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Abstract: Diarrhea remains one of the leading causes of mortality worldwide, especially among
children. Recent epidemiological studies conducted in developing countries identified Shigella
species as the most predominant pathogenic bacteria responsible for diarrhea. Antimicrobial
therapy is necessary for Shigella infections; however, the rapid emergence of resistance against
existing antimicrobials in Shigella spp. poses a serious global health problem. To identify alternative
antimicrobial compounds with activity against Shigella species, the pathogens responsible for
bacterial diarrhea. In this study, we have applied antibacterial phenotypic screening to identify
potent anti-Shigella compounds across a broad chemical diversity, including selected
acetaminophen derivatives containing benzothiazoles backbone, and their combination with certain
antibiotics. In continuation to our effort in searching potent antimicrobial compounds, we have
found this time around that two acetaminophen derivatives containing benzothiazoles backbone
(4a and 4b) could inhibit the growth of Shigella flexneri with common MIC value of 12.5 pg/mL.
These compounds were established through a time-kill kinetics’ study to be bactericidal.
Meanwhile, the 2-aminobenzothiazoles (1a and 1b) used for the synthesis of compounds 4 (a & b)
were found to be poorly active (MIC: 100 pg/mL) against this pathogen. Combination studies of 4a
and 4b with the least susceptible antibiotics (ceftriaxone and cotrimoxazole) demonstrated
synergistic anti-Shigella activity. The present study demonstrates that the azobenzothiazole dyes 4
(a & b) can be repurposed as potential anti-Shigella compounds, which can serve as scaffolds for the
development of new agents against infectious diarrhea caused by Shigella and other enteric
pathogens, especially in developing countries.

Keywords: acetaminophen; benzothiazoles; azo dyes; Shigella flexneri; anti-Shigella activity;
repositioning; combination studies; diarrhea

1. Introduction

Diarrhea is among the manifestations of gastrointestinal infections caused by a number of
bacterial, viral and parasitic microorganisms [1,2]. The release of at least three watery or loose stools
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per day, or more often (discharge of 10 and 200 g/kg/day of feces in infants and adults, respectively)
than ordinarily is generally termed as diarrhea [2,3]. Contaminated food or drinking water and poor
sanitation are associated to the transmission of infectious diarrhea [4,5]. This disease is the second
leading cause of death in children under five years old, especially in developing countries where
hygiene and sanitation are not adequate [2,5]. Recent estimates point out approximately 1.7 billion
cases of childhood diarrhea annually with 525 000 deaths in children under five years old [2,6].
Notably, gram-negative bacteria of the genus Shigella accounts for 69% of all episodes and 61% of all
deaths caused by bacterial diarrhea [7,8]. One such bacterial diarrhea includes shigellosis, which is
caused by Shigella species, such as Shigella flexneri, Shigella sonnei, and Shigella boydii [9]. Most of the
breakouts of shigellosis have been ascribed to S. flexneri [10]. Clinical cases of diarrhea caused by
Shigella flexneri have also been reported among patients with primary HIV infection [11,12]. Shigella
species are primarily spread through the faeco-oral route, whereas the housefly Musca domestica act
as a vector for their transmission [13]. As low as 10-100 bacterial count are potential of causing
diarrheal infection [14,15]. The economic impact of diarrhea and its treatment are of considerable
importance [16,17].

Current treatments for diarrhea include the use of antimicrobials, especially for diarrhea caused
by bacteria [5]. However, most of these therapies have lost their efficacy due to the spread of multi-
drug resistant Shigella mostly in infants and patients with HIV [18]. Consequently, there has been an
extensive use of antimicrobials, such as ciprofloxacin, azithromycin, pivmecillinam, ampicillin and
ceftriaxone (as per the WHO recommendations) as the empirical drug choices for the treatment of
infection by fluoroquinolones-resistant Shigella species [19,20]. It has been reported that drug
resistance in Shigella species can result from many mechanisms, such as extrusion of drugs by active
efflux pumps, decrease in cellular permeability, and overexpression of drug-modifying and -
inactivating enzymes or target modification by mutation [21]. Thus, there is an urgent need to search
for new and safe antidiarrheal agents. Acetaminophen is one of the most widely used analgesic, anti-
inflammatory and antipyretic drug [22] that has been reported to exhibit antibacterial activity against
a number of bacterial strains, including Staphylococcus aureus [23]. Although the use of this medicine
has been linked to liver failure, hepatotoxicity occurring with acetaminophen is typically correlated
with high doses that exceed the recommended maximum dose [24,25]. However, selected structural
modifications of acetaminophen with the benzothiazole ring have afforded pharmacologically active
compounds with improved nephrotoxicity as compared to the parent molecule, i.e., acetaminophen
[26]. On the other hand, recent reports indicate that benzothiazoles have the ability to inactivate
reactive chemical species through their antioxidant capacity [27]. The nephrotoxicity caused by an
overdose of acetaminophen is often reverted when this drug harbors the benzothiazole ring [28]. In
addition, benzothiazole-based compounds have also been reported to exhibit antibacterial activity
[29-32]. Furthermore, antibiotic combination therapy has been argued as a forefront strategy to
overcome bacterial drug resistance to antibiotics [33]. Although few studies have revealed the
effectiveness of acetaminophen against Staphylococcus aureus [23], no report has shown the
mechanistic basis of the antibacterial action of acetaminophen and its derivatives against Shigella
species, the pathogens responsible for infectious diarrhea. It has also been demonstrated that drugs,
such as acetaminophen display anti-biofilm activity, which could fuel an interest in repurposing this
well tolerated drug as an adjunctive therapy for bacterial infections [34,35].

