.6. Materials and Methods. Hashmark (#)

labeled compounds were selected for further investigation. n.d. refers

to “IC50 cannot be determined in the applied concentration range.”

3.3 | Compounds with 2‐amino‐1H‐imidazol core
induced apoptosis, phosphatydilserine exposure and
sub‐G1 increase in HL‐60 cells

HL‐60 human promyelocytic leukemia cells were the most sensitive

for our marine sponge derivatives, therefore, HL‐60 cells were

selected for further study of the cytotoxic effect of the compounds.

To clarify whether the viability of HL‐60 cells was hampered by

apoptosis or necrosis, we carried out annexin V‐propidium iodide (PI)

staining on the cells treated by the seven selected candidates

(Figure 6a,b). 1, 3, and 6 µM treatments were used to apply a lower

and higher concentration of the IC50 values of the compounds (27,

28, and 29) on HL‐60 cells. Sponge alkaloid derivatives showed dose

dependent phosphatidylserine exposure that suggests potent apo-

ptotic activity (AnnV+/PI− early apoptosis and AnnV+/PI+ late

apoptosis) in HL‐60 cells (Figure 6c) without the appearance of a

massive, only PI positive necrotic cell population (Figure 6c). 6 µM

treatment of 23 caused a moderate apoptotic effect with 76.8 ± 3.5%

living (*p < .05), 3.2 ± 0.7% early apoptotic (*p < .05), 15.5 ± 3.9% late

apoptotic cells (*p < .05). The same 6 µM treatment with 27, 28, and

29 reduced the viability of HL‐60 cells to 30.5 ± 0.7%, 31.1 ± 0.8%,

and 37.8 ± 4.6%, respectively, compared to the viability of untreated

samples (85 ± 3.9%, ***p<.001). After treatment with 6 µM 27, 28,

and 29 early apoptotic cells were 16.1 ± 0.6%, 23.4 ± 1%, and

11.4 ± 1.1%, compared to the untreated samples (1.9 ± 0.5%,

***p < .001). After treatment with 6 µM 27, 28, and 29 late apoptotic

cells were 50.7 ± 0.9%, 43.4 ± 1.2%, and 44.7 ± 4.8%, compared to

the untreated samples (9.5 ± 2.7%, ***p < .001). The percentage of

necrotic cell populations were unchanged after treatment with 6 µM

27, 28, and 29, values were 2.5 ± 0.3%, 2.1 ± 0.4%, and 5.9 ± 1.1%,

compared to untreated cells (3.6 ± 1.6%). 6 µM 32 or 33 reduced

viability to 78.9 ± 1.6% or 79.1 ± 1.9% (*p < .05) and caused signifi-

cant increase in late apoptotic cells with 11.7 ± 2.6% or 15.6 ± 1.8%

(**p < .01) (Figure 6c). 6 µM 35 did not influenced AnnexinV

translocation significantly after the 24 h incubation.

Apoptosis executed by the activation of caspases results in

the internucleosomal degradation of genomic DNA which can be

studied by flow cytometry as a hypodiploid sub‐G1 fraction of

the cell population. To confirm that apoptotic event we analyzed,

the percentage of cells with degraded DNA, the sub‐G1 fragment

content of treated HL‐60 cells was assayed after 72 h

(Figure 7a,b). Our results showed that at a 6 µM treatment

resulted in massive DNA degradation for 27, 28, and 29.

Cytotoxicity of the analogs resulted in DNA breakdown as the

final step of apoptosis in a concentration dependent manner

(Figure 7c). The 6 µM treatment with 23, 27, 28, and 29 caused

DNA fragmentation in 22.9 ± 1.2%, 53.8 ± 7.3%, 56.5 ± 2.8%, and

64.3 ± 2.1%, of HL‐60 cells versus untreated control cells

(11.7 ± 1.2%, ***p < .001) (Figure 7c).

