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The antimicrobial activity of novel compounds is tested by determining the minimum inhibitory concentration of the agent in question and investigating a few other
parameters, including the type of antimicrobial action the drug exhibits. The aim of this study was to determine the type of antimicrobial action of the compounds
synthesized from the substituted benzaminoindoles. The strain of Staphylococcus aureus ATCC 6538-P was briefly exposed to the compounds with laboratory
codes 5D, 7D, HD, and S3. Bacterial growth was evaluated macroscopically under transmitted light. Additionally, photoelectric colorimetry was applied to monitor

changes in the optical density of the culture medium. The minimum inhibitory concentrations of the studied compounds delayed bacterial growth for 2-3 days and
had a bacteriostatic effect on S. aureus.
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WU3YYEHUE TUMA NPOTUBOMUKPOBHOIO AENCTBUA HOBbIX COEOUHEHUA, CUHTESUPOBAHHbIX
HA OCHOBE 3SAMELLIEHHbIX BEH3AMUHONHAO10B
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Viccneposanmne NPOTUBOMMKPOOHOW aKTUBHOCTN HOBbIX COEAVMHEHUI BKITIOYAET N3Y4YEHNE KakK MUHVMAITBHON NMOAABNAIOLLEN KOHLEHTPaWMN BELLECTBa, TaK 1
[OPYrvx nokasarenew, B ToM Yicne — ornpefeneHne Tuna NpoTMBOMUKPOBHOro AencTaus. Liensto paboTbl 66110 onpeaenvTs TUM NPOTUBOMUKPOOHOIO AefCTBYS
HOBbIX COEAMHEHWIA, CUHTE3MPOBAHHBLIX Ha OCHOBE 3aMeLLeHHbIX BEeH3aMUHOMHAONOB. TN MPOTUBOMMKPOOHOMO AEACTBMS Onpedensnm npu BO3LEACTBUN
ncenenyemMblx CoegnHeHnn ¢ nabopatopHbeimun windppamut 5D, 7D, HD 1 S3 B KOPOTKMX 3KCMO3ULMSAX C MCMOMb30BaHNEM TECT-LUTaMMa MMKPOOPraHM3Ma
Staphylococcus aureus ATCC 6538-P. POCT MYKPOOPraH13MOB B MPUCYTCTBIUM UCCNEAYEMbIX COEAVHEHWIA ONPEeaensinn HEBOOPYKEHHbIM Ma3oM B MPOXOASALLIEM
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For centuries humanity has been fighting a battle against
infectious diseases. Discovery of antimicrobial agents was a
crucial milestone in treating and eliminating infections, but it
also yielded understanding that bacteria have mechanisms
promoting resistance to antibiotics [1-3]. Today, drug
resistance in bacteria is a mounting concern. Research into
the mechanisms underlying this phenomenon is fundamentally
important for developing novel approaches to countering
bacterial infections [4, 5]. Resistance to a wide range of drugs
seen in major clinically important microorganisms is a global
threat [6, 7].

Microbiological surveillance conducted over the past
few years has revealed an alarming increase in the number
of multidrug-resistant bacterial strains. For example, in
comparison with methicillin-susceptible strains, methicillin-
resistant S. aureus do not respond to gentamicin, clindamycin,
rifampicin, tetracycline, chloramphenicol, ceftaroline, ciprofloxacin,
and erythromycin more frequently; P aeruginosa are resistant
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to cephalosporins, such as cefepime and ceftazidime,
and piperacillin-tazobactam, imipenem, and meropenem;
Enterobacteriaceae are resistant to at least three classic
antibiotics, such as cefotaxime, ceftazidime, cefepime,
aztreonam, etc. [8-10].

The search for and the development of novel antimicrobial
agents are crucial for overcoming antibiotic resistance. The
need for highly effective and safe antibacterial agents has been
emphasized by the government of the Russian Federation [11].

Previously, we synthesized a few indolilamides and
pyrroloquinolines from substituted 4-, 5-, 6-, 7-aminoindoles
that representing the compounds, which contain cyclic or
noncyclic  N-(indolyllamides and pyrroloquinolines, exhibit
antimicrobial activity against gram-positive and gram-negative
microorganisms [12-14].

