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Search for new and efficient antibiotic is crucial because 
of microbial drug resistance and problems with side ef-
fects of the administered medication. In this study, we 
evaluate the in vitro microbiological activity of muramyl 
dipeptide derivatives, retro-tuftsin derivatives (i.e., tufts-
in with reversed amino acid sequences), and combina-
tions of retro-tuftsin derivatives with substituted anthra-
quinones. The potency of the investigated derivatives to-
wards methicillin-sensitive Staphylococcus aureus (MSSA), 
methicillin-resistant Staphylococcus aureus (MRSA), 
Pseudomonas aeruginosa, Escherichia coli, and Klebsiella 
pneumoniae ESBL (extended-spectrum β-lactamases) was 
compared based on the spectroscopically-measured min-
imal inhibitory concentrations (MIC values). The bacterial 
growth have also been studied with different concen-
trations of compounds. Statistical analysis of the results 
revealed that certain modifications lead to promising 
activity against S. aureus (anthraquinone analogue – 3c 
and retro-tuftsin derivative – 2b), while other derivatives 
exhibit activity against P. aeruginosa (muramyl dipeptide 
derivative – 1d and retro-tuftsin derivative – 2b). The 
obtained results of microbiological activity indicate that 
the structure of the tested compounds may be the basis 
for further modifications.
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INTRODUCTION

The widespread use of classical antibiotics has resulted 
in the appearance of large numbers of infections caused 
by organisms that are resistant to the action of one or 
more of these drugs (Collignon, 2009; Prestinaci et al., 
2015). The control of bacteria resistant requires the de-
velopment of new antimicrobial agents and new knowl-
edge about the use them (Collignon, 2009; Prestinaci et 
al., 2015).

Among the large group of antibiotics, those contain-
ing sugar fragments deserve attention (e.g. aminoglyco-
side) and peptide antibiotics. Aminoglycoside antibiotics 
are of particular importance in combating serious infec-

tions caused by Gram-negative bacteria, Mycobacterium tu-
berculosis, Staphylococci and Streptococci (they interact syner-
gistically with β-lactams by increasing their permeability). 
The presence of hydroxyl and amino groups in amino 
sugar molecules determines their biological activity. They 
have a bactericidal effect, bind to the 30s subunit of the 
ribosome, which leads to the disturbance of genetic in-
formation reading and inhibition of bacterial protein syn-
thesis (Wright et al., 1998). The advantage of aminogly-
coside antibiotics like peptide antibiotics is their natural 
origin, high microbiological activity and relatively low 
consumption of compounds in therapy. Antimicrobial 
peptides (AMPs) discovered in the 1980s represent an 
alternative to classical antibiotics (Zasloff, 2002). AMPs 
exist in all kingdoms of life and are the indispensable 
components of innate immunity in various species in-
cluding humans, animals, and plants, and represent the 
first line of defense against infection (Zasloff, 2002; 
Maróti et al., 2011). The mechanisms of AMP action 
are different from traditional antibiotics. AMPs display 
broad-spectrum and potent antimicrobial efficacy against 
various microbes and even drug-resistant ones (Brogden, 
2005). Many natural peptides are effective against strains 
resistant to conventional antibiotics. The great advantage 
of peptide antibiotics as opposed to conventional antibi-
otics is the absence of microbial resistance to these sub-
stances. Some antimicrobial peptides have the ability to 
bind to bacterial lipopolysaccharide, thus preventing the 
effects of septic shock (Giacometti et al., 2003).

Peptide antibiotics are characterized by high speci-
ficity, good solubility and the ability to penetrate the 
compound to the site of the active. The introduction 
of cyclic systems or d-amino acids, α,β-unsaturated, 
α-substituted amino acids reduces the biodegradability of 
the antibiotic peptide chain.