3.4 | Apoptotic effect of compounds with 2‐amino‐
1H‐imidazol core does not exclusively rely on
cytostatic effect rather the induction of mitochndrial
membrane depolarization

In addition to cytotoxicity, we also investigated the cytostatic effect

of our molecules on HL‐60 cells. Compounds 23, 28, 32, 33, and 35

significantly disturbed cell cycle distribution of HL‐60 cells. The cell

cycle profile of HL‐60 cells after 6 µM treatment with 27, 28, and 29

was not determinable because of the high degree of apoptosis after

72 h treatment. The arrest in G2/M phase occurred upon incubation

TABLE 1 IC50 values (µM) of compounds 16–35 determined by
resazurin assay

Compounds/
cells 4T1 A549 HL‐60

16 19.32 34.63 14.42

17 17.11 n.d. 5.81

18 13.92 28.83 8.95

19 n.d. n.d. n.d.

20 30.69 n.d. 24.76

21 n.d. n.d. n.d.

22 n.d. n.d. 6.90

23# 9.05 29.08 5.21

24 12.61 27.60 7.57

25 n.d. n.d. 6.34

26 35.00 n.d. 24.80

27# 11.65 21.07 3.12

28# 12.99 15.62 2.91

29# 3.10 15.08 4.03

30 25.31 43.72 24.98

31 14.38 18.55 10.02

32# 12.44 20.27 7.82

33# 11.48 17.76 6.44

34 27.02 n.d. 24.30

35# 11.02 14.15 6.77

Note: Hashmark (#) labeled compounds were selected for further
investigation. n.d. refers to “IC50 cannot be determined in the applied
concentration range.”
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with 3 µM 23 (22.4 ± 1.6%, **p < .01), 6 µM 23 (39.2 ± 3.1%,

***p < .001), 3 µM 28 (21.0 ± 0.5%, **p < .01), 1 µM 35 (20.8 ± 0.4%,

**p < .01) versus untreated control cells (17.3 ± 1.7%) (Figure 8b). The

arrest in G0/G1 phase occurred upon incubation with 32 1–6 µM and

33 3–6 µM reaching a maximum (33 at 6 µM) of 74.1 ± 1.4% versus

64.3 ± 1.9% of control cells.

However, there were statistical differences in the percentages of

cells in different cell cycle phases, there were only moderate changes.

On the other hand, the cell cycle arrest was only measurable after

72 h, subsequently of the previously demonstrated apoptotic PS

exposure event, therefore authors speculate that induction of

apoptosis is upstream of cell cycle disturbance. Therefore, another

parameter confounding cellular viability, namely the mitochondrial

homeostasis was assayed as early as 16 h following treatments. The

perturbation of the cellular viability by the sponge alkaloid derivative

compounds may confound the subcellular oxidative homeostasis

affecting mitochondrial membrane potential (MMP). Mitochondrial

membrane depolarization was examined by JC‐1 (5,5′,6,6

tetrachloro‐1,1′,3,3′‐tetraethylbenzimidazolocarbocyanine iodide)

staining following treatment of HL‐60 cells. The JC‐1 dye is in

aggregated form with red color in cells with healthy mitochondria,

but redox stress and mitochondrial membrane depolarization lead to

the creation of JC‐1 monomers with green color (Kanizsai et al.,

2018). Our analogs depolarized mitochondria of HL‐60 cells in a

concentration dependent manner (Figure 9a,b). The four most

cytotoxic compounds were selected for the MMP assay. The

depolarizing effect of 3 µM 23, 27, 28, and 29 compounds on

MMP resulted 9.1 ± 0.2%, 13.3 ± 1.1% (**p < .01), 10.4 ± 0.2%

(**p < .01), and 9.4 ± 1.1% cells with green JC‐1 accumulation

compared to the untreated 7.6 ± 0.6%, respectively. The depolarizing

effect of 6 µM 23, 27, 28, and 29 compounds on MMP resulted

massive accumulation of 13.4 ± 0.8%, 42.4 ± 0.8%, 50.3 ± 0.7%, and

29.7 ± 2.1% cells with green JC‐1 monomers compared to the

untreated 7.6 ± 0.6%, respectively (***p < .001).