In continuation to our search for new scaffolds and better combinations with antimicrobial
efficacy from existing therapies, this study aimed to repurpose acetaminophen from its traditional
use as an anti-inflammatory drug to a potentially active hit compound against Shigella-causing
diarrhea. Herein, a series of diazobenzothiazoles dyes and their combination with selected antibiotics
were screened for antishigellosis activity against a panel of Shigella species, including Shigella flexneri
NR 518, Shigella boydii NR 521, Shigella sonnei NR 519, and Shigella dysenteriae. A plausible antibacterial
mechanism of action of the most active compounds was also elucidated.
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2. Materials and Methods
2.1. Chemistry

2.1.1. General Information

Melting points were determined on a Buchii melting point apparatus. The thin layer
chromatography (TLCs) was carried out on Eastman Chromatogram Silica Gel Sheets (13,181; 6,060)
with fluorescent indicators. A mixture of hexane and ethyl acetate (4:6) was used as the eluent and
iodine was used for the visualization of the chromatograms. The infrared (IR) spectra were measured
with a Fourier transform infrared spectrometer JASCO FT/IR-4100 and a Perkin Elmer FT-IR 2000
spectrometer. The ultraviolet (UV) spectra were recorded with a Beckman U-640 spectrophotometer
using samples’ solutions of concentration 5x10-5 mol/L. Combustion analyses were carried out with
a Euro EA CHNSO analyzer from Hekatech Company, and the results were found to be in good
agreement (+0.3%) with the calculated values. Positive ion electrospray mass spectra were recorded
on a Waters Xevo TQD tandem quadrupole mass spectrometry system running in an MS scan mode,
and 1 min of acquired spectra was combined and centroided. 1H-NMR spectra were recorded in
DMSO-d6 with a 400 MHz spectrometer RMN Bruker Advance 400. 13C-NMR spectra were recorded
in DMSO-d6 with a 100 MHz spectrometer RMN Bruker Advance 400. Tetramethylsilane (TMS) was
used as the internal reference.

2.1.2. Preparation of the Reagents and Starting Materials

All the reagents mentioned in this study were purchased from Aldrich and Fluka and were used
without further purification.

a. Preparation of diazonium salt solution

In a similar manner as described earlier [28], dried sodium nitrite (0.69 g, 10 mmol) was slowly
added over a period of 30 min to concentrated sulfuric acid (10 mL) with occasional stirring. The
solution was cooled to 0-5°C. Compound 1 was dissolved in dimethyl sulfoxide (DMSO) (10 mL) and
cooled to 0-5°C. The nitrosyl sulfuric acid solution was added to the solution of compound 1, and the
temperature was maintained between 0 and 5°C. The clear diazonium salt solution thus obtained
consisting of the in situ-formed intermediate 2 was used immediately in the coupling reactions.

b. General procedure for the preparation of the coupling products 4a,b

Acetaminophen (1.51 g, 10 mmol) 3 was dissolved in DMSO (10 mL) and then cooled in an ice
bath at 0-5°C. The previously prepared diazonium solution of 2 was added drop-wise over 1 h, and
then 15 mL of sodium acetate solution (10%) was added to the mixture. The pH of the mixtures
ranged from 9 to 11. The solid precipitate was collected on a filter and crystallized from methanol to
give the title compound.