Most of them are cationic that play a key antimicro-
bial role (Hancock et al., 1998; Zasloff, 2002; Brogden, 
2005; Maróti et al., 2011). An example of a compound 
containing a sugar fragment and oligopeptide is muram-
yl dipeptide (MurNAc-l-Ala-d-isoGln; MDP), a compo-
nent of peptidoglycan. MDP stimulates various functions 
of macrophages and increases nonspecific resistance of 
the host against many microorganisms. The activation of 
macrophages plays a key role in the infection response 
mechanism. They take part in the production of micro-
bicidal oxygen radicals and increased secretion of inflam-
matory cytokines (interleukin-1 and tumor necrosis fac-
tor α). MDP a cytosolic protein NOD2 (nucleotide-bind-
ing oligomerization domain-containing protein 2) agonist 
induces nuclear factor kappa-light-chain-enhancer of 
activated B cells (NF-kappa B) and mitogen-activated 
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protein kinase (MAPK), leading to the production of an-
timicrobial and proinflammatory substances. Today we 
can assume that this class of compounds is important as 
alternative therapeutic agents in the future (Dzierzbicka 
et al., 2003a, 2011).

Another immunomodulator is the natural tetrapep-
tide, Thr-Lys-Pro-Arg (TKPR), present in the peripheral 
blood of humans and other mammals, where it stimu-
lates monocytes, macrophages, and neutrophils (War-
dowska et al., 2006; Wardowska et al., 2007; Wardowska 
et al., 2009; Siebert et al., 2017). Tuftsin supports the 
introduction of active substances into target cells (par-
ticularly macrophages), thus promoting their activation. 
The placement of tuftsin in liposomes or on the sur-
face of liposomes carrying antibiotics (e.g., amphotericin 
B or nystatin) has been shown to increase (i) the spe-
cific binding of carriers to the cells of the mononuclear 
phagocyte system and (ii) the cytotoxic activity of these 
cells, which ultimately enhances the therapeutic effect 
of the drug. The effectiveness of antibiotic and tuftsin 
combination therapy has been confirmed by studies on 
animal models suffering from bacterial (Gupta & Haq, 
2005), viral (Gupta & Haq 2005), parasitic (Owais et al., 
2003), and fungal diseases (Khan & Owais, 2005). Be-
sides, feeding animals with tuftsin alone increased their 
resistance to malaria (Gupta & Haq, 2005), leishmaniasis 
(Agrawal et al., 2002), and fungal infections (Khan et al., 
2006).

To date, several hundred anthraquinone derivatives 
have been synthesized (Dzierzbicka & Kołodziejczyk, 
2005a). Most of the anthraquinone modifications aimed 
at counteracting multi-drug resistance involve a combina-
tion with a chromophore with a five- or six-membered 
heterocyclic ring (e.g., antrapirazoles, antrapiridones, an-
trapiridazones, benzo[e]pyrimidones). Although a series 
of anthraquinone analogs have been synthesized previ-
ously, and some of them have shown very interesting 
and promising properties, the search for new analogues 
(including those capable of operating via a different 
mechanism from the one previously known) is still on-
going.

In this study, we present the microbiological activ-
ity of muramyl dipeptide derivatives 1a–e, retro-tuftsin 
(i.e., tuftsin with reversed amino acid sequence) deriva-
tives in the form of trifluoroacetates 2a–c, and combi-
nations of retro-tuftsin derivatives with anthraquinones 
3a–d (Fig. 1). The synthesis of test compounds has 
been described in our previous publications (Dzierzbicka 
et al., 2003b; Dzierzbicka et al., 2004; Dzierzbicka et al., 
2005b; Dzierzbicka et al., 2006; Dzierzbicka et al., 2008; 
Dzierzbicka et al., 2012; Kukowska-Kaszuba et al., 2008), 
and herein, we investigate the antimicrobial activity of 

the three groups derivatives. It is possible that combin-
ing compounds showing different mechanisms of action 
may improve the clinical properties of both components; 
therefore, we propose that new analogues of anthraqui-
nones, and muramyl dipeptide derivatives or retro-tuftsin 
derivatives will exhibit enhanced effectiveness against 
bacterial infections.

MATERIALS AND METHODS

Chemical materials

MDP and nor-MDP derivatives 1a–e (Fig. 1) were 
prepared and characterized according to previously de-
scribed methods (Dzierzbicka, 2004; Dzierzbicka & 
Kołodziejczyk, 2003b).

The protected retro-tuftsin deratives 2a–c (Fig. 1) 
were prepared using a mixed anhydride method with 
isobutyl chloroformate and (NMM) in anhydrous N,N-
dimethylformamide (DMF). Tert-butyloxycarbonyl (Boc) 
protecting groups were removed from the peptide with 
trifluoroacetic acid to give the corresponding trifluoroac-
etates (Dzierzbicka et al., 2003b; Dzierzbicka et al., 2004; 
Dzierzbicka et al., 2005b; Dzierzbicka et al.,  2008; Ku-
kowska-Kaszuba et al., 2008).