This study sought to identify the type of antimicrobial activity
exhibited by the novel compounds synthesized from substituted
aminoindoles.
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METHODS

The type of antimicrobial action of the synthesized compounds
was tested on the test strain of Staphylococcus aureus ATCC
6538-P from the Museum of Live Cultures (State Research
Center for Applied Microbiology & Biotechnology). The
microorganisms were exposed to the studied compounds
for different time periods at room temperature as described
in [15]. The compounds were diluted to a number of different
concentrations in the physiological saline and then poured into
test tubes (1 ml per tube). The control tubes did not contain
the studied compounds. The microorganisms were suspended
in the physiological saline; 1 ml of the resulting suspension was
added to each test tube (a final concentration of 1.5 « 10° CFU/m).
At this concentration, the turbidity of the bacterial suspension
was 0.5 McFarland [16, 17]. Turbidity was measured using
a commercial kit (Sensititre; UK). The optical density of the
suspension was determined spectrophotometrically. The
bacterial suspension was prepared from a colony grown on
slant agar for 24 h. One hundred pl of the physiological solution
containing bacteria and one of the studied compounds were
pipetted into the tubes filled with 1 ml of a Mueller Hinton broth
(MHB) (M391; HiMedia Laboratories Pvt. limited; India) after 5,
10, 15, 30, 60, 120, and 240 min following the preparation of
the bacterial suspension. By varying the time of the exposure
to a fixed concentration of a studied agent, one can assess
the potential and actual effects of the latter, including the
effect produced by a minimum inhibitory concentration or its
dynamics over time. The properties of antimicrobial compounds
can change depending on the medium used and the bacteria
themselves [15].

The final concentration of S. aureus in the suspension was
approximately 5 « 10° CFU/ml in each test tube. The following
concentrations of the synthesized compounds were tested:
25 pg/ml for the cyclic amide 5D, 125 pg/ml for the cyclic
amide 7D, 62.5 pg/ml for the amide S3, 59 pg/ml for the cyclic
amide HD, and 1 pg/ml for azithromycin [11-13]. Azithromycin
chosen for comparison is a classic drug with a bacteriostatic
effect; its MIC,, for S. aureus is 0.01-2 pg/ml [18]. The test
tubes were placed into an incubator and left there for 5 days
at 37 °C. The growth of the microorganisms was regularly
monitored by examining the tubes macroscopically under
transmitted light. Additionally, the optical density of the culture
media was measured using a photoelectric colorimeter Apel
AP-101 (Energopromavtomatika; Russia). The measurements
were performed in 1 ml sterile cuvettes at 600 nm wavelength.
The optical density of the microorganisms cultured in the
presence of an antimicrobial compound was compared to the
optical density of the microorganisms cultured in the absence
of thereof. In total, 4 series of experiments were carried out.

The compounds tested in this work were derived from
substituted 4-, 6- and 7-aminoindoles. Their structural formulas
are provided below.

1. The cyclic amide with the laboratory code 5D is a derivative
of the substituted 4-amino-2-phenylindole 4-hydroxy-8-
phenyl-4-(trifluoromethyl)-1,3,4,7-tetrahydro-2H-pyrrolo[2,3-h]
quinoline-2-on

O
NH
CF
Ph

TZ o

5D
2. The noncyclic amide with the laboratory code S3 is a
derivative of substituted 6-aminoindole:

N-(1,5-dimethyl-2-phenyl-1H-indole-6-yl)-4,4,4-trifluoro-3-
oxobutanamide
Me
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HN

o
:/
SN

F,C O

S3

3. The cyclic amide with the laboratory code 7D is a
derivative of substituted 6-aminoindole: 9-hydroxy-5-methyl-2-
phenyl-9-(trifluoromethyl)-1,6,8,9-tetrahydro-7H-pyrrolo[2,3-1]
quinoline-7-on

Me
N—ph
HN N
H
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7D

4. The cyclic amide with the laboratory code HD is a
derivative of substituted 7-aminoindole 6-hydroxy-2,3-
dimethyl-6-(trifluoromethyl)-1,6,7,9-tetranydro-8H-pyrrolo[3,2-h]
quinoline-8-on

Me

HO Me

A\

N
F.C o
NH

0 HD

The names for the studied compounds were generated by
ACD/LABS Name Generator MarvinSketch 4.7.7.0. (ChemAxon
Ltd.; Hungary) according to the IUPAC nomenclature. The
structural formulas of the compounds were drawn in ISIS Draw
2.4. (MDL Information Systems; USA).