N-(2-(6-ethoxy-5-((6-ethoxybenzoldlthiazol-2-yl)diazenyl)benzoldlthiazol-2-yl)diazenyl)-3-
((6-ethoxy-5-((6-ethoxybenzo[dlthiazol-2-yl)diazenyl)benzo[d]thiazol-2-yl)diazenyl)-5,6-bis((6-
ethoxybenzol[d]thiazol-2-yl)diazenyl)-4-hydroxyphenyl)acetamide hexahydrate (4a) Compound 4a
was obtained in 47% yield as red powder; m.p. 197-198 °C (dec); (lit. 197-199°C (dec); Tsemeugne et
al. [28]; 1H-NMR (DMSO-d6, 400 MHz): 8 8.11 (d, 1H, ] =2.8, H-4iv), 8.00 (s, 1H, H-7), 8.02 (s, 1H, H-
7v),791(d, 1H,]=9.2, H-4""),7.71 (d, 1H, ] =2.0, H-7""), 7.68 (d, 1H, ] = 3.6, H-7"), 7.65 (d, 2H, ] = 8.8,
H-4" and H-4vi), 7.62 (d, 1H, ] = 6.4, H-7vi), 7.61 (s, 1H, H-4v), 7.58 (s, 1H, H-4), 7.16 (dd, 2H, J=9.2
and 2.8, H-5"" and H-5iv), 7.15 (d, 1H, ] =2.4, H-7iv), 7.09 ( d, 2H, ] = 8.8, H-5" and H-5vi), 4.18, 4.16,
4.14, 4.12, 4.11, 4.10, 4.08 (OCH2CH3); 1.58, 1.40, 1.38, 1.36, 1.35 (OCH2CHS3); 2.05 (s, 3H, COCH3);
13C-NMR (DMSO-d6, 100 MHz): & 199.1(CO); 178.3(C-2 and C-2"); 174.5(C-2""); 173.7(C-2iv);
173.4(C-2v); 173.2(C-2vi); 163.6(C-5); 163.3(C-5"); 161.8(C-5""); 161.7(C-5iv); 161.4(C-5v); 158.5(C-5vi);
157.2(C-3av); 156.9(C-3avi); 152.0(C-3a and C-3a”); 151.0(C-3a"""); 150.1(C-3aiv); 143.6(C-2"); 141.8(C-
3'); 141.5(C-4"); 141.1(C-6v); 140.9(C-6vi); 137.4(C-4a); 137.3(C-4a”’); 136.9(C-5"); 133.1(C-1"); 130.4(C-
4a”” and C-6'); 128.7(C-4aiv); 128.0(C-4av); 127.8(C-4avi); 123.9(C-7); 123.8(C-7"); 123.5(C-6iv);
122.1(C-6); 121.7(C-6"); 121.4(C-6""); 120.9(C-7""); 120.7(C-7iv); 117.2(C-7v); 113.4(C-7vi); 111.7(C-4);
111.4(C-4"); 110.8(C-4""); 110.2(C-4iv); 109.9(C-4vi); 105.9(C-4v); 74.9; 71.1;, 70.7, 69.1; 69.0;
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68.9(6xOCH2CH3); 29.0(CH3CO) ; 20.0; 19.9; 19.8; 19.7 (6xOCH2CH3); UV-Vis Amax (DMSO) (Log
€): 211 (4.45), 214 (4.47), 229 (4.51) 238 (4.51), 258 (4.53), 2.69 (4.65) 279 (4.57), 309 (4.54), 364 (4.58) 378
(4.56), 416 (4.62) nm; IR (KBr) vmax : 3281 (O-H), 2980-2933 (ArC-H), 1657 (C=0), 1599 (C=N), 1556
(C=C), 1488-1456 (N=N), 1263 (C-S), 1211 (C-O), 899-519 (Ar def C=N str thiazole) cm-1; ms: (ESI+)
m/z (%) 1492 (9), 1453 (9), 1428 (17), 1404 (17), 1379 (15), 1353 (18), 1323 (16), 1293 (11), 1238 (17), 955
(32), 728 (69), 659 (71), 549 (72), 486 (52); Anal. Calcd. for C62H63N19014S6: C, 49.96; H, 4.26; N, 17.85;
S, 12.90. Found: C, 49.98; H, 4.28; N, 17.81; S, 12.88. Rf = 0.39.
N-(4-hydroxy-3-((6-methoxybenzo[d]thiazol-2-yl)diazenyl)phenyl)acetamide = hexahydrate
(4b) Compound 4b was obtained in 51% yield as brown powder; m.p. 198-199 °C (dec); (lit. 197-
199°C (dec); Tsemeugne et al. [28]; IH-NMR (DMSO-d6, 400 MHz): 6 8.11 (d, 1H, J = 2.0, H-2'), 8.02
(d, 1H,J=9.0,H-4),7.70 (d, 1H, ] =24, H-7), 7.63 (dd, 1H, ] = 8.8 and 2.4, H-6"), 7.18 (dd, 1H, ] = 8.8
and 2.4, H-5), 7.09 (d, 1H, ] = 8.8, H-5'), 3.89 (s, 3H, OCH3), 2.04 (s, 3H, COCH3); 13C-NMR (DMSO-
d6, 100 MHz): 8 173.1 (CO), 168.1 (C-2), 159.1 (C-6), 153.3 (C-3a), 146.8 (C-4'), 138.4 (C-1'), 135.8 (C-3),
132.0 (C-4a), 127.9 (C-4), 125.1 (C-6"), 118.7 (C-5'), 116.6 (C-5), 108.0 (C-2'), 105.1 (C-7), 55.8 (OCH3),
23.8 (COCH3); UV-Vis Amax (DMSO) (Log ¢): 227 (4.06), 257 (4.12), 272 (4.26), 290 (4.09), 295 (4.08),
302 (4.12), 325 (4.19), 348 (4.18), 355 (4.19), 399 (4.23), 445 (4.25), 486 (4.22) nm; IR (KBr) vmax : 3282
(O-H and N-H), 2941-2834 (ArC-H), 1658 (C=0), 1598 (C=N), 1555 (C=C), 1482-1434 (N=N), 1264 (C-
S), 1228 (C-0), 910-510 (Ar def C=N str thiazole) cm-1; ms: (ESI+) m/z (%) 448 (11), 429 (11), 409 (42),
385 (10), 316 (100), 300 (22), 281 (19), 216 (70), 202 (14), 192 (21), 150 (70); Anal. Calcd. for
C16H26N409S: C, 42.66; H, 5.82; N, 12.44; S, 7.12. Found: C, 42.63; H, 5.80; N, 12.41; S, 7.10. Rf = 0.30.

2.2. Biological Activity

2.2.1. Reference Compounds and Bacterial Strains

The reference compounds [ciprofloxacin (antibiotic) and triton X (standard hemolytic agent)],
which were used as positive controls in this study were acquired from Sigma Aldrich. Other
antibiotics that were used in combination studies included ampicillin (ampicillin sodium for IL.M/L.V
injection, Shanxi Xinyitong Pharmaceutical Co. Ltd., Huitong Road, Jinzhong, Shanxi, China),
cefixime (CEFLIXE tablets, Farma hub, Uttarakhand, India), co-trimoxazole (oral tablets, Africure
Pharmaceutical Ltd.,; Bwang Bakoko, Yassa-Douala, Cameroon), tetracycline (tetracycline
hydrochloride tablets, Zhejiang Cheng Yi Pharmaceutical Co. Ltd., Wenzhou, Zhejiang, China) and
were obtained from local drugstores in Yaounde, Cameroon. In vitro antibacterial activity of the test
and reference compounds was evaluated on Shigella flexneri NR 518, Shigella boydii NR 521, and
Shigella sonnei NR 519, which were acquired gracefully from the Biodefense and Emerging Infections
Research Resources Repository (BEI resources) and a clinical isolate, Shigella dysenterine donated by
the Centre Pasteur of Cameroon. These strains were preserved by sloping culture at 4 °C in Mueller
Hinton agar at the Laboratory of Phytobiochemistry and Medicinal Plant Studies, Department of
Biochemistry, University of Yaounde 1, Cameroon. These bacterial species were sub-cultured at 35 +
2°C 24 h on Mueller Hinton Agar prior to each experiment.