1,4- or 1,8-dihydroxyanthraquinone and para-toluene- 
sulfonyl chloride were used to synthesize 1,4- or 1,8-bis- 
(tosyloxy)anthraquinone. These compounds reacted with 
an excess of the corresponding retro-tuftsin derivative, 
TFA·Arg(NO2)-Pro-Lys(Z)-Thr-OMe, TFA·Arg(NO2)-Pro-
Lys(ZAla)-Thr-OMe, or TFA·Arg(NO2)-Pro-Lys(ZVal)-
Thr-OMe in the presence of triethylamine (TEA) to afford 
the monosubstituted derivatives. The protected compounds 
were treated with liquid hydrogen fluoride (HF) contain-
ing anisole at −70°C and stirred for 60 min at 0°C. Af-
ter removal of HF and anisole in vacuo, the mixture was 
diluted with acetic acid. The solvent was evaporated un-
der reduced pressure, and the residue was dissolved in 
water and lyophilized to give compounds 3a–d (Fig. 1) 
(Dzierzbicka et al., 2012).

Preparing the compounds for testing

All examined compounds were dissolved in 6% dime-
thyl sulfoxide (DMSO; Merck KGaA, Darmstadt, Ger-
many) to prepare stock solutions with concentrations of 
10 mg/mL. Serial dilutions were performed until a final 
concentration of 4096-1 μg/mL was obtained, and these 
solutions were stored at –20°C until used. The final con-
centrations of the reference antibiotics solutions were 
512-1 μg/mL for kanamycin and tetracycline, and 128-
0.25 μg/mL for chloramphenicol.

Figure 1. Structures of tested compounds. 1a–1e, muramyl dipeptide derivatives; 2a–2c, retro-tuftsin derivatives; 3a–3d, anthraqui-
none derivatives.
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Bacterial strains and growth conditions

Antimicrobial susceptibility testing was performed for 
five reference strains: Klebsiella pneumoniae ATCC 700603 
(ESBL); Escherichia coli ATCC 8739; Pseudomonas aeruginosa 
ATCC 27853; Staphylococcus aureus ATCC 43300 (MRSA); 
and Staphylococcus aureus ATCC 25923 (MSSA). All strains 
were grown in Mueller-Hinton 2 Lab Agar (MHA) cul-
ture medium (BioMaxima S.A. Poland). Incubation took 
place aerobically at 37°C. All plates were incubated for 
18–20 h.

Preparation of the bacterial suspension for sus-
ceptibility testing The bacterial cell number used for 
susceptibility testing was standardized according to pub-
lished procedures (Andrews, 2001; Wiegand et al., 2008; 
CLSI 2020). Bacteria from four to five colonies with 
identical morphological appearance were taken from the 
fresh nutrient-rich MHA plate to prepare overnight cul-
tures. Next, a bacterial suspension with a density equiva-
lent to 108 CFU/mL was used to inoculate nutrient-
rich medium MHBII (Mueller-Hinton Broth II; Merck 
KGaA, Darmstadt, Germany) (volume 4 ml), and the 
cultivation was carried out for 4–6 h (depending on the 
bacterial species). The density of the cell suspension was 
assessed spectroscopically (PlateReader AF2200 UV/Vis-
ible and Fluorescence Microplate Reader (Eppendorf) 
spectrophotometer; 600 nm wavelength). After broth di-
lution of the culture by 1:100, it was used within 30 min 
to test the minimum inhibitory concentration (MIC) to 
avoid changes within the cell number.

Bacterial growth curves The growth rates of the ex-
amined strains in the absence and presence of the com-
pounds and antibiotics were determined by introducing a 
1×108 CFU/mL inoculum (volume 1 mL) of the starting 
bacterial culture into a flask containing 50 mL MHBII 
and mixing at 120 rpm for 24 h at 37±0.1°C. The dy-
namics of bacterial growth were evaluated by measur-
ing the absorbance at 600 nm (OD600) wavelength every 
2 h, using a PlateReader AF2200 UV/Visible and Fluo-
rescence Microplate Reader (Eppendorf) spectrophotom-
eter.