The obtained data were processed using the analysis
of variance. Significance of differences was measured by
Student’s t-test [16].

RESULTS

Bacterial growth was observed when the optical density (D) of
the culture media exceeded 0.21. The culture medium used as
a negative control (5 « 10° CFU/ml) was stored in a refrigerator
and had D = 0.0083.

In the control tubes, bacterial growth was visible to the
unaided eye 24 h following inoculation (Fig. 1). The optical
density of the culture medium (0.26 and above) was also
indicative of bacterial growth after 24 h of incubation (Table).
After two days of incubation, D reached 0.39; after 3 days,
0.51; after 4 days, 0.56; after 5 days, it was 0.6. Summing up,
the bacterial mass increased by 50%, 30%, 9%, and 7% after
2, 3, 4 and 5 days of incubation, respectively (Fig. 2). A decline
in growth rates can be explained by the depletion of nutrients in
the culture medium.

Azithromycin inhibited the growth of S. aureus for 3 days.
After 4 days of culture in the presence of azithromycin taken at
its MIC, visible bacterial growth was noticed macroscopically
under transmitted light (Fig. 3). The optical density of the
culture medium started to increase after 2 days of incubation
(see Table). The D value of the culture medium samples with
azithromycin differed significantly from that of the control
(o < 0.05). After 4 days of culture, the optical density of the culture
medium increased to 0.23-0.25, relative to its initial value, but
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bacterial growth still was significantly delayed throughout the
experiment in comparison with the control samples. Delayed
growth, which became noticeable only after day 4, suggests
the absence of a bactericidal effect. At the minimum inhibitory
concentration, azithromycin delays bacterial growth and has a
bacteriostatic effect.