2.2.2. Determination of the Anti-Shigella Activity of Compounds and Antibiotics

a. Preparation of stock solutions

The stock solutions were prepared at 10 mg/mL by dissolving 10 mg of each compound or
antibiotic (other than ciprofloxacin) in 1 mL of dimethyl sulfoxide (DMSO 100%) and then stored at
4°C. Ciprofloxacin, the antibiotic that was used as positive control was prepared by dissolving 1 mg
of drug in 1 mL of acidified water using HCl 0.5 N to achieve a final concentration of 1 mg/mL.

b. Preparation of bacterial inocula

The bacterial suspensions were prepared at 1.5x108 UFC/mL with reference to the 0.5 McF
standard by introducing a colony from the 24 h’ cultures on Miiller Hinton Agar into 10 mL of NaCl
0.9% and further calibrated by turbidity comparison.

c. Determination of minimum inhibitory concentrations
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The minimum inhibitory concentrations (MICs) were determined using broth microdilution
method referring to protocol number M(09-A7 of the Clinical & Laboratory Standards Institute (CLSI)
guidelines [36] with slight modifications. In brief, 196 uL of Muller Hinton Broth (MHB) were
introduced in the first wells, whereas 100 puL into the rest of wells. Next, 4 uL of sterile solution of
compounds were prepared at 10 mg/mL and added to the corresponding wells followed by two-fold
serial dilution. Subsequently, 100 uL of bacteria suspension (106 UFC/mL) were distributed in wells
excluding those of sterility control. The concentrations of compounds and ciprofloxacin into the wells
were ranged from 100 to 3.125 pg/mL and from 0.25 to 0.0078 pug/mL, respectively, with 200 yL in the
final volumes. Next, the plates were covered and incubated during 24 h at 37°C. At the end of the
incubation period, 20 uL of freshly prepared solution of resazurin (0.15 mg/mL) were introduced into
all wells and subsequently re-incubated at 37°C for 30 min. The test was carried out in triplicate in
sterile 96 well microplates. The lowest concentration at which there was no color change from blue
to pink (consistent to no visible growth of bacteria) was considered as the MIC of test compounds.

2.2.3. Cytotoxicity Assay

The cytotoxic effect of compounds and compound-antibiotic combinations was evaluated on
erythrocyte membrane by using spectrophotometric method based on haemoglobin release [37].
Haemolytic effect was examined by incubating normal erythrocytes with all compounds in RPMI
1640 culture medium. Firstly, the erythrocyte suspension was prepared according to the protocol
described by Fidock et al. [38] with a few modifications. Blood from an O+ donor was centrifuged at
3500 rpm for 5 min, and after removal of the plasma, the pellet was washed 3 times under the same
conditions. The remaining pellet was suspended with RPMI 1640 culture medium to obtain a
haematocrit of 4%. Five hundred microliters of this suspended pellet were added to microtubes
having test compounds at different concentrations (200-12.5 ug/mL). RPMI 1640 alone (for baseline
values) and 0.5% Triton X-100 in RPMI 1640 (for 100% haemolysis) were employed as controls. After
keeping at 37 °C for 3 h in an atmosphere of 5% CO, the test samples were centrifuged at 2500 rpm
for 5 min and 200 pL of the supernatant was transferred to a 96-well sterile culture plate for
determination of the haemolytic activity quantified in terms of haemoglobin release as monitored
spectrophotometrically by taking absorbance at 540 nm. The experiment was done in triplicate and
the mean + SD was calculated. From the optical densities obtained, percentage of haemolysis was
calculated using the following formula:

% Hemolysis = (Absorbance of sample-Absorbance of blank sample)/(Absorbance of positive control) x100

Using Graphpad Prism 8.0.1 software (San Diego, California), median haemolytic concentrations
(HCs0) were determined from concentration-response sigmoidal curves obtained by plotting the
percentage of haemolysis against the decimal logarithm of concentration. Selectivity indices were
further determined for each test substance as follows:

Selectivity Index (SI)=HCso/(MICso (Shigella flexneri))
With MICs=MIC/2 [39].

2.2.4. Potential Mechanism of Antibacterial Action and Combination Studies

a. Bacterial time-kill kinetics

The kinetics of bacterial mortality were studied on the most active antibacterial compounds (4a
and 4b) according to the protocol described by Klepser et al. [40] with slight modifications, including
the use of opacimetry based on turbidity of cell suspensions as a function of charge rather than colony
counting on agar. The assays were performed in triplicate in sterile microplates of 96 wells at sub-
inhibitory, inhibitory and supra-inhibitory concentrations. Indeed, a serial dilution was performed
for each sample as previously described to obtain 4 MIC, 2 MIC, MIC, 0.5 MIC and 0.25 MIC. Next,
100 pL of bacterial suspension (1056 UFC/mL) were distributed in wells, except those of sterility
control. The negative control’s well was made up of culture media and bacterial suspension, whereas
the positive control’s wells comprised culture media, bacterial suspension and ciprofloxacin. The
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plates were then incubated for 24 h at 37 °C, during which time bacterial growth kinetics was studied
by measuring optical densities at 620 nm and at different time intervals: 0, 1, 2, 4, 6, 8, 10, 12 and 24 h
using a microplate reader (TECAN Infinite M200, Médnnedorf, Switzerland) against the blank
(compound in culture media). The results allowed us to plot the optical density curves as a function
of the incubation times and these curves were used to determine the minimum time at which the
inhibitory effect was first observed and the bactericidal and bacteriostatic effects of the compounds,
as well as the time of re-emergence of the bacterial species. The concentrations that led to a continuous
decrease of bacterial population were considered as Minimum Bactericidal Concentrations (MBCs).

b. Combination of active compounds with selected antibiotics and antibacterial studies

bl-Preparation of the intermediate plate

Intermediate plates were prepared from a stock solution of the most active compounds and the
least effective antibiotics (10 mg/mL) by serial dilution of test samples with MHB in two different
microplates. The concentrations ranged from 4 MIC to MIC/32 in the wells (from row A to H) and
(from 1 to 8) for compound and antibiotic, respectively and the volume were topped up to 100 pL.

b2-Determination of fractional minimum inhibitory concentration (FICI) indices

The combined effect of the compound with the antibiotic was assessed using a checkerboard
dilution method [41]. Twenty-five microlitres (25 pL) of different concentrations from the
intermediate plates were added to a 96 wells microplate containing MBH (50 pL) in order to obtain
compound and antibiotic at different concentrations in the considered wells (MIC/1 in well 1 to
MIC/128 in well 8 and MIC/1 in well A to MIC/128 in well H, respectively). Next, 100 uL of bacteria
suspension (106 UFC/mL) was added to the test wells and negative control for a final load of 5 x10°
CFU/mL. The plates were incubated at 37 °C for 24 h, then 20 pL of resazurin (0.15 mg/mL) was
added to each well followed by further incubation for 30 min. Ciprofloxacin was used as a positive
control. Tests were performed in triplicate for each sample.