Antimicrobial susceptibility testing (MIC testing) 

The MICs of the compounds were measured in 96-
well microtiter plates according to the Clinical and Labo-
ratory Standards Institute (CLSI) guidelines (Methods 
for Dilution Antimicrobial Susceptibility Tests for Bac-
teria To Grow Aerobically) (Andrews, 2001; Wiegand et 
al., 2008; CLSI 2020). All the MIC measurements were 
carried out in triplicate. Briefly, liquid MHBII medium 
containing increasing concentrations of compounds and 
the growth control well were inoculated with 50 µL of 
bacterial suspension in 96-well microtiter polypropylene 
plates. This leads to the final desired inoculum of 5×105 
CFU/mL. Each plate also had a sterility control well 
containing 100 µL of broth.

A 10 µL sample from the growth control well was re-
moved immediately after inoculating the plate, and the 
sample was pipetted into a sterile Eppendorf tube hold-
ing 990 µL of sterile saline or broth. The tube was mixed 
well by vortexing. A further dilution of this suspension 
(1:10) was performed by pipetting 100 µL into 900 µL 
of sterile saline or broth and mixed well. Then, 100 µL 
of each of the three dilutions was plated onto three dif-
ferent nutrient-rich agar plates and incubated at 37°C for 
18–20 h, at which point, the colonies were counted.

All microtiter polypropylene plates were incubated 
for 18–20 h. After incubation, the MIC was determined 
based on the lowest concentration showing no visible 

growth. Evaluation was performed visually and spec-
troscopically (OD600; PlateReader AF2200 UV/VIS and 
Fluorescence Microplate Reader, Eppendorf). The MICs 
of the reference antibiotics (kanamycin, tetracycline, and 
chloramphenicol) were measured in 96-well microtiter 
plates according to the CLSI (Andrews, 2001; Wiegand et 
al., 2008; CLSI 2020).

To confirm the results, a resazurin-based assay was 
also used. Resazurin is a redox indicator used to evalu-
ate cell growth (Elshikh et al., 2016); a pink or uncolored 
solution indicates growth, and blue indicates inhibition 
of growth. Resazurin (10 mL of a 0.015% aqueous solu-
tion) was added to each well. Samples were incubated at 
37°C for 2 h (in the dark), and then absorbance meas-
urements and visual evaluation of the color relative to 
the control were performed. The lowest concentration 
at which the color change occurred was considered the 
MIC value.

Data analysis

MIC values were determined in triplicate in three in-
dependent experiments for antibiotics, and in duplicate 
in the three independent experiments for peptides and 
compounds. The data were collected and evaluated using 
the R (ver. 3.5.3) (Core Team. 2020) for all calculations 
and data visualizations.

RESULTS

Antimicrobial activity of selected antimicrobial 
compounds

Twelve antimicrobial components from different 
classes and origins (Fig. 1) were selected and evaluated 
concerning their antimicrobial activity, i.e., muramyl di-
peptide derivatives (1a–e), the retro-tuftsin derivatives 
(2a–c), and analogs of anthraquinones (3a–d). These 
compounds were previously published as potential im-
munomodulators by Dzierzbicka and others (Dzierz-
bicka et al., 2003b; Dzierzbicka et al., 2004; Dzierzbicka 
et al., 2005a; Dzierzbicka et al., 2005b; Dzierzbicka et al., 
2006; Dzierzbicka et al., 2008; Dzierzbicka et al., 2012) 
and Wardowska and others (Wardowska et al., 2006; 
Wardowska et al., 2009). Their antimicrobial activities 
were tested against five bacterial strains from four spe-
cies (S. aureus MRSA/MSSA, K. pneumoniae ESBL, P. aer-
uginosa, and E. coli), and their MIC values (and those of 
the reference antibiotics) are presented in Table 1. The 
potency of the compounds examined in this study, were 
compared with the antimicrobial activity of well-charac-
terized antibiotics from different classes, that target bac-
terial cell walls, proteins, or nucleic acid synthesis (Ta-
ble 1). Muramyl dipeptide derivatives showed the low 
antimicrobial activities (mostly MIC was >512 µg/mL) 
regardless of the bacterial species (the exception was 
compound 1d for P. aeruginosa). Retro-tuftsin derivatives 
showed different activities depending on the bacterial 
species (MIC value from 32 to 512 µg/mL or no inhibi-
tory effect). Anthraquinone analogues were mostly char-
acterized by a lack of antimicrobial activity, except for 
3c and 3d derivatives. Finally, we found that the deriva-
tives 1d, 2b and 3c proved to be the most active, hence 
we focused on these compounds.

