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I. INTRODUCTION 

1.1. Factors contributing to antimicrobial resistance

In the past 50 years the development and subsequent clinical use of antibiotics led to 

successful treatment of many infectious diseases. The introduction of penicillin into general 

medical practice in 1944 made the formerly deadly illnesses like wound infections or 

pneumonia curable, leading to a significant increase in life expectancy 1.

However, the introduction of natural, semi-synthetic and synthetic antimicrobials to 

clinics and agriculture contributed to the emergence of resistant microorganisms 2. There is a 

growing body of evidence that the medical and non-medical misuse and overuse of 

antimicrobials facilitate the rapid dissemination of antibiotic resistance among 

microorganisms, especially human pathogens due to the strong selective pressure 3, 4. Today, 

resistance to antibiotics has become a major public health concern 5, 6, 7. Rates of antibiotic 

resistance are reaching alarming levels in Southern and Central Europe, standing in 

correlation with the amount of antibiotics used 8. Recently it was reported that the outpatient 

antibiotic use was lower in the northern regions, moderate in middle regions, and higher in 

southern regions in Europe (Figure1).
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Figure 1. Total outpatient antibiotic use of 26 European countries in 2002. Legend: DDD: 

Defined Daily Dose; inh: inhabitant. Source of data: Reference 8. 

Furthermore, the study showed higher occurrence of antibiotic resistance in high 

consuming countries, e.g. in Southern and Eastern Europe. Another potential risk factor of the 

emergence of resistant microorganisms is the use of personal hygiene and household products 

containing antibacterial agents like triclosan (2,4,4’-trichloro-2’-hydroxyphenyl-ether) 9, 10. It 

was shown that bacteria with low susceptibility to triclosan can promote cross resistance11.
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Triclosan was also proven to be a substrate for MDR (Multidrug Resistance) efflux pumps, 

allowing for selection of pump mutations 12.

Recently it has been reported that almost half of all antibiotics produced is used for human 

consumption. Another half is added to animal feed for prophylaxis, treatment and growth 

promotion in agriculture and aquaculture 13, 14. The life-long subtherapeutic dose of antibiotic 

treatment in animal husbandry promotes the selection of resistant populations, especially in 

the animal intestinal flora 15, 16, 17. Vancomycin-resistant Enterococcus faecalis (VRE) was 

isolated from sewage and different animal sources in Europe 18, 19. It was suggested that the 

emergence of VRE was due to the use of avoparcin (vancomycin analogue) containing animal 

feed additives 20. Based on these observations, it was suggested that contaminated food 

products and domesticated animals are the reservoirs of VRE, which can reach humans by the 

food chain or direct contact 21. In contrast, VRE is regarded as hospital acquired nosocomial 

pathogen in the United States where avoparcin is not a licensed feed additive. 

For plant protection, streptomycin and oxytetracylin are still in regular use, although the 

amount of antibiotics applied for treating plant diseases is minor compared to total antibiotic 

use 22, 23. Since antimicrobials for plant protection are spread in the open environment and 

washed into soil and ground water, they may select for resistance in commensals or even 

human pathogens.  

Antimicrobial resistance is widespread in the environment as microorganisms carrying 

resistance genes can move easily among four main ecological compartments: humans,

animals, plants and soil-water 2, 3. Each ecosystem contains the selective pressure of 

antimicrobials, and the genetic exchange of resistance determinants can easily occur among 

microorganisms originating from different ecological habitats. The major driving force behind 

the spread of resistance is natural selection, which renders resistance to antimicrobials and the 

ability to exchange these resistance gene determinants by horizontal gene transfer 24, 25.

Above all, several socioeconomic and environmental factors facilitate the spread of 

resistant microorganisms by person-to-person transmission in the community. 