The fractional minimum inhibitory concentrations indices (FICI) of different combinations
corresponding to the wells with no visible bacterial growth were calculated using the following
formula:

FICI= FICA + FICB

FICA=MICAcom/MICA and FICB=MICBcom/MICB

A=compound; B= antibiotic and com= in combination
Interaction type was interpreted using FICI values: FICI<0.5, interaction is synergistic; 0.5< FICI
< 1.0 interaction is additive; 1.0 <FICI<4.0 means no interaction; FICI > 4.0, interaction is antagonistic.
In addition, the type of interaction involved was better appreciated geometrically using
isobolograms, obtained by plotting the FIC values of a compound (FICA) in combination against
those of the antibiotic (FICB).

2.2.5. Data Analysis

The in vitro antibacterial test was repeated three times and the results were analysed using
Graph Pad software 8.1.0. The quantitative variables were then presented as mean + standard
deviation. Differences were considered statistically significant at p<0.05. The graphs were plotted
using Excel software (version 2013, Washington, DC, United States of America).

3. Results

3.1. Chemistry

The diazonium ions 2 were readily synthesized according to the literature [28] by adding 2-
aminobenzothiazole 1 to nitrosyl sulfuric acid at 0-5 °C (Scheme 1).
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Scheme 1. Reactions’ sequences to the in situ formed diazonium intermediates 2.

The azobenzothiazole dyes 4 (a & b), which were used in this study, were obtained during the
coupling reactions of diazotized 2-aminobenzo[d]thiazole derivatives 2 with p-acetaminophen 3
according to previous experimental procedures [28] as depicted in Scheme 2.
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Scheme 2. Reactions’ sequences to compounds 4a and 4b.

The yields, the melting points and all the spectroscopic data for compounds 4a and 4b agree
with those originally reported [28].

3.2. Antibacterial and Cytotoxic Assays

The results obtained from the antimicrobial activity of 2-aminobenzothiazole derivatives 1 (a &
b), acetaminophen 3 and diazobenzothiazoles dyes 4 (a & b), are summarized in Table 1. The
minimum concentrations that inhibited the bacterial growth ranged from 12.5 to 100 pg/mL for test
compounds and from <0.062 to 12.5 pg/mL for reference antibiotics. Compounds 4a and 4b were
found to be the most active compounds (MIC=12.5 ug/mL on S. flexneri and 50 pg/mL on S. sonnei),
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whereas compound 3 was the least active compound (MIC>100 pg/mL). Shigella flexneri was the most
susceptible bacterial species, whereas S. boydii and S. dysenteriae were found to be the most resistant
ones as no activity was observed with any of the test compounds (MIC>100 pg/mL).

The susceptibility of the most sensitive strain viz. Shigella flexneri was evaluated against four
antibiotics. Ampicillin and tetracycline were the most active antibiotics (MIC<0.062 ug/mL), followed
by cotrimoxazole and ceftriaxone with a common MIC value of 12.5 pug/mL. In the hemolysis test,
compounds 4a and 4b afforded HCso values of 148.85 and 87.52 pg/mL, to yield selectivity indices
(SI) of 23.68 and 13.92, respectively, inferring the non-toxicity of these compounds toward red blood
cells. The other compounds (1a, 1b and 3) showed minimal haemolysis percentages (below 1% at 200
ug/mL), when compared to the standard hemolytic agent triton X-100 (100% haemolysis). However,
the selectivity indices were greater than 13.92 for all the tested compounds (1a, 1b, 3, 4a, and 4b),
inferring that these compounds are not toxic to red blood cells. These results demonstrated that 4a
and 4b, which were found to be the most active compounds were selective as they did not display
toxicity on the membrane’s red blood cells. Thus, compounds 4a and 4b were further selected for
bacterial growth kinetic assays.

Table 1. Antimicrobial activity (MIC in pg/mL), cytotoxic effect on red blood cells and selectivity
indices of test compounds and selected antibiotics.

Minimum inhibitory concentrations

Sample (pg/mlL) HCso SI (HCs0/MICso)
SF NR 518 SONRS519  SBNRS521 SDcpc
la 100 - - - >200 >4
1b 100 - - - >200 >4
Compounds 3 - - - - >200 /
4a 12.5 50 - - 148.85+2.95 23.68
4b 12.5 50 - - 87.52+0.7 13.92
Amp <0.062 / / / / /
I Cef 125 / / / / /
Antibiotics Tot <0.062 / / / / /
Cot 12.5 / / / / /
Ciprofloxacin 0.062 0.015 0.062 0.015 / /

SE: Shigella flexneri, SB: Shigella boydii, SO: Shigella sonnei, SD: Shigella dysenteriae; CPC: Centre Pasteur du
Cameroun; Amp: Ampicillin; Cef: Ceftriaxone; Tet: Tetracycline; Cot: Cotrimoxazole; HCso: median haemolytic
concentration; SI: Selectivity index -: >100pg/mL; /: Not determined.