In addition to the MIC values, the bacterial growth 
curves prepared against various concentrations of com-
pounds. At first, the growth curves of bacteria cultured 
without antibiotics or tested compounds were prepared 
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(Fig. S1 at https://ojs.ptbioch.edu.pl/index.php/abp/) in 
optimal growth conditions.

Figures 2–4 show results of percent of growth of 
tested bacteria for compounds with a highest potency 
relative to the control. The effects of chosen compounds 
(1d, 2b, 3c) and kanamycin, tetracycline, and chloram-
phenicol on the spectroscopically measured growth of 
S. aureus MRSA, S. aureus MSSA and P. aeruginosa are 
presented in Fig. S2, S3, and S4 (at https://ojs.ptbioch.
edu.pl/index.php/abp/).

The MICs was determined for bacterial growth in the 
range from 30–100%. Many examined compounds in-
hibited the growth of microorganisms in 50–100% only 
at very high concentrations. The antimicrobial activity 
of muramyl dipeptide derivatives were generally higher 
against Gram-negative bacteria compared with Gram-
positive bacteria. Only 1d demonstrated specific antimi-
crobial activity against P. aeruginosa, whereas the other 
derivatives were ineffective (MIC≥512 μg/mL). Com-
pound 1d inhibited growth by 40% at a concentration 

Table 1. Antimicrobial activities (MIC values in μg/mL) of various compounds against Gram-negative and Gram-positive bacteria. 
NI, no inhibitory effect at the compound concentrations used or stimulation of growth; bolded values of MIC mean the most promising 
compounds.

Group of compo-
unds

Antimicrobial com-
pounds

MIC (μg/mL)

E. coli 
ATCC 8739

P. aeruginosa 
ATCC 27853

S. aureus 
ATCC 43300
MRSA

S. aureus 
ATCC 25923
MSSA

K. pneumoniae 
ATCC 700603
ESBL

muramyl dipeptide 
derivatives

1a >512 >512 >512 >512 >512

1b >512 >512 >512 >512 >512

1c >512 >512 >512 >512 NI

1d >512 128 >512 >512 NI

1e >512 512 >512 >512 NI

retro-tuftsin
derivatives

2a >512 256 >512 256 NI

2b >512 128 >512 32 NI

2c 512 256 >512 >512 NI

anthraquinone 
analogues

3a NI NI NI NI NI

3b NI NI NI NI NI

3c NI NI 256 256 NI

3d NI NI 512 512 NI

reference antibio-
tics

kanamycin 8 128 64 8 32

chloramphenicol 2 64 8 4 16

tetracycline ≤ 1 16 ≤ 1 ≤ 1 8

Figure 2. Effect of the muramyl dipeptide derivative 1d on the 
spectroscopically measured growth of E. coli, P. aeruginosa, S. au-
reus MRSA, S. aureus MSSA, and K. pneumoniae ESBL cultured in 
MHBII medium, compared with the drug-free control well. 
The results are presented as the mean of three separate experi-
ments in triplicate, and the error bars represent standard devia-
tion. The MIC values are presented in a logarithmic scale (log2).

Figure 3. Effect of the retro-tuftsin 2b derivative on the spec-
troscopically measured growth of E. coli, P. aeruginosa, S. aureus 
MRSA, S. aureus MSSA, and K. pneumoniae ESBL cultured in MH-
BII medium, relative to the drug-free control well. 
The results are presented as the mean of three separate experi-
ments in triplicate, and the error bars represent standard devia-
tion. The MIC values are presented in a logarithmic scale (log2).
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of 128 µg/mL. The results of the study are shown in 
Table 1 and Fig. 2 for 1d derivatives.

The highest antimicrobial activity among retro-tuftsin 
derivatives was observed for 2b against P. aeruginosa and 
S. aureus ATCC25923 (MSSA), which inhibited their 
growth by 30% at concentrations of 128 µg/mL and 
32 µg/mL, respectively. The second most effective com-
pound (MIC 256 μg/mL) was 2a against S. aureus and 
P. aeruginosa. In fact, 2a displayed the same high specific 
activity against P. aeruginosa as 2c. Antimicrobial activi-
ties for retro-tuftsin derivatives are included in Table 1. 
Effect of the retro-tuftsin 2b derivative on the spec-
troscopically measured growth of bacteria is shown in 
Fig. 3.

