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Cyclic Amines Coupled to Indole Derivatives With Improved
Efflux Pump Inhibiting Activity in Bacteria and Cancer Cells
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Abstract. Background/Aim: Indole skeleton has become a
significant tool in the field of anticancer and antibacterial
therapeutic strategies. The modified aza-Friedel-Crafts
reaction by direct coupling of different cyclic imines and
indole derivatives has been explored. To investigate the
scope and limitations of the reaction and observe the effect
of structural modifications, our aim was to resynthesize
selected compounds as well as prepare new derivatives
starting  from  6,7-dimethoxy-3,4-dihydroisoquinoline,
(4aR,8aR)-4a,5,6,7,8,8a-hexahydroquinoxalin-2(1H)-one and
7-azaindole. Our further aim was the systematic biological
evaluation of selected C-3-coupled indole and azaindole
derivatives in favour of having a preliminary overview about
the structure—activity relationships. Materials and Methods:
The synthesis and resynthesis of selected compounds were
accomplished by extension of aza-Friedel-Crafts reaction.
The products have been tested on bacteria and cancer cells.
Results: The most significant efflux pump inhibiting EPI
activity was observed in the case of 6,7-dihydrothieno[3,2-
c]pyridine coupled indole derivative. The reaction of 6,7-
dimethoxy-3,4-dihydroisoquinoline with 7-azaindole resulted
in the most potent biofilm inhibitor product. Applying indole
and 4,9-dihydro-3H-f3-carboline, 6,7-dihydrothieno[3,2-
c[pyridine led to the formation of a product with the highest
anticancer activity. 6,7-Dimethoxy-3,4-dihydroisoquinoline
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skeleton and indole as an electron-rich aromatic compound
have been found to be effective in the inhibition of ABCBI.
Conclusion: The compounds presented in the study were
investigated regarding different aspects of antibacterial and
anticancer activities. Accordingly, some compounds were
found to have antibacterial effect on Escherichia coli and
Staphylococcus aureus strains, certain C-3-coupled
derivatives showed toxicity on sensitive and ABCBI efflux
pump expressing colon adenocarcinoma and a normal, non-
cancerous fibroblast cell lines.

The Mannich reaction is one of the most important basic
reaction types in organic chemistry for C—C and C-N bond
formation (1-5). A special variation of this latter reaction
(modified Mannich reaction: mMR) uses benzaldehyde rather
than formaldehyde, ammonia instead of secondary amine and
replacing the C-H acid by an electron-rich aromatic
compound, such as 1- or 2-naphthol (6) or nitrogen-
containing naphthol analogues leading to chelating
compounds with improved antiproliferative activity (7).
Mechanistically, the modified aza-Friedel-Crafts reaction
can be interpreted as a special mMR, where electron-rich
aromatic compounds such as naphthols and their N-
containing analogues are reacted with a wide range of cyclic
imines to furnish aminonaphthols (8-11), aminoquinolinols
(9) or aminoisoquinolinols (9, 12).

In previous studies the scope and limitations of the
modified aza-Friedel-Crafts reaction by direct coupling of
different cyclic imines and indole derivatives as electron-rich
aromatic compounds have been examined (13-15). The
reaction of indole and indole-2-carboxylic acid with 3,4-
dihydroisoquinolines, 4,6-dihydro-3Hbenzo[c]azepine and
6,7-dihydrothieno[2,3-c]pyridine resulted in the formation of
3-substituted indole derivatives (13). The aza-Friedel-Crafts
alkylation of electron-rich aromatic compounds was then
extended by using other cyclic imine substrates, such as 4,9-
dihydro-3H-f3-carboline and 6-methoxy-4,9-dihydro-3H-3-
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carboline (14). Our research group also examined the
solvent-free coupling of 7-, 4-, 5- and 6-azaindoles with
partially saturated cyclic amines (3,4-dihydroisoquinoline,
6,7-dihydrothieno[3,2-c]pyridine, 3,4-dihydro-S-carboline
and 4,5-dihydro-3H-benz[c]azepine) leading to the formation
of new C-3-substituted azaindole derivatives (15).

Based on previous studies an indole derivative could act
on the expression level of efflux pump genes (norA), indole
analogues can also potentiate the activity of antibiotics and
destroy biofilms (16). Furthermore, other indole derivatives
have been patented to be effective in combination with a
known antibiotic in a synergistic manner, furthermore, they
are believed to exert this effect by the inhibition of a
bacterial efflux pump(s) [Indole derivatives as efflux pump
inhibitors, patent (17)]. There is an extensive research on
indole containing derivatives as MDR reversing agents and
EPIs, there are derivatives effective against the ABCBI1
efflux pump of tumor cells (18).