Hospital-acquired infections are caused by antibiotic-resistant pathogens selected from 

the patients’ own flora during intensive board spectrum antibiotic treatment or from 

the transfer between bacteria by mobile genetic elements 26. Subsequently, the 

resistant pathogens spread among patients. The risk factors enhancing the 

dissemination are the severity of illness, surgery, prolonged stay in intensive care unit, 

exposure to contaminated medical equipment, infected foreign bodies, shift of 

resistant bacteria by the hands of medical personnel and lack of contact isolation 27.
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Recently several multiple resistant bacteria have been selected in hospitals, such as 

Multidrug Resistant S. aureus (MRSA), Vancomycin Intermediate Resistant S. aureus

(VISA), Vancomycin-resistant Enterococcus faecalis (VRE) and MDR P. aeruginosa,

K. pneumoniae and A. baumannii 28, 29, 30. MRSA strains recently appeared in 

community-acquired infections 31.

Successful treatment protocols create an increasingly immunsupressed population in 

the elderly 32 as well as among patients undergoing organ transplantation, cancer and 

AIDS treatment. Immune disorders are also predisposing factors for infections caused 

by opportunistic pathogens, which are often multiresistant.  

Crowding, as it occurs in hospitals, day care centers, prisons and public transport.

Accelerated international mass migration and trade facilitates the spread of 

geographically separated microorganisms 33.

1.2. Mechanisms to acquire antibiotic resistance 

Mechanisms of antibiotic resistance acquisition are the evolutionary response to the 

selective pressure of antibiotics. It is an unstoppable phenomenon, which occurs each time 

new drug is introduced into practice. The emergence of antibiotic resistant phenotypes is due 

to mutations at different chromosomal loci or acquisition of resistance determinants by 

horizontal gene transfer (HGT). 

1.2.1. Mutations 

Several mechanisms of antibiotic resistance are based on mutational events 35. Variations 

in the drug efflux and uptake systems are modified by mutations in the regulatory genes or 

their promoter region leading to multiple antibiotic resistances 36. For example, mutations in 

E. coli mar gene affect the expression of 60 different genes, involving the downregulation of 

OmpF (porin channel) and the upregulation of AcrAB (RND efflux pump) 37. Recently it has 

been found that the rate of mutation in bacteria is higher in vivo under stressful conditions like 

the presence of antibiotics, starvation and competition for novel niches during infection 

processes 38. Mutation and HGT can act in a synergistic way as mutation produces new 

variations of the alleles and HGT introduces these new alleles into the population.

1.2.2. Horizontal gene transfer 

HGT is responsible for the global and rapid dissemination of resistance genes in different 

bacterial species or genera within hospital and environmental settings. The transfer of 
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antibiotic resistance genes can occur via conjugation, transformation and transduction as 

shown by Figure 2 2, 4, 39, 40, 41.

Figure 2. Genetic exchange by HGT. Figure is 

adapted from www.bioteach.ubc.ca

The first transferable resistance was discovered 

in 1959, when resistance genes of Shigella ssp. 

were transferred to E. coli by plasmid mediated 

conjugation 42. The conjugative transfer of mobile 

genetic elements (plasmids, transposons, integrons 

and gene cassettes) provides great genetic 

variability as they mediate gene flux between 

Gram-positive and Gram-negative bacteria, referred to as broad host range transfer 43. Self-

transmissible plasmids and conjugative transposons are interactive elements that can mobilize 

other co-resident plasmids either by providing the mating apparatus (trans mobilization) or by 

forming a co-integrate (cis mobilization) 44, 45, 46, 47. Retrotransfer has also been described 48.

Multiple resistant plasmids arise by acquiring several resistance genes encoded on 

transposons or integrons. The existence of broad host range transfer was supported by the 

findings that copies of the same resistant gene are detected in distantly related bacteria, which 

often reside in different habitats. For instance, the alleles of ermG, responsible for 

erythromycin resistance were over 95% identical in soil bacteria Bacillus ssp. and in the 

enteric bacteria Bacteroides ssp 49. Such high identity could only arise by HGT and not by 

independent mutations. Nutrient rich environments, like matured soil and intestine are hot 

spots for genetic exchange between soil bacteria, the antibiotic resistant gut commensals and 

pathogens previously exposed to antibiotic treatment 50, 51.