3.3. Bacterial Growth Kinetics and Combination Studies

3.3.1. Shigella Growth Kinetics

Figure 1 shows the variation of the bacterial population upon compounds’ treatment as a
function of time. It appears that the bacterial inhibition is dose-dependent and is observed after a
minimum incubation time of 2 h. In addition, a continuous decrease in the optical densities
corresponding to a reduction in the bacterial load was observed with 2MIC and 4MIC as compared to
ciprofloxacin, thus suggesting a bactericidal effect (MBC=25 pg/mL) of both the compounds 4a and 4b.
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Figure 1. Bacterial time-kill curves of S. flexneri NR518 following incubation with compounds 4a and
4b. 4a: N-(2-(6-Ethoxy-5-((6-ethoxybenzo [d]thiazol-2-yl)diazenyl)benzo[d]thiazol-2-yl)diazenyl)-3-
((6-ethoxy-5-((6-ethoxybenzo[d]thiazol-2-yl)diazenyl) benzo[d]thiazol-2-yl)diazenyl)-5,6-bis((6-
ethoxybenzo[d]thiazol-2-yl)diazenyl)-4-hydroxyphenyl) acetamide hexahydrate; 4b: N-(4-Hydroxy-
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3-((6-methoxybenzo[d]thiazol-2-yl) diazenyl)phenyl)acetamide hexahydrate; MIC: minimum
inhibitory concentration; NC: Negative control; PC: Positive control (ciprofloxacin, 0.25 pg/mL).

3.3.2. Antibacterial and Cytotoxic Activities of the Combination of Active Compounds with
Selected Antibiotics

a. Fractional minimum inhibitory concentration indices (FICI)

The most active antibacterial compounds (4a and 4b), and the least active antibiotics
(cotrimoxazole and ceftriaxone), were selected for combination studies. Table 2 shows the synergistic
interaction for all combinations, according to the calculated values of fractional minimum inhibitory
concentrations (FICI < 0.5), meaning a mutual potentiation of both azo-compounds and antibiotics
(reduction of MIC value from 12.5 pg/mL to 0.097 pg/mL). The isobologram plotted from 4a FIC's
values versus ceftriaxone in Figure 4 has a convex appearance with a large number of points below
the coordinate line (0.5-0.5), confirming the observed antibacterial effect.

Table 2. Fractional minimum inhibitory concentration indices (FICI) of different combinations of
compounds and antibiotics against Shigella flexneri NR518.

Table 2. a: FICI of different combinations of 4a and ceftriaxone against Shigella flexneri NR518.

Corresponding MICs wells Conc. 4a (ug/mL) Conc. Cef (ug/mL) FIC 4a FIC Cef FICI

H3 3.125 0.097 0.25 0.01 0.26

G4 1.562 0.195 0.13 0.02 0.14

F5 0.781 0.390 0.06 0.03 0.09

E5 0.781 0.781 0.06 0.06 0.13

F6 0.390 0.390 0.03 0.03 0.06

D7 0.195 1.562 0.02 0.13 0.14

D8 0.097 1.562 0.01 0.13 0.13
Mean FICI (Interaction) 0.14 (S)

Table 2. b: FICI of different combinations of 4a and cotrimoxazole against Shigella flexneri NR518.

Corresponding MICs wells Conc. 4a (ug/mL) Conc. Cot (ug/mL) FIC 4a FIC cot FICI

H3 3.125 0.097 0.25 0.01 0.26

G3 3.125 0.195 0.25 0.02 0.27

F4 1.562 0.390 0.13 0.03 0.16

E5 0.781 0.781 0.06 0.06 0.13

E6 0.390 0.781 0.03 0.06 0.09

E7 0.195 0.781 0.02 0.06 0.08

D8 0.097 1.562 0.01 0.13 0.13
Mean FICI (Interaction) 0.16 (S)

Table 2. c: FICI of different combinations of 4b and cotrimoxazole against Shigella flexneri NR518.

Corresponding MICs wells Conc. 4b (pg/mL)ConC' Cot FIC 4b FIC cot FICI
(pug/mL)
H3 3.125 0.098 0.250 0.008 0.258
G3 3.125 0.195 0.250 0.016 0.266
G4 1.563 0.195 0.125 0.016 0.141
G5 0.781 0.195 0.063 0.016 0.078
F6 0.391 0.391 0.031 0.031 0.063
E7 0.195 0.391 0.016 0.031 0.047
E8 0.098 0.391 0.008 0.031 0.039

Mean FICI (Interaction) 0.127 (S)
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Table 2. d: FICI of different combinations of 4b and Ceftriaxone against Shigella flexneri NR518.
szll.:sp onding MICs Conc. 4b (ug/mL) Conc. Cef (ug/mL) FIC 4b FIC Cef FICI
H3 3.125 0.097 0.25 0.01 0.26
G3 3.125 0.195 0.25 0.02 0.27
F4 1.562 0.390 0.13 0.03 0.16
E5 0.781 0.781 0.06 0.06 0.13
E6 0.390 0.781 0.03 0.06 0.09
E7 0.195 0.781 0.02 0.06 0.08
E8 0.097 0.781 0.01 0.06 0.07
Mean FICI (Interaction) 0.15 (S)

Capital letters affected with a number indicate the wells representing the different pairs of concentrations
considered as MICs; 4a: N-(2-(6-Ethoxy-5-((6-ethoxybenzo [d]thiazol-2-yl)diazenyl)benzo[d]thiazol-2-
yl)diazenyl)-3-((6-ethoxy-5-((6-ethoxybenzo[d]thiazol-2-yl)diazenyl) benzo[d]thiazol-2-yl)diazenyl)-
5,6-bis((6-ethoxybenzo[d]thiazol-2-yl)diazenyl)-4-hydroxyphenyl) acetamide hexahydrate; 4b: N-(4-
Hydroxy-3-((6-methoxybenzo[d]thiazol-2-yl) diazenyl)phenyl)acetamide hexahydrate; Cef: Ceftriaxone; Conc:
Concentration (pg/mL); Cot: Cotrimoxazole; FIC: Fractional minimum inhibitory concentration; FICI: Fractional
minimum Inhibitory concentration index; S: Synergistic effect.