Eudistomin U and isoeudistomin U are important
derivatives of -carboline, tryptophan-derived metabolites. A
recent paper pointed out that these compounds and related
2-substituted 1,2,3 4-tetrahydroeudistomins U showed
antibacterial, antimalarial, and anticancer activities. The
antibacterial activity of eudistomin U was assessed on
Streptococcus — pyogenes, smegmatis,
Staphylococcus aureus, Escherichia coli and Pseudomonas
aeruginosa strains. In the case of dimethoxy derivative of
eudistomin U antileukemic activity was reported. Moreover,
2-alkylated compounds of 1,2,3 4-tetrahydroeudistomin U
possessed antitumor activity on Pyricularia oryzae Cavara
cancer cells (19). Studies have shown that aryl hydrocarbon
receptor agonist indole-3-carbinol and 3,3’-diindolylmethane,
indole[3,2-b]carbazole are anti-carcinogenic derivatives (20).
Baez-Gonzalez et al. established the effects of indole-3-
carbinol on the proliferation, migration, invasion of different
cancer cell lines by affecting cell growth, apoptosis, mobility,
and invasive properties of cancer cells (21). Recently, the
immune-regulatory, anti-inflammatory, and antioxidant effect
of diindolylmethane against ulcerative colitis was proven by
modulating the expression of IncRNAs and miRNAs (22).
Furthermore, imidazo[4,5-f]quinoline, imidazo[4,5-flquinoxaline,
and imidazo[4,5-b]-pyridine as azaindole containing heterocycles
are suggested to act as lactoperoxidase substrates (23).

Based on the widespread biological activity of the indole
skeleton or their application as pharmaceuticals (16-25), our
present aim was to perform a systematic biological
examination of 3-isoquinolyl-, 3-thieno[3,2-c]pyridyl-, 3-f-
carbolinyl- and 3-benz[c]azepinyl-indole and -azaindole
derivatives. In favour of drawing the inference, we decided
to resynthesize the selected derivatives and to extend the
synthetic pathway to the preparation of new precursors
starting from 6,7-dimethoxy-3 4-dihydroisoquinoline as well
as (4aR.8aR)-4a,5,6,7.,8 8a-hexahydroquinoxalin-2(1H)-one

Mycobacterium

as cyclic imine and 7-azaindole to have a preliminary
overview about the structure—activity relationship for C-3-
coupled indole and azaindole derivatives.

Materials and Methods

Biological assays. Cell cultures. The human colon adenocarcinoma
cell lines, Colo 205 (ATCC-CCL-222) doxorubicin-sensitive and
Colo 320/MDR-LRP (ATCC-CCL-220.1) resistant to doxorubicin
expressing ABCB1, were purchased from LGC Promochem
(Teddington, UK). The cells were cultured in RPMI-1640 medium
as described previously (26). The MRC-5 (ATCC CCL-171) human
embryonic lung fibroblast cell line (LGC Promochem) was cultured
in EMEM medium as described earlier (26).

Assay for cytotoxic effect. A total of 1x104 of human colonic
adenocarcinoma cells or adherent human embryonic lung fibroblast
cells were prepared in the appropriate culture medium. The effects
of increasing concentrations of the compounds on cell growth were
tested in 96-well flat-bottomed microtiter plates starting with 100
uM. Culture plates were incubated at 37°C for 24 h; at the end of
the incubation period, 20 pL of MTT (thiazolyl blue tetrazolium
bromide) solution (from a 5 mg/ml stock solution) were added to
each well. After incubation at 37°C for 4 h, 100 pl of sodium
dodecyl sulfate (SDS) solution (10% SDS in 0.01 M HCI) was added
to each well and the plates were further incubated at 37°C overnight.
Cell growth was determined by measuring the optical density (OD)
at 540 nm (ref. 630 nm) with Multiscan EX ELISA reader (Thermo
Labsystems, Cheshire, WA, USA). Inhibition of cell growth was
expressed as ICs, values, defined as the inhibitory dose that reduces
the growth of the cells exposed to the tested compounds by 50%.
ICs values and the SD of triplicate experiments were calculated by
using GraphPad Prism software version 5.00 for Windows with
nonlinear regression curve fit (GraphPad Software, San Diego, CA,
USA; www.graphpad.com).

Rhodamine 123 accumulation assay. The cell numbers of the human
colon adenocarcinoma cell lines were adjusted to 2x100 cells/ml,
re-suspended in serum-free RPMI 1640 medium and distributed in
0.5 mL aliquots into Eppendorf centrifuge tubes. The tested
compounds were added at 2 or 20 uM concentrations, and the
samples were incubated for 10 min at room temperature. The
positive control was as follows: tariquidar was applied at 0.2 uM or
verapamil was used at 20 pM. DMSO at 2% v/v was used as solvent
control. The accumulation of the ABCB1 substrate rhodamine 123
was carried out as described previously (26).

Bacterial strains. As Gram-negative strain the wild-type Escherichia
coli K-12 AG100 [argE3 thi-1 rpsL xyl mtl A(gal-uvrB) supE44],
expressing the AcrAB-TolC efflux pump (EP) at its basal level and
its acrAB-tolC-deleted mutant strain E. coli AG100A (a kind gift from
Hiroshi Nikaido, Department of Molecular and Cell Biology and
Chemistry, University of California, Berkeley, CA, USA) were used.

As Gram-positive strains, methicillin-susceptible reference
Staphylococcus aureus American Type Culture Collection (ATCC)
25923 strain and the methicillin resistant S. aureus MRSA 272123
clinical strain (kindly provided by Prof. Dr. Leonard Amaral,
Institute of Hygiene and Tropical Medicine, Lisbon, Portugal) were
used in the experiments.
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Antibacterial assay. The antibacterial activity was assessed through
the minimum inhibitory concentration (MIC) of the compounds.
This was determined by the microdilution method, in a 96-well
plate, according to the Clinical and Laboratory Standard Institute
(CLSI) guidelines. The MIC was determined by visual inspection.
DMSO was used as a solvent for the compounds and was used in
subinhibitory concentrations (2% v/v) (27).