New genetic elements can be acquired by transduction (viral infection) and transformation 

(free DNA is taken up by bacteria) referred to as narrow host range transfer. These types of 

routes occur between closely related species, as in both cases the fragments of DNA insert in 

the genome by homologous recombination, and in case of transduction the phage infection 

requires special receptors on the surface 52. The clinically relevant S. pneumoniae acquires

penicillin resistance by transformation in which an acquired gene creates ‘mosaic penicillin-

binding protein’ (PBP), which renders low affinity to penicillins 53. Transfer of resistance 

mediated by bacteriophages is frequently seen in staphylococci. It was reported that natural 

transformation occurs commonly among environmental isolates in soil. The free DNA 
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released by soil bacteria (Bacillus ssp. and Streptomyces ssp.) binds to sand and clay particles 

and become stabilized and retain a transforming ability for weeks 54. Once bacteria become 

transformed by resistance genes, there can be transferred to other bacteria by gene transfer 

mechanisms.  

1.3. Common mechanisms of antibiotic resistance 

Bacteria developed different resistance mechanisms to evade antimicrobials. Types of 

antibiotic resistance can be classified into four main categories shown in Figure 3 55, 56.

1. Enzymatic inactivation or modification of the active molecule. 2. Modification or 

protection of the antibiotic target. 3. Limited access of antibiotics and 4. Active efflux of 

antibiotics. 

Figure 3. Mechanisms of antibiotic resistance. More 

than one mechanism can be present in a single 

bacterium. Figure is adapted from www.bioteach.ubc.ca

The first category includes enzymes (e.g. -

lactamase, chloramphenicol-acetyltransferase), which 

inactivate or modify the antibiotic molecules. Cleavage 

or modification in the structure of the antibiotics leads to 

decreased affinity to their target site57.

The second group of resistance mechanisms involves the alteration of the target of the 

antibiotic. In MRSA strains, the mecA gene, which is located on the chromosome encodes a 

methicillin-inducible PBP2a. This mutant PBP shows low affinity to -lactams to complete 

crosslinking of the cell wall peptidoglycans in the presence of the antibiotic 58.

The third strategy to gain protection from antimicrobials is to reduce the cell wall 

permeability. In case of Gram-positive bacteria the relatively thick peptidoglycan wall does 

not function as an effective barrier as molecules with molecular weight less than 50 kDa pass 

it freely. However, modification in the structure of the cell wall of VISA strains decreases the 

permeability of the cell wall 59. In contrast, the envelope of Gram-negative bacteria is less 

effective in restricting the influx of antibiotics, than the Gram-positive cell wall. The outer 

membrane works as an efficient permeability barrier and renders high intrinsic resistance by 

the porin channels and the lipopolisaccharid (LPS) layer 60. Porin channels drastically slow 

down the influx of hydrophilic antibiotics. 61. Lipophilic and amphiphilic molecules like 

tetracyclines can diffuse through the phospholipid bilayer but this process is markedly slowed 

down by the low fluidity and negative charge of the LPS layer. In Gram-negative bacteria, the 
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additional contribution of MDR efflux pumps is needed to achieve high levels of intrinsic 

resistance 62.

In the efflux-mediated antibiotic resistance the antibiotics are expelled form the cell in an 

energy dependent manner to enable bacteria to survive in the toxic environment. Efflux 

transporters are classified as specific transporters referring to their narrow substrate 

specificity, as they mediate the extrusion of a given drug or class of drugs, like tetracycline, 

chloramphenicol/florfenicol efflux transporters 63, 64. The second class of efflux proteins is the 

MDR efflux pumps that remove structurally unrelated compounds, but share physical 

similarities such as hydrophobicity, amphiphilicity and charge. MDR efflux systems also have 

a physiological role (protection of the membrane integrity), since their substrate spectrum 

includes bile salts, detergents, ionophores as well as antimicrobials 65, 66. Genes encoding 