During the first 24 h of incubation, no visible growth was
observed under transmitted light in the bacterial cultures
exposed to the cyclic amide HD. After 2 days of incubation, the
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situation did not change. After 3 days, turbidity appeared in all
the cultures exposed to the HD compound. The optical density
of the samples measured 24 h after inoculation suggests
the inhibition of S. aureus growth following exposure to the
HD compound (Table; Fig. 4). After 2 days of incubation, this
cyclic amide significantly inhibited bacterial growth (o < 0.05).
Throughout the entire experiment, the optical density of the
samples containing HD at the minimum inhibitory concentration
was lower than that of the control samples. This means that
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Fig. 1. The optical density of the culture medium with S. aureus ATCC 6538-P throughout 5 days of culture
Table. The growth of S. aureus ATCC 6538-P that studied by the optical density of the culture medium
Exposure time
Days of Control Compounds 5 min 10 min 5 min 30 min 1h 2h 4h
measurements
Control 0.22 + 0.01 0.22 +0.02 0.25 + 0.04 0.26 + 0.02 0.23 + 0.05 0.27 +0.08 0.25 +0.02
Azithromycin 0.05 + 0.01* 0.05 +0.01* 0.05 + 0.01* 0.05 + 0.01* 0.07 + 0.03* 0.07 + 0.02* 0.06 + 0.01*
HD 0.07 £ 0.01* 0.07 + 0.02* 0.07+0.01* 0.08 + 0.03* 0.07 + 0.01* 0.06 + 0.02* 0.05 + 0.001*
Day 1 0.26 + 0.03
S3 0.12 + 0.02* 0.12 + 0.02* 0.10 + 0.01* 0.10 + 0.02* 0.09 + 0.03* 0.09 + 0.02* 0.09 + 0.02*
7D 0.07 + 0.02* 0.07 + 0.02* 0.07 + 0.01* 0.08 + 0.02* 0.06 + 0.01* 0.06 + 0.01* 0.06 + 0.01*
5D 0.010 +£ 0.001* | 0.010 + 0.001* | 0.010 + 0.001* | 0.010 + 0.003* | 0.010 + 0.001* | 0.010 + 0.001* | 0.010 + 0.002*
Control 0.38 + 0.07 0.38 + 0.09 0.38 +0.12 0.37 +0.08 0.43 + 0.09 0.39 + 0.04 0.44 + 0.01
Azithromycin 0.09 + 0.06* 0.09 + 0.05* 0.12 + 0.04* 0.15 + 0.02* 0.15 +0.01* 0.15 + 0.04* 0.11 £ 0.02*
HD 0.18 + 0.04* 0.18 + 0.02* 0.15 + 0.03* 0.14 + 0.03* 0.09 + 0.01* 0.08 + 0.01* 0.07 + 0.02*
Day 2 0.39 + 0.06
S3 0.25 + 0.02 0.27 +0.02 0.24 +0.03 0.20 + 0.01* 0.19 + 0.03* 0.20 + 0.01* 0.20 + 0.01*
7D 0.15 + 0.04* 0.15 + 0.02* 0.14 + 0.03* 0.19 + 0.04* 0.15 + 0.02* 0.15 +0.01* 0.13 £ 0.03*
5D 0.011 £ 0.002* | 0.012 + 0.001* | 0.012 + 0.002* | 0.011 +0.002* | 0.011 +0.001* | 0.011 + 0.003* | 0.011 + 0.002*
Control 0.45 + 0.02 0.45 + 0.04 0.48 + 0.02 0.49 + 0.08 0.51 +0.03 0.46 + 0.02 0.51+0.01
Azithromycin 0.13 £ 0.07* 0.13 + 0.05* 0.17 + 0.02* 0.20 + 0.01* 0.20 + 0.01* 0.19 + 0.02* 0.18 + 0.02*
HD 0.28 + 0.11 0.28 + 0.08 0.28 + 0.02 0.24 + 0.05* 0.22 + 0.03* 0.21 + 0.04* 0.23 + 0.02*
Day 3 0.51 +0.05
S3 0.32 + 0.1 0.32 + 0.07 0.34 + 0.04 0.29+0.5 0.29 + 0.04 0.27 + 0.05 0.26 + 0.03
7D 0.18 + 0.03* 0.18 + 0.02* 0.17 + 0.01* 0.25 + 0.04 0.20 + 0.01* 0.19 + 0.01* 0.18 + 0.01*
5D 0.014 £ 0.002* | 0.013 + 0.003* | 0.014 + 0.003* 0.02 + 0.007* 0.014 + 0.002* 0.02 + 0.002* 0.02+0.002*
Control 0.53 + 0.01 0.53 +0.03 0.56 + 0.03 0.56 + 0.01 0.58 + 0.01 0.54 + 0.01 0.57 + 0.01
Azithromycin 0.24 + 0.05* 0.25 + 0.03* 0.27 +0.07 0.33 +0.03 0.34 + 0.02 0.25 +0.038 0.23 + 0.03*
HD 0.35 + 0.09 0.35+0.12 0.36 + 0.09 0.36 +0.10 0.32 + 0.07 0.36 + 0.09 0.30 + 0.06
Day 4 0.56 + 0.02
S3 0.42 +0.03 0.42 + 0.04 0.39 + 0.02 0.36 + 0.03 0.35 + 0.06 0.35 +0.04 0.33 + 0.04
7D 0.27 +0.02 0.27 + 0.04 0.27 + 0.06 0.33 +0.03 0.33 + 0.04 0.25 + 0.03 0.23 + 0.01*
5D 0.03 + 0.007* 0.03 + 0.008* 0.03 + 0.003* 0.04 + 0.011* 0.07 + 0.013* 0.07 + 0.01* 0.09 + 0.01*
Control 0.54 +0.03 0.54 + 0.05 0.57 +0.03 0.57 + 0.01 0.59 + 0.01 0.55 + 0.04 0.58 + 0.03
Azithromycin 0.25 + 0.05* 0.26 + 0.02* 0.28 + 0.09 0.38 + 0.1 0.36 + 0.06 0.26 + 0.02* 0.25 + 0.01*
HD 0.43 +0.05 0.43 + 0.09 0.43 + 0.06 0.53 + 0.05 0.43 + 0.09 0.46 + 0.04 0.37 £ 0.9
Day 5 0.60 + 0.02
S3 0.43 + 0.06 0.43 +0.05 0.40 +0.13 0.37 + 0.11 0.36 + 0.07 0.35 + 0.04 0.35+0.03
7D 0.31 +0.12 0.31 + 0.09 0.31 + 0.04 0.42 + 0.05 0.35 + 0.02 0.31 £+ 0.03 0.25 + 0.02*
5D 0.04 + 0.009* 0.04 + 0.01* 0.06 + 0.012* 0.07 + 0.011* 0.08 + 0.002* 0.09 + 0.01* 0.11 £ 0.01*