Among the anthraquinone analogs (retro-tuftsin de-
rivatives with anthraquinones), only 3c exhibited specific 
antimicrobial activity against S. aureus, whereas no activ-
ity was detected against any of the Gram-negative bac-
teria tested (K. pneumoniae, E. coli, P. aeruginosa) (Fig. 4). 
At a concentration of 256 µg/mL, 3c inhibited the 
growth of MSSA and MRSA by 90% and 80%, respec-
tively. Among the other anthraquinone analogs, 3d was 
slightly less active against Gram-positive pathogens, and 
no activity was detected against Gram-negative bacteria 
(Fig. 4).

DISCUSSION

The high activity of antibiotics toward pathogenic 
bacteria provides a wide range of possibilities for their 
use in medicine. However, antibiotics and microbial re-
sistance limit the effectiveness of currently used antibiot-
ics and highlight the need for antibiotic compounds with 
unique chemical structures. The constant need for new, 
synthetic, more effective antibiotics stimulates research in 
this area. In this work, we obtained compounds derived 
from natural immunomodulators (e.g., peptidoglycan of 
the bacterial cell wall – muramyl peptides for 1a–c com-
pounds) or fragments of immunoglobulins (tuftsin for 
2a–c and 3a–d compounds) and explored their potential 
antimicrobial activities.

Compounds composed of sugar and oligopeptide 
(e.g., MDPs) can increase the non-specific (natural) re-

sistance of higher organisms to bacterial infections. This 
phenomenon was first described by Chedid and others 
(Chedid et al., 1977), who demonstrated that MDP ad-
ministered intravenously, subcutaneously, or even orally 
reduced the mortality of mice infected the day later with 
a lethal dose of K. pneumoniae. MDP and its analogs can 
stimulate the non-specific immunity of various animals 
to infections caused by bacteria, including Mycobacte-
rium tuberculosis, Listeria monocytogenes, P. aeruginosa, E. coli, 
S. aureus, and Streptococcus pneumoniae (Chedid et al., 1978; 
Fraser-Smith et al., 1982; Humphers et al., 1980; Masihi et 
al., 1985; Matsumoti et al., 1981; Osada et al., 1982).

Tuftsin is a natural peptide with antibacterial activ-
ity. It has been reported that the antimicrobial activity 
of tuftsin is enhanced by attaching an ethylenediamine 
fragment to its C-terminus with an acyl residue of fatty 
acid (e.g., palmitic), and including this modified tuftsin 
(palmitoyl tuftsin; TKPR-NH-(CH2)2-NH-CO-C15H31) in 
liposomes (Agrawal et al., 2002; Siebert et al., 2017). The 
tetrameric tuftsin derivative [TKPKG]4 (OT20) was used 
as a carrier for the peptide molecule, TB5 (Horvati et 
al., 2012). A palmitoylated tuftsin derivative (a sequence 
of TKPKG) of isoniazid (INH) was presented as a po-
tential antitubercular agent (Horvati et al., 2014). Tuftsin 
with liposomal nystatin increased its activity against Cryp-
tococcus (Khan et al., 2012). Because of the receptors on 
macrophages, liposomal tuftsin can act as a transporter 
for the site-specific delivery of drugs in a variety of mac-
rophage-based infections, such as tuberculosis and leish-
maniasis (Gupta & Haq, 2005).

In this study, we also investigated tuftsin derivatives 
containing anthraquinones with different substituents 
(3a–d derivatives). Anthraquinones exhibit bactericidal 
and bacteriostatic properties against both Gram-positive 
and Gram-negative bacteria (Bashir et al., 2011) (e.g., 
E. coli, Mycobacterium smegmatis, K. pneumoniae, Enterococcus 
faecalis, Bacillus subtilis, S. aureus, Staphylococcus epidermidis, 
Helicobacter pylori, P. aeruginosa, and Salmonella Typhimu-
rium (Alemdar & Agaoglu, 2009; Alves et al., 2004; An-
tonisamy et al., 2012; Chung et al., 1997). They are also 
potent bacteriostatic agents against Streptococcus viridans 
and Streptococcus mutans (Coenye et al., 2007). The anti-
bacterial properties of anthraquinones can be applied in 
medicine, especially since one of the worrying problems 
is the constantly growing multidrug resistance of mi-
croorganisms to antibiotics. However, compounds with 
immunomodulatory activity are not necessarily effective 
chemotherapeutic agents. Therefore, conjugates that ex-
hibit simultaneous immunomodulatory and antimicrobial 
activity would be the best option.