Real-time ethidium bromide accumulation assay. The impact of
compounds on EB accumulation was determined by the automated EB
method using a CLARIOstar Plus plate reader (BMG Labtech, UK)
according to a former study (28). The compounds were applied at
MIC/2 concentration and added to the samples containing a non-toxic
concentration of EB (2 ug/ml). Then, 50 ul of the EB solution
containing the compound was transferred into 96-well black microtiter
plate (Greiner Bio-One Hungary Kft, Mosonmagyarévar, Hungary),
and 50 pl of bacterial suspension (OD 600 0.6) was added to each
well. Reserpine (RES) was applied at 25 uM as a positive control on
S. aureus strains, carbonyl cyanide and m-chlorophenylhydrazone
(CCCP) were applied at 50 uM as a positive control on E. coli strains.
From the real-time data, the relative fluorescence index (RFI) of the
last time point (minute 60) was calculated (28).

Inhibition of biofilm formation. Compounds were tested for their
ability to decrease the formation of biofilm. The strains used were
the Gram-negative E. coli K-12 AG100, E. coli AG100A lacking the
AcrAB-TolC system and the Gram-positive S. aureus ATCC 25923
strain, S. aureus MRSA 272123 clinical isolate. The detection of the
biofilm formation was possible with the use of the dye crystal violet
(CV; 0.1% (v/v)), compounds were applied at MIC/2. Carbonyl
cyanide m-chlorophenylhydrazone (CCCP, 50 uM) and thioridazine
(TZ, 50 pg/ml) were used as positive controls.

The biofilm formation was determined by measuring the OD 600
using a Multiscan EX ELISA plate reader (Thermo Labsystems).
The anti-biofilm effect of the compounds was expressed in the
percentage (%) of decrease of biofilm formation.

Preparation protocols for the synthesis of the new derivatives.
Melting points were determined on a Hinotek X-4 melting point
apparatus. Merck Kieselgel 60F,s, plates were applied for TLC.
Microwave reactions were carried out with a CEM Discover SP
microwave reactor.

TH and 13C NMR spectra were recorded in DMSO-dg or CDCly
solutions in 5-mm tubes at room temperature (RT), on a Bruker
DRX-500 spectrometer (Bruker Biospin, Karlsruhe, Baden
Wurttemberg, Germany) at 500 ('H) and 125 (13C) MHz, with the
deuterium signal of the solvent as the lock and TMS as the internal
standard ('H, 13C). All spectra (1H, 13C) were acquired and
processed with the standard BRUKER software.

The HRMS flow injection analysis was performed with Thermo
Scientific Q Exactive Plus hybrid quadrupole-Orbitrap (Thermo
Fisher Scientific, Waltham, MA, USA) mass spectrometer coupled
to a Waters Acquity I-Class UPLC™ (Waters, Manchester, UK).

Optical rotation values were measured on a Jasco P-2000
Polarimeter.

Starting imines: 3,4-dihydroisoquinoline (13); 6,7-dimethoxy-
3 A-dihydroisoquinoline (13); 6,7-dihydrothieno[3,2-c]pyridine (29);
4,6-dihydro-3H-benzo[c]azepine (30, 31); 3,4-dihydro-S-carboline
(32); (4aR,8aR)-4a,5,6,7,8 8a-hexahydroquinoxalin-2(1H)-one (33)
were synthesized according to literature methods. Compounds 1, 2

(13); 3-6 (15); 7-9 (13); 10 (14); 11a, 11b (34); 13-15 (15) were
resynthesized based on the previously published data as mentioned
in part of Synthesis.

3-(6,7-Dimethoxy-1,2,3 ,4-tetrahydroisoquinolin-1-yl)-7-azaindole
(12). A mixture of 7-azaindole (17) (54 mg, 1.0 mmol) and cyclic
imine (60 mg, 1.0 mmol) was placed into a 10 ml pressurized
reaction vial. The reaction mixture was heated at 100°C for 150 min
followed by heating at 110°C for 60 min in a CEM Discover SP
MW reactor. The crude reaction mixture was purified by column
chromatography (CH3;OH:EtOAc, 4:1). The desired product was
isolated by crystallization with Et,O (10 mL), recrystallized from
iPr,O (5 ml) and EtOH (0.5 ml); 107 mg, (75%); beige crystals;
m.p. 196-198°C; 'H-NMR (DMSO): 2.62-2.67 (m, 1H), 2.78-2.91
(m, 2H), 3.02-3.08 (m, 1H), 3.44 (s, 3H), 3.73 (s, 3H), 5.19 (s, 1H),
6.38 (s, 1H), 6.71 (s, 1H), 6.93 (dd, 1H, J;=4.7 Hz, J,=7.9 Hz), 7.17
(s, 1H), 7.71 (d, 1H, J=8.0 Hz), 8.14 (d, 1H, J=4.8 Hz), 11.35 (s,
1H). 13C NMR (DMSO): 29.4; 42.0; 53.9; 55.9; 56.0; 111.5; 112.6;
115.2; 116.8; 118.1; 119.0; 125.0; 127.9; 128.5; 131.1; 142.8; 147.0;
147.7; 149.4. HRMS calcd for [M+H*] m/z=308.13935, found
m/z=308.13775.