MDR transporters are commonly found in the chromosome, however qacA/B is located on 

plasmid in clinically relevant staphylococci 67. Similarly the genes for specific transporters are 

located on plasmids and transposons that enables them exchange with other bacteria, even of 

foreign species. The MDR transporters are subdivided into the group of primary (ABC 

superfamily) and secondary transporters (H+ antiporter). The four families of H+ antiporters: 

Major Facilitator Superfamily (MFS), Resistance Nodulation Division (RND), Small 

Multidrug Resistance (SMR) and Multidrug and Toxic Compound Extrusion (MATE) utilize 

the transmembrane electrochemical gradient of protons or sodium ions to extrude drugs out of 

the cell. ABC transporters hydrolyze ATP for active efflux. Pumps belonging to the RND 

familiy render Gram-negative bacteria outstandingly high resistance, as they form a tripartite 

complex including outer and inner membrane proteins and a membrane fusion protein68, 69. In 

E. coli, the AcrAB-TolC and in P. aeruginosa, the MexAB-OprM 70, 71, 72, 73 efflux pump 

system extrudes a wide variety of compounds such as tetracycline, chloramphenicol, -

lactams, novobiocin, fusic acid, detergents, desinfectants, solvents 74, 75. Gram-positive 

bacteria also possess efflux pumps that extrude numerous antimicrobial agents and 

desinfectants to confer clinically relevant resistance. In S. aureus, the MDR efflux phenotype 

is related to the NorA transport protein, while in B. subtilis, Bmr is the drug efflux protein 76.

1.4. Ways to overcome antibiotic resistance 

Infections caused by mono- and MDR bacteria are difficult to manage with commonly 

employed antibiotics and are often incurable. One approach to combat resistance is to find 

new agents that possibly work in a different way than existing drugs, or to develop resistance 

blocking agents. The emergence of resistance to any potent drug by mutations is inevitable, 
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but development of a new agent is time and cost consuming. Drug resistance can be reversed 

by 1. Elimination of plasmids carrying antimicrobial resistance. 2. Enhancement of antibiotic 

activity by non-conventional antimicrobials such as efflux pump inhibitors77.

1.4.1. Plasmid curing by phenothiazines 

Theoretically, the curing of plasmids encoding antibiotic resistance is a way to eliminate 

resistance. This approach is encouraged by several in vitro and in vivo studies that show that 

plasmid associated-antibiotic resistance of bacteria can be reversed by selective combinations 

of some non-antibiotics with antibiotics to which the organism was originally resistant.  

Tricyclic neuroleptics and the antidepressant phenothiazines like chlorpromazine, 

thioridazine, promazine, promethazine, imipramine and desipramine, were shown to have 

strong in vitro antibacterial activity against a wide variety of bacteria including 

mycobacteria78, 79, 80, 81, 82. Phenothiazines, classified as resistance modifiers were proved to 

reverse antibiotic resistance of some specific bacteria at sub-MIC in combination with 

conventional antibiotics in vitro. The reversal of antibiotic resistance by phenothiazine 

derivatives is considered to be triggered in two main ways: 1. Promoting plasmid elimination 

and 2. Inhibition of antibiotic transport functions of efflux pumps found in the plasma 

membrane.  

Acridine orange, ethidium bromide, sodium dodecylsulfate (SDS) and phenothiazines 

were recognized as effective in vitro antibacterial and antiplasmid agents during the last three 

decades 83. Acridine dyes 84 and ethidium bromide 85 were excluded from in vivo trials 

because of their mutagen effect as well as SDS 86, since it has a detergent action. A series of 

psychopharmacological agents without mutagenic effect were found to eliminate plasmids in

vitro. The chemical structures of the phenothiazines are derived from methylene blue, a 

tricyclic compound regarded as the nucleus of the group of phenothiazine derivatives 87.

The chemical structures of phenothiazines contain a planar or non-planar heterocyclic ring 

system with two heteroatoms (N and S), and the basic structure can be substituted by alkyl or 

aromatic side chains.  