F IGURE 6 Sponge alkaloid analogs induced phosphatidylserine exposure. HL‐60 leukemia cells were left untreated (a) or incubated with the
compounds (b, example of 28 at 6 µM) as described in Section 2.7.1. Materials and Methods for 24 h. Representative dot plots are shown for
gating and setting of quadrants (a, b). (c) The results are shown as arithmetic mean values of the early (AnnV+/PI−, blue column) and late
apoptosis (AnnV+/PI+, pink column), living cells (AnnV−/PI−, green column), and necrotic cells (AnnV−/PI+, brown column) of three biological
replicate samples ± SD, *p < .05, **p < .01, ***p < .001
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3.5 | Lead compound inhibited the A549 human
lung carcinoma and 4T1 murine breast tumor growth

Taken together the data about the synthesis, solubility, and apoptotic

effects of our compounds, 28 and 29 were selected for in vivo

studies with the potential of tumor growth inhibition. First, the

orthotopic and syngeneic 4T1 triple negative breast cancer model

was assayed. Compound 28 reduced 4T1 tumor volume to

675 ± 139mm3 by the 28th day, but without statistical significance

(Figure 10a). On the 27th day of tumor growth, 29 had significant

4T1 tumor growth inhibition reducing tumor volume to 443 ± 54mm3

(*p < .05) compared to untreated mice with 768 ± 134mm3 tumor

volume (Figure 10b). Cisplatin was more effective than our

compounds in the 4T1 model reducing tumor growth to

245 ± 45mm3 (**p < .01) by the 28th day compared to the average

tumor volume of the untreated group with 939 ± 162mm3

(Figure 10a,b). The 28 was tested on the A549 xenograft model

reducing tumor growth to 354 ± 15mm3 compared to untreated mice

with 553 ± 66mm3 (*p < .05). Cisplatin showed the same effectivity

inhibiting A549 tumor growth as 28 with the average tumor volume

of 368 ± 23mm3 by the day of 46th (*p < .05) (Figure 10c).

4 | DISCUSSION

Despite the advent of the integration of immunotherapy and

targeted therapy into the arsenal of traditional anticancer interven-

tions (such as surgery, radiotherapy, chemotherapy), cancer

remained one of the deadliest disease groups with high need for

novel therapies (Advancing Cancer Therapy, 2021; Akkin et al.,

2021; Zhong et al., 2021). Since 70% of the planet is covered by

oceans, marine organism may serve a wide inventory of bioactive

compounds. Almost 78% of the chemotherapeutic agents are

isolated form natural source or synthetized from naturally occurring

scaffolds (LaBarbera et al., 2009). Sponges (phylum Porifera) as

sessile organisms without adaptive immune cells, protect against

pathogens and invaders by the synthesis of seconder metabolites,

alkaloids.

F IGURE 7 Analogs caused DNA breakdown and apoptosis of HL‐60 cells. Representative SSC‐FSC, and PI histograms are presented where
cells were left untreated (a) or treated for 72 h (b, example of 28 at 6 µM). (c) The arithmetic mean values of three biological replicates ± SD are
presented. Cells were treated with the alkaloid derivatives with the indicated concentrations (μM) in the figure in duplicates for 72 h. Sub‐G1
population was analyzed by flow cytometry as described in Section 2.7.2 (Materials and methods). *p < .05, **p < .01, ***p < .001.
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We have demonstrated a multistep synthetic pathway preparing

synthetic sponge alkaloids decorating at C‐4 and C‐5 position with

(hetero)aromatic units for 2‐AI score. The newly synthesized species

were observed in acceptable yields, in addition, the developed

method is available for a construction of higher membered chemical

library diversifying in arbitrary combinations. From our established

20‐membered library, eighteen of 20 compounds showed cytotoxic

effect on the cancer cell lines with different potential. As structure‐

activity relationship revealed that introducing of quinoline and

pyrrole moieties at R3 position diminished or decreased the cytotoxic

behavior, similarly to the pyridine unit. Although the unsubstituted

indole ring showed a poor activity, any modification on the adjacent

phenyl group at C‐7 with either EWG (halogenides) or ED (OMe)

group led to significant improvement of cytotoxic efficiency. In

addition, changes of R1 position such as OEt→ phenyl or Me have

increased the antitumor potential as demonstrating C‐7 fluorine as

well as methoxy substituted variants. As a conclusion, the presence

of C‐7‐halogene such as fluorine (23), bromine (28), or chlorine (29)

as well as EWG moiety including methoxy (27) substituted indole and

R1= Ph contributed for the highest cytotoxic potential.