Antimicrobial activity of selected antimicrobial 
compounds

Currently growing numbers of antibiotic-resistant 
pathogens, and the capacity of available antimicrobial 
compounds to control bacterial infections is declining. 
The selected microorganisms quickly develop resistance 
to various classes of antibiotics via mutations or horizon-
tal gene transfer (HGT). Extended-spectrum β-lactamase 
(ESBL)-producing K. pneumoniae is an example of bacte-
ria with resistance to all penicillins and cephalosporins. 
MRSA strains are associated with resistance to most 
semisynthetic penicillins. Similarly, P. aeruginosa and 
E. coli are resistant to a vast range of antibiotics in hos-
pital environments. Therefore, it is crucial to find new 
antimicrobial compounds.

Antimicrobial derivatives such as MDPs, retro-tuftsins, 
or anthraquinones are expected to represent potential al-

Figure 4. Effect of combining retro-tuftsin derivatives with anth-
raquinones on the spectroscopically measured growth of E. coli, 
P. aeruginosa, S. aureus MRSA, S. aureus MSSA, and K. pneumo-
niae cultured in MHBII medium relative to the drug-free control 
well. 
The results are presented as the mean of three separate experi-
ments in triplicate, and the error bars represent standard devia-
tion. The MIC values are presented in a logarithmic scale (log2).
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ternatives to classical antibiotics in terms of controlling 
and combating bacterial infections. Modifying known 
compounds for further development toward practical ap-
plications remains a challenge.

By comparing different compounds using the same 
assay conditions, this study allows a direct comparison 
of the antimicrobial activity of an array of compounds 
against a broader range of bacteria. We found that retro-
tuftsin derivatives with anthraquinones (3c and 3d) dis-
played potent efficacy against S. aureus. This is particu-
larly crucial because the problems associated with both 
community-associated and hospital-acquired MRSA (CA-
MRSA and HA-MRSA, respectively) are increasing (Ka-
teete et al., 2019). The biological effect of 3c and 3d may 
be influenced by the presence of isopeptide bonds in the 
peptide chain (retro-tuftsin). Replacement of the proto-
nated ε-amino group of lysine with an electrically neu-
tral amide bond reduces the susceptibility to enzymatic 
hydrolysis, and thus reduces the inhibitory effect of the 
resulting degradation products.

Retro-tuftsin derivatives 2a–c seem to exhibit suit-
able activity against MSSA strains but not MRSA strains. 
However, the effects of 2a–c against P. aeruginosa was 
significant and similar to the MDP derivative, 1d. This 
was an important observation because P. aeruginosa pos-
es many serious threats (McGowan, 2006) in terms of 
nosocomial (hospital-acquired) infections, which occur 
mainly in patients from high-risk groups, but they rarely 
cause community-acquired infections.

In particular, P. aeruginosa is often responsible for 
nosocomial infection in patients with burns and other 
wounds, and the P. aeruginosa strains are characterized by 
high inherent resistance and the ability to develop new 
mechanisms of antibiotic resistance. The diversity of re-
sistance mechanisms in P. aeruginosa makes them espe-
cially difficult to eradicate from hospital environments. 
The new muramyl dipeptide derivative (1d) and retro-
tuftsin derivatives (2a–c) have the potential for inducing 
antibacterial activity, especially against P. aeruginosa.

CONCLUSIONS

In this work, 12 new compounds (previously charac-
terized) were tested toward five different bacterial cell 
lines. Analysis of the results led to the conclusion that 
some structurally modified compounds, such as anth-
raquinone analogue 3c and retro-tuftsin derivative 2b, 
show promising activity against S. aureus, while MDP de-
rivative 1d and retro-tuftsins derivative 2b demonstrate 
promising activity against P. aeruginosa. The results pre-
sented herein confirm that structural modifications of 
anthraquinones and retro-tuftsin can be introduced in 
order to impart antimicrobial properties.
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