3-[(IR,4R,6R)-3-0x0-2,5-diazabicyclo[4 4.0]dec-4-yl]-7-azaindole
(16a) and 3-[(IR,4S,6R)-3-0x0-2,5-diazabicyclo[4.4.0]dec-4-yl]-
7azaindole (16b). (4aR.8aR)-4a,5,6,7,8,8a-hexahydroquinoxalin-
2(1H)-one (152 mg, 1 mmol) and 7-azaindole (17; 118 mg, I mmol)
were dissolved in CH,Cl, (10 ml) in a 35-mL pressurized reaction
vial. The reaction mixture was heated under MW irradiation for 2
h at 100°C. Following the removal of the solvent, the residue was
purified (the diastereomers separated) by column chromatography
(CH;0OH:CHCl3, 1:6). The desired products (16a, 16b) were
crystallised from Et,O (10 ml).

16a. 104 mg, (38.5%); beige solid, m.p. 173-175°C. [a]*° -131.9
(c 0.25, CH,Cl,). 'H-NMR (CDCly): 1.30-1.38 (m, 2H), 1.67-1.79
(m, 5H), 1.83-1.89 (m, 1H), 2.62-2.72 (m, 1H), 3.11-3.20 (m, 1H),
5.08 (s, 1H), 6.62 (s, 1H), 7.09 (dd, 1H, J;=4.7 Hz, J,=7.9 Hz), 7.32
(s, 1H), 8.18 (d, 1H, J=7.9 Hz), 8.30 (d, 1H, J=4.7 Hz), 10.17 (s,
1H). 13C NMR (CDCl5): 23.9; 24.8; 30.8; 31.7; 53.3; 55.9; 59.0;
113.9; 115.9; 119.2; 123.5; 128.3; 143.0; 149.0; 171.0. HRMS calcd
for [M + H¥] m/z=271.15534, found m/z=271.15386.

16b. 26 mg, (9.5%); beige solid, m.p. 180-182°C. [(x]zOD -116.3 (¢
0.25, CH,Cl,). 'TH-NMR (CDCl3): 1.36-1.45 (m, 4H), 1.79-1.91 (m,
4H), 2.69-2.79 (m, 1H), 3.24-3.33 (m, 1H), 4.95 (s, 1H), 5.87 (s,
1H), 7.08 (dd, 1H, J;=4.7 Hz, J,=7.9 Hz), 7.40 (s, 1H), 8.07 (d, 1H,
J=8.0 Hz), 8.25-8.32 (m, 1H), 8.71 (s, 1H). 13C NMR (CDCl;):
23.8;24.6;29.3;31.5;55.8;57.9;59.0; 116.0; 118.8; 124.3; 128.7;
143.1; 148.8; 158.9; 170.5. HRMS caled for [M+H*]
m/z=271.15534, found m/z=271.15382.

Results and Discussion

Synthesis. To examine the effect of the indole skeleton in
primary biological screening (Figure 1), the isoquinoline part
was stabilized and the C-1 coupled (relative to
tetrahydroisoquinoline core) indole moiety was varied among
indole, indole-2-carboxylic acid, and 4-, 5- and 6-azaindoles
(Figure 2). The synthesis of 3-(1,2,3 4-tetrahydroisoquinolin-1-
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Figure 1. Systematic biological evaluation of selected C-3-coupled indole and azaindole derivatives.
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Figure 2. C-1 substituted 1,2,3,4-tetrahydroisoquinolines.

yDindole (1) and 3-(1,2,3 4-tetrahydroisoquinolin-1-yl)indole-
2-carboxylic acid (2) was accelerated under microwave
irradiation as described earlier by our research group (13). To
investigate the role of the heteroatom (nitrogen) on the activity,
3-(1,2,3 4-tetrahydroisoquinolin-1-yl)azaindoles (3-6) have also
been resynthesized (15).

Next, we selected compounds 7-11, with the indole skeleton
connected to varied partially saturated cyclic amines, to
investigate the influence of the cationic centre (amine) on the
biological activity (Figure 3). The selected derivatives were
synthesized based on the research protocol published

previously by direct aza-Friedel-Crafts reaction of indole with
6,7-dimethoxy-3 4-dihydroisoquinoline, 6,7-dihydrothieno[3,2-
c]pyridine, 4,6-dihydro-3Hbenzo[c]azepine and 4.9-dihydro-
3H-f3-carboline (13, 14). Microwave irradiation, as the optimal
reaction condition, has been used that led to the formation of
the desired 7-10 products in good yields. Recently, the
applicability of (4aR,8aR)-4a.5,6,7,8,8a-hexahydroquinoxalin-
2(1H)-one as chiral imine in the modified aza-Friedel-Crafts
reaction has been tested by Iwanejko et al. (34). Compounds
11a and 11b were synthesized followed by isolation
(separation) by column chromatography and determining the
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Figure 3. C-3-substituted indole derivatives.

Figure 4. C-3-substituted 7-azaindole derivatives.
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Figure 5. Synthesis of new derivatives starting from 7-azaindole as an electron-rich aromatic compound.

absolute configuration of the newly generated asymmetric
centre. This allowed to identify the diastoremers by comparing
the published characteristic data of 11a and 11b with those
measured (melting points, 'H-NMR chemical shifts and
rotation values) (34).