Note: * — differences from the control samples are significant at p < 0.05.
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MIC of the HD compound delays bacterial growth and has a
bacteriostatic effect.

On day 1 of incubation, no visible growth was observed
under transmitted light in the samples exposed to the S3
compound. After two days of incubation, there was visible
growth in the tubes containing cultures exposed to amide S3 for
5,10 and 15 min; no visible macroscopic growth was observed
in the remaining tubes. On day 3, turbidity was noticed in the
tubes. The S3 amide significantly delayed bacterial growth
on days 1 and 2 of culture (p < 0.05) (Table; Fig. 5). In the
following few days, the rates of D growth demonstrated a
gradual decline in comparison with the control samples. A
2-day delay in the bacterial growth suggested the absence
of a bactericidal effect. Thus, the S3 compound used at the
minimum inhibitory concentration delays bacterial growth and
has a bacteriostatic effect.

The cultures exposed to the 7D compound demonstrated
no visible growth under transmitted light during the first 24 h of
incubation. After 2 days of culture, the situation did not change.
After 3 days of culture, turbidity was noticed in the colonies
exposed to the 7D compound for 30 min. After 4 days, turbidity
became macroscopically visible in all the cultures from this
series of samples. The optical density of the samples exposed
to the 7D compound was decreasing significantly for 3 days
following the onset of incubation, as compared to the controls

(Table; Fig. 6). Throughout the experiment, bacterial growth
was significantly delayed in the samples exposed to the 7D
compound. Thus, the MIC of the cyclic amide 7D delays
bacterial growth and has a bacteriostatic effect.

Throughout the experiment, no bacterial growth was
noticed under transmitted light in the colonies exposed to the
compound 5D. The optical density of the inoculated culture
medium indicated inhibition of the tested S. aureus strain
throughout 5 days of incubation (Table; Fig. 7). The D value of
the samples was significantly different from that of the control
tubes (p < 0.05) throughout the experiment, but still tended
to increase. Perhaps, the concentration of the 5D compound
in the culture was close to bactericidal. We conclude that
the cyclic amide 5D delays bacterial growth and has a
bacteriostatic effect.

Summing up, the cyclic amide 5D derived from 4-amino-
phenylindole, the amide S3 and the cyclic amide 7D derived
from substituted 6-aminoindoles, as well as the cyclic amide
HD derived from substituted 7-aminoindoles, delayed the
growth of S. aureus ATCC 6538-P for at least 1 day. Apart
from the S3 compound, the studied compounds continued
to inhibit bacterial growth on day 2 of culture. Visible bacterial
growth and an increase in the optical density of the culture
medium were observed after 48 h of incubation in the tubes
exposed to the compound S3 for 5, 10 and 15 min. After 3
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Fig. 2. The optical density of the culture medium with S. aureus ATCC 6538-P after exposure in the physiological saline during 5 days of culture
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Fig. 3. The optical density of the culture medium with S. aureus ATCC 6538-P after exposure to azithromycin
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Fig. 5. The optical density of the culture medium with S. aureus ATCC 6538-P after exposure to the compound S3

days of incubation, visible bacterial growth was observed in
all the tubes exposed to the compounds HD and S3. After
4 days of incubation, visible bacterial growth was observed in
the samples exposed to the compound 7D. No visible growth
of S. aureus ATCC 6538-P was noticed throughout 5 days of
the experiment in the samples exposed to the compound 5D,
although the optical density dynamics suggested an increase in
the bacterial population.