0.14
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0.1
0.08

0.06

Ceftriaxone

0.04

0.02

0 L] T T T T 1
0 0.05 0.1 0.15 0.2 0.25 0.3

4a

Figure 4. Isobologram representing the synergistic interaction between compound 4a and ceftriaxone
on S. flexneri NR518.

b. Minimum inhibitory concentrations and selectivity indices of drug combinations

For each antibiotic-compound tandem, the combinations, which were chosen for MIC
confirmation displayed the lowest FICI values as follows: 4a-cot (0.195 and 0.781 ug/mL,
respectively), 4a-cef (0.390 and 0.390 pg/mL, respectively), 4b-cot (0.098 and 0.391 ug/mL,
respectively), and 4b-cef (0.097 and 0.781 pg/mL, respectively). Table 3 summarizes the MIC values
that ranged from 0.625 (4b-Cef) to 2.5 nug/mL (4a-Cot), confirming compound 4b as the best potential
candidate for combination with both ceftriaxone and cotrimoxazole. Upon haemolytic studies, all
combinations showed haemolytic percentages below 1% at 200 ug/mL, which value is negligible
compared to the percentage obtained with the standard haemolytic agent triton X-100 (100%
haemolysis). Moreover, the combinations of 4a and 4b with the antibiotics (ceftriaxone and
cotrimoxazole) have selectively (SI: >80) eliminated the bacteria without causing any harm to red
blood cells.
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Table 3. Minimum inhibitory concentrations of the most potent drug combinations on S. flexneri NR
518.

Combinations MIC (ug/mL) on S. flexneri HCso (ug/mL) SI (HCs0/MICso)
4a-Cot 2.5 >200 >80
4a-Cef 1.25 >200 >160
4b-Cot 0.625 >200 >320
4b-Cef 0.625 >200 >320

Ciprofloxacin 0.062 / /

4a: N-(2-(6-Ethoxy-5-((6-ethoxybenzo [d]thiazol-2-yl)diazenyl)benzo[d]thiazol-2-yl)diazenyl)-3-((6-
ethoxy-5-((6-ethoxybenzo[d]thiazol-2-yl)diazenyl) benzo[d]thiazol-2-yl)diazenyl)-5,6-bis((6-
ethoxybenzo[d]thiazol-2-yl)diazenyl)-4-hydroxyphenyl) acetamide hexahydrate; 4b: N-(4-Hydroxy-3-
((6-methoxybenzold]thiazol-2-yl)  diazenyl)phenyl)acetamide  hexahydrate; Cef: Ceftriaxone; Cot:
Cotrimoxazole, HCso: Median haemolytic concentration; MIC: minimum inhibitory concentration;
SI: Selectivity index.

4. Discussion

Among children younger than 5 years, it is estimated that diarrhea is responsible for about 446
000 deaths, which are geographically concentrated in sub-Saharan Africa and South Asia [2].
Treatment options for bacterial diarrhea, such as shigellosis include antimicrobials, such as
fluoroquinolones (first-line, preferably ciprofloxacin), cephalosporins (second-line), and (3-lactams
(second-line) [20]; however, the rise of antimicrobial-resistant enteric bacteria (Shigella) call for the
need to search new and safe antishigellosis agents. Because of the dramatic increase and global spread
of bacterial resistance to a number of commonly used antibacterial agents, many studies have been
directed at investigating drugs whose primary therapeutic purpose is not antimicrobial action.
Numerous studies report the antibacterial activity of non-steroidal anti-inflammatory drugs
(NSAIDs), local anaesthetics, phenothiazines such as chlorpromazine, levomepromazine,
promethazine, trifluoperazine, methdilazine and thioridazine, antidepressants, antiplatelets and
statins [42]. Indeed, it has been demonstrated that a number of NSAIDs, like acetylsalicylic acid,
diclofenac, and ibuprofen, have anti-biofilm activity, which could fuel an interest in repurposing
these well tolerated drugs as adjunctive therapies for bacterial infections [35,43]. At therapeutic
plasma levels, acetylsalicylic and salicylic acids inhibit the growth of Campylobacter pylori, Helicobacter
pylori, and Klebsiella pneumoniae, as well as Epidermophyton floccosum, Microsporum spp., and
Trichophyton spp. Acetylsalicylic acid is also active against Staphylococcus aureus by reducing
fibronectin binding [42]. Furthermore, a number of bacteria, including Staphylococcus aureus and
Paracoccus yeei were susceptible to lower concentrations of acetaminophen (MIC=1.25 mg/mL)
suggesting the antibacterial potential of this NSAID [23]. On the other hand, the antibacterial
potential of benzothiazoles is undeniable, as an important number of recent reports have described
their efficacy against pathogenic microbes via numerous mechanisms of action, such as uridine
diphosphate-n-acetyl enol pyruvyl glucosamine reductase (MurB) inhibition [44], DNA gyrase
inhibition [45,46], peptide deformylase inhibition [47], aldose reductase inhibition [48],
dihydroorotase inhibition [49], casdihydrofolate reductase inhibition [50], enoyl acyl carrier protein
reductase inhibition [51], dialkylglycine decarboxylase inhibition [52], dehydrosqualene synthase
inhibition [53], DNA gyrase and tyrosine kinase inhibition [54], dihydropteroate synthase inhibition
[55] among others [56].