Regarding the biological activity of the azaindole skeleton,
7-azaindole derivatives have been found to be a hinge-
binding element in kinase inhibition (35). Mechanistically,
because of its structural characteristics, 7-azaindole is able to
form bidentate hydrogen bonds with the hinge region of

kinase. Vemurafenib has been described as 7-azaindole-based
kinase drug for the treatment of melanoma (36). Accordingly,
our next selected set of compounds was designed with the 7-
azaindole skeleton connected to partially saturated cyclic
amines. The direct coupling of 7-azaindole with cyclic
imines, such as 6,7-dihydrothieno[3,2-c]pyridine, 3.4-
dihydro-f-carboline and 4,5-dihydro-3H-benz[c]azepine, was
performed utilizing the solvent-free method previously
described leading to the formation of compounds 13-15
(Figure 4) (15).
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Table 1. Reaction conditions for the synthesis of 3-[(1R,4R,6R)-3-0x0-2,5-diazabicyclo[4.4.0]dec-4-yl]-7-azaindole (16a) and 3-[(1R,4S,6R)-3-0x0-

2,5-diazabicyclo[4.4.0]dec-4-yl]-7azaindole (16b).

Entry Time (h) Heating technique Temperature (°C) Conversion? (%) d.r.

1 23 Classical heating (oil bath) Room temperature 11 16a:16b 5:1
2 1.5 then 1.5 MW 40 then 50 9 16a:16b 5:1
3 1.5 MW 80 12 16a:16b 5:1
4 2 MW 100 57 16a:16b 5:1

4Determined from crude NMR spectra.

To obtain an overview about the influence of the
dimethoxy-substituents tetrahydoisoquinoline skeleton on
activity, 3-(6,7-dimethoxy-1,2,3 4-tetrahydroisoquinolin-1-
yl)-7-azaindole (12) as new precursor was also synthesized
starting from 6,7-dimethoxy-3.,4-dihydroisoquinoline as
cyclic imine and 7-azaindole (17). The reaction was
performed under solvent-free conditions by applying
microwave irradiation (2.5 h, 100°C; 1 h, 110°C) as the
optimal condition (Figure 5).

As a further structural modification, we wanted to observe
the effect of saturated nonracemic cyclic amine coupled with
7-azaindole. Accordingly, 7-azaindole (17) and 1.0 equivalent
of (4aR.8aR)-4a.5,6,7,8 . 8a-hexahydroquinoxalin-2(1H)-one as
chiral imine were reacted at room temperature in
dichloromethane. After a relatively long reaction (23 h), the
NMR spectrum of the crude reaction mixture proved the
appearance of both possible products 16a and 16b. In this case,
the ratio of 16a:16b was found to be 5:1. Since the conversion
was not satisfactory, the synthesis was repeated by using a two-
step microwave reaction (1.5 h, 40°C; 1.5 h, 50°C). A further
increase of the temperature (100°C) under microwave
conditions resulted in the formation of 16a and 16b in a
conversion of 57%. Before the work-up procedure, the
diastereomeric ratio of 16a:16b wase also measured and found
to be 5:1 again. It means that the diastereoselectivity of the
reaction is not influenced by the reaction temperature (Table
I). The desired products 16a and 16b were isolated by column
chromatography and the configurations of the newly created
stereogenic centres (Figure 5) were determined by comparing
the measured characteristic data (melting points, 'TH-NMR
chemical shifts and rotation values) with the published data
found for the analogues 11a and 11b (Figure 3) (34).

Biological evaluation. Regarding the antibacterial activity
(Table II), the compounds were tested on Gram-negative
Escherichia coli and Gram-positive methicillin susceptible
and resistant Staphylococcus aureus strains. Two derivatives
exerted a moderate antibacterial effect on the reference S.
aureus strains: 14 and 10 had an MIC of 50 pM. The other
derivatives had an MIC of 100 uM or >100 uM on the tested
bacterial strains.

The efflux pump inhibiting (EPI) properties of the
compounds were assessed on Gram-negative and Gram-
positive bacterial strains, such as AcrAB-TolC pump
expressing E. coli AG100, its AcrAB-TolC-deleted mutant
strain E. coli AG100A and methicillin susceptible S. aureus
ATCC 25923 reference strain, methicillin resistant S. aureus
MRSA 272123 clinical strains, respectively. The EPI activity
was compared to the positive control and in the case of the
E. coli strains, an RFI value above 0.30 was considered as
an effective efflux pump inhibitor (the positive control
CCCP had an RFI of 0.74 on the pump expressing and pump
deleted strains). Compound 3 was effective on E. coli
AG100 (RFI: 0.33) and caused higher EB accumulation in
the mutant E. coli strain (RFI: 0.52). Similar activity was
obtained on E. coli AG100 in the presence of compounds 4
(RFI: 0.47) and 6 (RFI: 0.37). Furthermore, the compounds
were also more active on the mutant strain indicating that
AcrAB-TolC is crucial in the defense mechanisms of
bacteria against toxic compounds. Compounds 7 and 9 were
potent EPIs at 50 pM with RFIs of 0.33 and 0.36 on E. coli
AG100, respectively. Furthermore, their activity was near the
same on the mutant E. coli strain, because they have more
targets in the bacterial cells, e.g. membrane destabilizing
activity without affecting efflux pumps. The most potent EPI
of the AcrAB-TolC system was 8 with RFI of 0.56 on the E.
coli AG100 strain at 50 uM, and lower activity was observed
on the pump mutant strain (RFI: 0.43). On the Gram-positive
strains the positive control was reserpine: it was more active
on the methicillin susceptible reference strain (RFI: 0.32)
than on the MRSA clinical isolate (RFI: 0.23). None of the
compounds had EPI properties on the MRSA strain. On the
methicillin susceptible strain, the most potent EPIs at 50 uM
are the following: 8 (RFI: 0.68), 9 (RFI: 0.30), 12 (RFI:
0.30), 7 (RFI: 0.17). Considering the antibacterial
evaluations, the indole skeleton connected with 6,7-
dihydrothieno[3,2-c]pyridine as a partially saturated cyclic
amine has been found to be the most effective (Table II,
Entry 8).