Healthy controls cells, such as healthy human fibroblasts and

PBMCs were treated with our compounds to exclude general

cytotoxicity. Viability of healthy fibroblasts and PBMCs upon

treatment was less hampered compared to cancer cell lines

supporting tumor cell specific cytotoxicity of our compounds.

However, the most cytotoxic compounds resulted the following

IC50 values 28: 2.91 µM on HL‐60 cells, and 29: 3.1 µM on 4T1 cells.

The A549 cells were less sensitive to the treatments with IC50 15 µM

for both 28 and 29. Single cell flow cytometry was used to further

investigate the effects of our compounds on the tested cell lines.

Flow cytometry demonstrated the apoptotic effect of the most active

seven compounds inducing phosphatidylserine exposure and sub‐G1

fragmentation of nuclear DNA. FDA approved DNA base analogues

(Fludarabine, Nelarabine, Cyterabine) blocks S‐phase, therefore, cell

cycle arrest was observed, but our compounds had moderate effect

on this. Although, microtubule destabilizer effect of our compounds

was not assayed, it is quite unlikely since only moderate changes

were detected in cell cycle distributions upon treatment. Conversely,

the mitochondrial red/ox homeostasis was hampered quite early in

our experiments since four compounds caused depolarization of the

MMP as an early event of apoptosis after 16 h treatment. The

observed proapoptotic effects of our compounds are in great

agreement with previous studies of marine sponge alkaloids. The

anticancer effect, induction of the intrinsic apoptotic pathway via

mitochondrial membrane depolarization upon treatment with differ-

ent marine sponge alkaloids was previously reviewed by others

F IGURE 8 Compounds With 2‐Amino‐1H‐Imidazol Core caused G2/M arrest of HL‐60 cells. (a) Representative dot plots are presented for
gating out debris and aggregates by SSC‐FSC plots, gating singlets by FSC‐H/FSC‐W plots, and gating cells by PI/FSC‐W plots. Cells were
treated with compounds with the indicated concentrations (μM) in the figure and G0/G1, S, G2/M cell cycle phase distributions were analyzed by
flow cytometry as described in Section 2.7.2 (Materials and Methods). (b) The results are shown as arithmetic mean values of three biological
replicate samples ± SD, * p < .05; **p < .01; ***p < .001. n.d. refers to samples with not determinable cell cycle distribution due to high degree of
apoptosis
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(Barreca et al., 2020; Calcabrini et al., 2017; Munekata et al., 2021).

Naamidine A, a sponge alkaloid was early reported to exert apoptotic

effects in the A431 epidermoid carcinoma cancer cell line following a

15 µM treatment (LaBarbera et al., 2009). Another sponge com-

pound, (−)‐Agelasidine A also demonstrated Annexin V+ apoptosis

and mitochondrial membrane depolarization in Hep3B hepatocellular

carcinoma cells treated with 35 µM for 24 h (Lu et al., 2022). Other

sponge alkaloids such as, Hemimycalin C, Hemimycalin D, and

Hemimycalin E were recently reviewed as antiproliferative agents in

the colorectal cancer cell line HCT‐116 with 18.6, 17.1, and 8.6 µM

IC50 values, respectively (Han et al., 2022).

Importantly, marine sponge alkaloid derivatives, synthetized in

our laboratory showed superior antiproliferative, apoptotic effects on

the tested cancer cell lines compared to previously described

molecules and their effects were comparable in efficiency to cisplatin

in reducing tumor growth in two rodent tumor models. The two

tumor models were significantly different in that, the first utilized

human lung adenocarcinoma, A549 cells injected subcutaneously into

immunodeficient mice. While the other was a syngeneic model with

4T1 mouse breast cancer, cells injected orthotopically into the

mammary fat pad in immunocompetent mice. These murine tumor

models, considering their advantages and limitations, showed not

only general applicability but also shed light on the comparable tumor

growth inhibitory effects of our derivatives (28, 29) with the golden

standard cisplatin. Further chemical modifications of our derivatives

along the obtained SAR data may provide potential anticancer agents

containing natural sponge alkaloid scaffolds.
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