The type of antimicrobial action of the studied compounds
synthesized from substituted 4-, 6-, 7-aminoindoles that have
the strongest antimicrobial effect is comparable to that of
azithromycin, a classic antibiotic with a bacteriostatic effect.

DISCUSSION

Over the past decades, the chemistry of indoles and their
derivatives has been in the focus of experimental research.
Indoles are basic components of many natural and synthetic
compounds that possess a physiological activity, such as
tryptophan or serotonin, a biogenic amine. Aminoindoles with
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an amino group in the benzene ring arouse particular interest.
Like any other aromatic amines, these compounds have a
lot of derivatives with an amino group component [12-13].
Previously, we studied interactions between [3-dioxycompounds
and substituted aminoindoles with different positions of the
amino group in the benzene ring. We developed methods for
the synthesis of 16 aminoindoles and their 32 derivatives —
indolilamides, enamines and pyrroloquinolines. Their MIC and
spectra of antimicrobial activity were also determined.

While studying a novel antimicrobial compound, it is
important to determine its minimum inhibitory concentration,
identify the type of antimicrobial activity or its range, explore
the mechanism underlying the biological effect, etc. The type
of antimicrobial activity is usually determined by comparing
MIC and minimum bactericidal concentrations (MBC); such
method allows researchers to only arbitrarily classify a new
compound based on its effect on the bacterial cell [16]. The
method applied in this study involves the use of brief exposures
to the compound in question [15]; it allowed us not only to
identify the type of antimicrobial activity but also to prove that



OPUTMHAJIbHOE UCCJIEQOBAHNE | MUKPOBWOJIOI A

0.7
g 0.6
=
g
© 0.5
=2
3 04 e
(0]
£ /
%5 K
2 03 f f /
g B B /\
3 02 ——
3 I—I\./.\.—I\.*
0
3 0.1
o . & —— & .
0 T T T T T T 1
5 min 10 min 15 min 30 min 1h 2h 4 h
Duration of exposure
—— day 1 —@— day 2 —A— day 3 —— day 4 —¥— day 5 day 5 control
Fig. 6. The optical density of the culture medium with S. aureus ATCC 6538-P after exposure to the compound 7D
0.7
g 0.6
2
£
© 0.5
2
3 04
(0]
=
S 03
2
‘@
c
S 02
©
Qo
i3
I} 0.1
0 T T 1
5 min 10 min 15 min 30 min 1h 2h 4h
Duration of exposure
—— day 1 —— day 2 —h— day 3 —»— day 4 —¥— day5b day 5 control

Fig. 7. The optical density of the culture medium with S. aureus ATCC 6538-P after exposure to the compound 5D

the synthesized compounds retain their antimicrobial properties
regardless of the duration of exposure, the properties of
the medium or the activity of microorganisms themselves.
Throughout the experiment, the growth of S. aureus ATCC
6538-P was generally delayed following exposure to any of
the studied compounds, although the optical density of the
bacterial population may have been increasing. Considering
the proven bacteriostatic effect of the compounds used at
minimum inhibitory concentrations, we hypothesize that
the mechanism underlying the antimicrobial effect of 4-, 6-,
7-aminoindole derivatives does not involve a possible effect on
the cell wall or the cytoplasmic membrane that eventually leads
to cell death. Perhaps, the studied compounds have a certain
effect on the DNA of the bacterial cell (DNA damage or any

additional mechanism that is not accompanied by DNA breaks)
or on protein synthesis. In the next step, we are planning to
study the mechanisms underlying the antimicrobial activity of
4-, 6-, 7-aminoindole derivatives.

CONCLUSIONS

We have proven that derivatives of substituted benzaminoindoles
used at minimum inhibitory concentrations produce a
bacteriostatic effect and delay the growth of S. aureus ATCC
6538-P. Our findings encourage us to continue research into
the synthetic derivatives of 4-, 6-, 7-aminoindoles and the
feasibility of their application as antimicrobial agents in clinical
practice.
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