Using the bacterial strains mentioned above, the anti-
biofilm activity of the derivatives was determined using
crystal violet staining. No biofilm inhibition was observed
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Table II. Antibacterial effectivity of synthesized compounds.

Antibacterial activity

Anti-biofilm activity E. coli AG1002 Efflux pump inhibition
Entry Product Structure S. aureus MRSA 272123b RFI
cc. uM, AV. SD comp. Inh. cc. E.coli E. coli S. aureus S. aureus
ug/mL OD % uM  AGI100 AGIO0A ATCC 25923 MRSA 272123
1 1 O " 50 0962 0422  0.812 -151.922 50 0.20 0.52 -0.18 -0.03
Q A 100 0.71> 0.06> 0.55> —42.08P
0.67¢  0.092  0.522 -62.922
O NH 0.89> 0.02> 074> -90.25P
2 2 \~CoOoH 50 0758 0.28  0.602 -88.572 50 -0.01 -0.01 -0.14 0.01
O 100 0.76b 0.12b 0616 -56.75P
0.608  0.102 0452 —-40.162
NH 0.78> 0.11>  0.63b -62.19°
3 3 ~, 50 0.658 0.242  0.502 -56.122 50 0.33 0.52 -0.22 0.09
=N 100 0.68> 007> 0536 36370
0542 0.098  0.398 -20.452
NH 0.70b 025> 054 3938
4 4 3, 50 0.648 0273 0492 54322 50 0.47 0.53 -0.09 0.10

100 0.64> 0.11> 048> -24.38b
0722 006 0570 -77.102
0.58> 008> 0420  -841b
50 048 008 0332 403 50 0.04 042 -0.17 0.00
100 071> 005> 056> -43.49b
048  0.148 0322 -1372
0.53> 007> 037° 3.95b
50 0.822 0322 0.67% -109.612 50 0.37 0.66 -0.14 0.02
100 0.65> 0.11> 049> -26.68P
0.564 0022 0400 -26.632
067> 0.13> 051> -31.40b
50 0.842 033  0.69* -115712 50 033 0.34 0.17 0.04
100 094> 003> 078> -100.97° 100 044 0.40 0.38 0.11
0512 0112 036% -12.662
0.50 0.14> 035>  10.12b

wn
(9]
N)
%
§/§

z
T

=)
=)
'z

\
=

z

I

9
|
£ 5
ODI
g ¢
§/§

Q) NH

8 8 [ 50 103 035 088 174290 50 056 043 0.68 0.07
i 100 075> 012> 059 -5276° 100 071 085 - 0.17

0638 0132 0482 49782

Lk 089> 024b  0.74b  —89.75b
9 9 ( 50 108 0242 093 -189.93 50 036 036 0.30 -0.09
;e 100 055> 003> 040b 223> 100 033 026 - 0.03

0670 0.113 0520 6344

Q, 050 003> 035> 987

10 10 "X S0 045 003 029 8020 25 - - 0.16 -

Ok 100 0620 008 046> 1853 50 024 022 - 0.01
048 005 033 278 100 025 036 - -0.10

QL 043> 008 028>  20.17b
1 1la " 50 036 003 021 34300 50 020 0.8 0.14 -0.06
S 100 075> 006> 060> -5396" 100 011  —0.07 0.24 -0.08

0478 006° 0322 0.042

QL 065> 006> 0500 2741
12 1b D 50 043 003 028 1380 50 0.7  —0.10 0.05 -0.02
o 100 074> 005> 058 497> 100 012 -0.02 0.14 0.01

0378 0042 0220 31452
0.84> 004> 0.68> -75.58P

Table II. Continued
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Table II. Continued

Antibacterial activity

Anti-biofilm activity E. coli AG100?

Efflux pump inhibition

Entry Product Structure S. aureus MRSA 272123 RFI
cc. uM, AV. SD comp. Inh. cc. E.coli E. coli S. aureus S. aureus
ug/mL OD % uM  AGI100 AGI00A ATCC 25923 MRSA 272123
MeO,
13 12 we NH 50 0452 0.112  0.302 6.532 50 0.27 0.17 0.30 0.02
an 100 0.73>  0.07® 057> —47.18b 100 0.26 0.40 0.16 0.02
= 0352 0052 0208 38342
), 0.47% 0.08> 031b 19.13b
14 13 50 0492 0.032 0342 -6.062 50 0.06 0.29 -0.10 -0.01
7 B il 100 0.53b  0.01b 038P 2.49b
" 0432 0.022 0.282 12.062
0.59  0.14b  044b 1295
15 14 3 50 0482 0.032 0332 -3.172 50 0.12 0.57 -0.16 0.06
100 049> 007> 0.33b 13.90b
0452 0.042  0.302 5.832
16 15 50 0.572  0.102 0422  -32.34a 50 0.01 0.30 -0.25 -0.02
100 0.41b 028>  0.26b 33.38b
0412 0.032  0.262 19.982
FSY 055> 0.5 039>  —120b
17 162 ~ \ 50 0462 0.102 0312 3712 50 0.17 0.04 -0.01 0.01
< 100 0460 0.01b  0.30b 21.96b 100 0.06 -0.03 0.33 0.02
Q 0412 0.062  0.262 18.732
wn 0.61> 002> 0466 —-17.93b
18 16b NN‘;’SJ% 50 0512 0.092 0362 —11.222 50 0.17 0.30 0.10 -0.02
Q\Qu 100 0.52b 026> 037b 4.71b 100 -0.01 0.14 0.12 -0.05
0422  0.032 0272 14.822
0.575 0.12b  041b -5.75b
CCcp 0.74 0.74 - -
Reserpine (RES) 0.32 0.23

aDetermined anti-biofilm activity on E. coli AG100 strain. PDetermined anti-biofilm activity on . aureus MRSA 272123 strain.