Based on these considerations, we report the antibacterial activity of acetaminophen hybrid
compounds against a variety of Shigella species that causes diarrhea in humans. As a result, the
diazobenzothiazole dyes 4a and 4b exhibited a common MIC value of 12.5 ug/mL, which qualifies
these compounds as active anti-Shigella compounds with reference to reported threshold values for
active antimicrobial potential compounds [57]. By contrast, the 2-aminobenzothiazoles 1a and 1b
were poorly active against S. flexneri with common MIC value of 100 pug/mL, whereas acetaminophen
(MIC value: >100 pg/mL) alone did not inhibit the growth of the Shigella species. The
diazobenzothiazole backbone potentiated the antibacterial activity of acetaminophen. As already

d0i:10.20944/preprints202405.0491.v1
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discussed, several benzothiazole-based compounds have shown promising activities against a
number of Gram-negative bacteria [28]. In reported studies, plausible antibacterial mechanistic
studies of benzothiazole-based compounds include (i) interference with cell wall synthesis, (ii)
inhibition of DNA replication or protein synthesis, (iii) interference with nucleic acid synthesis, (iv)
inhibition of biosynthetic pathways of essential compounds in bacterial cells, (v) disruption of
membrane function and integrity, among others [49,58]. Furthermore, the incubation of Shigella with
the active compounds showed a concentration- and time-dependent effects [59]. At2 MIC and 4 MIC,
compound 4a and 4b showed a bactericidal orientation as there was a continuous decrease in the
bacterial population from 0 to 24 h. A similar trend was observed when the bacteria cells were treated
with ciprofloxacin, the positive control. On the other hand, treatment at MIC showed almost similar
trend like in 2 MIC and 4 MIC, although complete bacterial elimination was not achieved after 24 h
of incubation as evidenced by the curve for MICs that did not overlap with the X axis. By contrast,
MIC/2 and MIC/4 did not inhibit the bacterial growth as evidenced by the increase trend of the curves
at these concentrations. These results are consistent with the antibiotic power (Pa=MBC/MIC:
25/12.5=2) obtained for both compounds 4a and 4b, which classify them as bactericidal according to
the criteria reported by Dougnon et al. [60] that elaborate bactericidal (1<MBC/MIC<2) and
bacteriostatic (4<MBC/MIC<16) effects of potential antimicrobial compounds based on the ratio
MBC/MIC. A paper by Kohanski et al. in the September 7 issue of Cell [61] presented evidence that
bactericidal antibiotics kill both Gram- and Gram+ bacteria by an as yet unappreciated mode: through
overproduction of the destructive oxygen reduction product, the hydroxyl radical (HO-) [61]. The
existence of drug resistant Shigella species have compelled many scientists to research on combination
therapy that use two or more antibiotics with the goal of obtaining an enhanced antibacterial effect
(synergistic activity) [62,63]. Indeed, as an expert opinion stated when conducting a review published
in Expert Review of Anti-infective Therapy, Coates et al. [62] found antibiotic combination therapy,
exploiting synergies, old-drug rejuvenation for resistance reduction as a promising solution to
ampicillin resistance. From susceptibility assays, S. flexneri appeared as moderately resistant (MIC >
8 pg/mL) towards cotrimoxazole and ceftriaxone (common MIC = 12.5 ug/mL) according to the
classification criteria defined by Walsh [64]. Nguena-Dongue et al. [65] emitted the same conclusion
when evaluating the potentiation effect of mallotojaponin B on chloramphenicol against methicillin
resistant Staphylococcus aureus. Several authors reported the resistance of S. flexneri to both
cotrimoxazole and ceftriaxone [7,13]. Combinatory assessment of compounds 4a and 4b with
cotrimoxazole and ceftriaxone using a checkerboard method revealed a synergistic effect (mean FICI=
0.14) with significant MIC reduction (from 12.5 pug/mL to 0.097 pg/mL) suggesting a mutual
potentiation of both compounds and antibiotics [41]. Nguena-Dongue et al. [65] mentioned the same
antibacterial effect when he obtained a reduction in the MIC value of mallotojaponin B from 12.5 to
0.781 pg/ mL when combined with chloramphenicol. The optimal ratio combinations (with the lowest
FICI) exhibited MIC values ranging from 0.625 (4b-Cef) to 2.5 pg/mL (4a-Cot) against S. flexneri,
confirming 4b derivative as the best candidate for combination with both the ceftriaxone and
cotrimoxazole. Several authors have reported the synergistic effect of cotrimoxazole and ceftriaxone
with other antibiotics or small molecules [66,67]. Upon hemolysis assay, the non-cytotoxicity of 4a-
Cot and 4b-Cef (HCs0 > 200 pg/mL; SI > 80) toward red blood cells is noteworthy.

Overall, the present study demonstrated the antibacterial activity of two heterocyclic azo dyes
incorporating moieties of acetaminophen, and their combination with selected antibiotics against
Shigella-causing diarrhea. The mechanistic basis of the antibacterial action revealed bactericidal
orientation at 2 MIC and 4 MIC, whereas the hemolysis test showed non toxicity of test compounds
and their combination with selected antibiotics (ceftriaxone and cotrimoxazole).

5. Conclusions

In this study, the antibacterial activity of acetaminophen 3 and its diazobenzothiazole
derivatives 4 (a & b) was evaluated against four strains of Shigella, the pathogens responsible of
infectious diarrhea. Acetaminophen 3, which is a well-known anti-inflammatory, analgesic and
antipyretic drug used to treat pain and fever was used to synthesize a series azo dyes incorporating
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moieties of acetaminophen 4. Upon in vitro anti-Shigella assays, these compounds exhibited
antibacterial activity against Shigella flexneri. The combination of the azo dyes 4 (a & b) with
cotrimoxazole and ceftriaxone showed a synergistic antibacterial effect and high selectivity vis-a-vis
human red blood cells. These compounds were established through a time-kill kinetics study to be
bactericidal and might serve as scaffolds for repurposing acetaminophen from its traditional use as
an anti-inflammatory and antipyretic drug to potentially active anti-diarrheal agents against Shigella-
causing diarrhea.
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