on the pump-deleted mutant E. coli AG100A and on the
methicillin susceptible S. aureus ATCC 25923 strains. Three
derivatives could inhibit the biofilm formation of E. coli
AG100 with inhibition degree of nearly 30%: 12 (inhibition:
38.34%), 11b (inhibition: 31.45%) at 100 pM and 1la
(inhibition: 34.30%) at 50 uM. Four derivatives could inhibit
the biofilm formation of the MRSA strain: the most potent
one was 15 demonstrating an inhibition of 33.38% at 50 uM,
then 10 with an inhibition of 29.17% at 100 uM.
Furthermore, 16a (an inhibition of 21.96% at 50 pM) and the
weakest activity of 19.13% was detected in the presence of
12 at 100 pM. In point of correlation between structure and
biological activity, 7-azaindole as an electron-rich aromatic
compound could be identified as a significant moiety (Table
IL, Entry 13, 16).

The cytotoxic activity of the derivatives was determined
using sensitive (Colo 205) and ABCBI1 efflux pump

expressing (Colo 320) colon adenocarcinoma cell lines and
a normal, non-cancerous fibroblast cell line MRC-5. The
most potent derivatives were 10, 1, 8, 3 and 9. The highest
anticancer activity was measured in the presence of 8 and 10
on Colo 205 cells (IC5y: 21.81 and 24.71 uM, respectively)
and Colo 320 cells (ICs: 12.94 and 13.55 pM, respectively).
However, compound 10 showed moderate toxicity on normal
cells too (IC5,: 22.86 uM), whereas compound 8 had no
toxic effect on normal cells. The ICs( values of 1 and 8 were
between 10 and 30 uM on the colon adenocarcinoma cells
and, fortunately, these derivatives were not toxic on normal
MRC-5 fibroblasts (IC5, >100 uM). In the case of 3 and 9,
the derivatives were more effective on the resistant cell line
(ICs( of 53.52 and 41.06 uM, respectively) compared to the
sensitive one (ICs, of 64.35 and 97.85 uM, respectively). In
addition, they were not toxic on normal fibroblasts (ICs
>100 pM for both compounds). Derivative 7 was more toxic



Hegedts et al: Indole and Azaindole Derivatives as Efflux Pump Inhibitors

Table III. Cytotoxic applicability of prepared derivatives.

Entry Product Structure Cytotoxic activity

Colo 205 Colo 320 MRC-5 Inhibition of P-glycoprotein

ICsouM  SD+  ICsouM  SD

H

IC5p uM SD+  cc.uM  FSC SSC FL-1 FAR

1 1 O 2237 2.04 30.76 0.86 >100 - 2 2010 1,041 334 086
8! 20 2032 1,026 6.49 1.66

2 2 e >100 - 53.58 1.52 >100 - 2 2016 1041 374 096
4t 20 2016 1,024 2.62 0.67

3 3 " 64.35 2.17 53.52 0.90 >100 - 2 1,621 896 9.64 1.47
an 20 1,594 917 9.75 1.48

4 4 o >100 - >100 - 9880  2.17 2 1999 1,045 3.61 0.92

20 1,963 1,027 3.26 0.83

5 5 >100 - >100 - >100 - 2 2,033 1,042 393 1.01
20 2,054 1,038 2.84 0.73

z
N
=
3

{

z-
T

6 6 >100 - >100 - >100 - 2 1,633 901 6.51 0.99
20 1,623 896 6.58 1.00

|

|

£z
38

3
i

z.

3

4738 0.97 60.38 1.61 >100 - 2 1,612 876 1540 23
20 1,591 883  26.604 4.04

Ao
3

8 8 q 21.81 133 1294 026 >100 - 2 1615 865 648 099
o 20 1,618 910 33.80  5.14

O NH
9 9 s 97.85 0.61 41.06 1.20 >100 - 2 1,609 888 726  1.10
20 1,596 897 17.10  2.60

aser
10 10 \ 2471 0.10 1355 098 2286 057 2 1643 1030 413 072
3 20 1,627 992 1300 226

Q‘un
1 11a T >100 : >100 : >100 - 2 1,655 1028 379  0.66
- 20 1,629 1041 307 053

QNN
12 11b g >100 - >100 - >100 - 2 1670 1014 339 059
o 20 1636 1043 327 057
13 12 »? >100 - >100 - >100 - 2 1669 1,040 338 059
C¥h 20 1668 1036 296 052
14 13 L >100 - >100 - >100 - 2 1974 1009 686 176
5 20 2,007 1058 746 191
15 14 u 79.56 420 6847  6.06 >100 - 2 2014 1024 479 123
A 20 2,006 1017 1210  3.10
16 15 e 66.79 1.52 5423 1.70 >100 - 2 2025 1011 568 145
4 20 2023 1,022 6.38 1.63

Q.
17 16a " >100 - >100 - >100 - 2 1652 1016 444 077
ar 20 1,639 1040 355 0.2

Q.
18 16b wk, >100 - >100 - >100 - 2 1660 1,033 268 047
(p 20 1662 1,048 251 0.44




ANTICANCER RESEARCH 44: xxx-xxx (2024)

on the sensitive cells (IC5,: 47.38 pM) than on the resistant
ones (ICsy: 60.38 uM). Compounds 14 and 15 showed mild
cytotoxic activity on cancer cells (ICs,: 50-80 uM) and they
did not affect the viability of normal cells (IC5y >100 uM).
To conclude, in favour of improved cytotoxic activity, the
presence of the indole skeleton and 6,7-dihydrothieno[3,2-
c]pyridine as well as 3,4-dihydro-f-carboline as cyclic imine
is relevant (Table III, Entry 8, 10).

Since the difference between the sensitive and resistant
colon adenocarcinoma cell lines is the expression of the
MDR efflux transporter ABCB1 (P-glycoprotein), the
activity of the compounds was assessed on the inhibition of
ABCBI1. The ABCBI inhibitory activity was compared
based on the fluorescence activity ratio (FAR) values at 2
and 20 uM. FAR values above 2 are considered as active
ABCB1 modulators. Out of all derivatives, 7, 8,9, 10 and
14 showed inhibitory effect. The most potent efflux pump
inhibitor (EPI) was 7 showing inhibition in both 2 and 20
uM (FAR: 2.34 and 4.04). The other compounds exerted
inhibition only at 20 puM: 8 (FAR: 5.14), 14 (FAR: 3.10), 9
(FAR: 2.60) and 10 (FAR: 2.26). In the case of inhibition of
P-glycoprotein, the indole moiety has been described as the
most active electron-rich aromatic component. With respect
to the coupled cyclic amine side, 6,7-dimethoxyisoquinoline
has been interpreted to be a beneficial structural element
(Table III, Entry 7).

Conclusion

A series of cyclic amines coupled with indole and azaindole
derivatives has been systematically designed and their
biological effects were evaluated. The investigated precursors
were synthesized by the coupling of indole with cyclic
imines, such as 3,4-dihydroisoquinoline, 6,7-dimethoxy-34-
dihydro-isoquinoline, 6,7-dihydrothieno[3,2-c]pyridine, 3 .4-
dihydro-f3-carboline, 4,5-dihydro-3H-benz[c]azepine and
(4aR 8aR)-4a.5,6,7.8 8a-hexahydroquinoxalin-2(1H)-one. By
fixing the isoquinoline part, the influence of the indole
skeleton was also varied among indole-2-carboxylic acid, 4-,
5-, 6- and 7-azaindoles. To have a comprehensive analysis
about the correlation between structure and biological
activity, the 7-azaindole analogues of the previously
mentioned C-3-substituted indoles were also resynthesized or
synthesized by using the modified aza-Friedel-Crafts
reaction. The preparation of new 7-azaindole derivatives
starting from 6,7-dimethoxy-3.4-dihydroisoquinoline as cyclic
imine and (4aR.,8aR)-4a,5,6,7,8,8a-hexahydroquinoxalin-
2(1H)-one as chiral cyclic imine were also achieved by using
microwave conditions. The selected C-3-coupled indole and
azaindole products have been tested on Gram-negative and
Gram-positive strains, colon adenocarcinoma cell lines and
normal, non-cancerous fibroblast cell line in order to
investigate the effect of structural modification on biological

10

activity. Regarding their biological evaluation, some
compounds were found to have antibacterial effect on E. coli
AG100, E. coli AG100A, S. aureus ATCC 25923, and S.
aureus MRSA 272123 strains. As a result of biological
investigations, certain C-3-coupled indole and azaindole
derivatives showed toxicity on sensitive (Colo 205) and
ABCB1 efflux pump expressing (Colo 320) colon
adenocarcinoma cell lines and a normal, non-cancerous
fibroblast cell line MRC-5. Antibacterial activity was
observed on S. aureus strains in the case of 3-(2,3,4,5-
tetrahydro- 1 H-benz[c]azepin-1-yl)-7-azaindole (14) and
3-(2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indol-1-yl)indole
(10) (MIC: 50 pM). The synthesized 3-(4,5,6,7-
tetrahydrothieno[3,2-c]pyridin-4-yl) indole (8) has been
described as a potent efflux pump inhibitor on the E. coli
AGI100 strain. The highest anti-biofilm activity was
determined in the presence of 3-(6,7-dimethoxy-1,2,34-
tetrahydroisoquinolin-1-yl)-7-azaindole (12) with inhibition
of 38.34%. 3-(4,5,6,7-Tetrahydrothieno[3,2-c]pyridin-4-
yl)indole (8) and 3-(2,3 4,9-tetrahydro- 1 H-pyrido[3,4-b]indol-
1-yDindole (10) showed appreciable cytotoxic activity on
Colo 205 cells and Colo 320 cells. Considering the inhibition
of the cancer MDR efflux transporter ABCBI1, 3-(6,7-
dimethoxy-tetrahy-droisoquinolyl)-indole (7) modulated this
efflux pump in 2 and 20 uM effectively. It is worth noting
that the presence of basic nitrogen in the synthesized
structures enable the fine-tuning of water solubility via salt
formation. Future study in this direction would lead to a
deeper understanding of the mechanism of C-3-coupled
indole and 7-azaindol derivatives in biological systems.
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