The antimicrobial and antiplasmid activity of phenothiazines is a result of several 

intracellular target sites they act on including the bacterial membrane, plasmid DNA and 

different enzyme systems. Bacteria contain fewer plasmids when cultured in sub-inhibitory 

concentrations of phenothiazines due to inhibition of plasmid replication, partition and 

conjugal transfer processes 88 (Figure 4). 
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Figure 4. Schematic drawing of the 

inhibition of plasmid replication at three 

different levels. Figure is adapted from 

reference 83.

Laboratory experiments indicated that in 

mono-species cultures, promethazine 

markedly reduced lactose fermentation and 

the tetracycline, chloramphenicol, streptomycin and sulfonamide resistance of E. coli 89, 90,

while hardly reduced antibiotic resistance of Salmonella ssp. 91, 92 Y. enterocolitica 93, 94, S.

aureus strains 95, nodule formation of R. meliloti and tumor inducing ability of A. tumefaciens 
90. Plasmid elimination with varying frequencies can be explained by the diverse sensitivity of 

different bacterial species.

The inhibition of plasmid DNA replication was found to be associated with drug binding 

to the bacterial membrane, which changes the stability of the complex of membrane proteins 

with the replicating plasmid DNA, resulting in the prevention of proper plasmid replication, 

leading to plasmid loss 93. The other possible target of phenothiazines is the DNA gyrase. It 

was assumed that drugs interfere with DNA gyrase activity and promote the relaxation of 

plasmid DNA to disturb plasmid replication processes.

The action of promethazine on plasmid DNA disturbs gene expression and replication 

leading to plasmid loss or even cell death. The heterocylic planar ring system of promethazine 

demonstrates high affinity binding to the covalently closed circle (CCC) form of plasmid 

DNA, while linear and circular forms were less sensitive as demonstrated by agarose gel 

electrophoresis of promethazine treated samples 96. Recently the binding target of 

promethazine was defined by Miskolci et al. They found that promethazine may form a 

complex with the Guanosine-Citosine rich region of plasmid DNA. The complex formation is 

based on the ionic interaction between the linker of phenothiazine and the phosphate group of 

DNA, and stacking interaction is formed between aromatic sites of promethazine and 

Guanosine 97.

Antiplasmid compounds are also able to block plasmid transfer. This was proven by the 

inhibition of binding of the pilus-specific phages 98.

More phenothiazine derivatives were produced by chemical modification in order to find 

ideal plasmid curing compound. It was demonstrated that distruption of the -electron system 

of the three rings significantly decreases the antiplasmid effect. Structure–activity relationship 

                                         Inhibition of 
plasmid replication             partition                 plasmid transfer 

Plasmid DNA                                 Bacterial chromosome 

Decreased number         Bacterial division 
of plasmid carrying        without plasmid              Prevention of                      
bacteria.                          distribution.                    spread of antibiotic             

resistance. 

Plasmid free cell 

3’ 
5’ 

5’ 
3’ 
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(SAR) studies revealed that changes in molecular structures of tricyclics lead to altered 

antiplasmid action 99.

The mechanism by which the phenothiazines exert their effective antibacterial and 

antiplasmid action is still not completely explored. Hypothetically, elimination of plasmids 

from multiresistant bacteria results in plasmid free cells, which revert to sensitive to 

conventional antibiotics. Until now, the tested antiplasmid agents could eliminate plasmids 

only from a part of the bacterial population. If the curing efficiency does not reach 100%, the 

entire population becomes resistant again due to conjugational retransfer processes. Although 

phenothiazines have a strong antibacterial effect and are capable of enhancing the activity of 

antibiotics, the treatment of bacterial infections was not introduced to clinical practice as the 

in vitro activities take place well beyond the clinically achievable concentrations and has side 

effects.

1.4.2. Resistance reversal by inhibition of efflux pumps 

The efflux pump mediated MDR has become a significant complicating factor in the 

chemotherapy of bacterial infections. MDR efflux pumps are responsible for extruding the 

structurally unrelated drugs from the cells, by which bacteria can evade the antimicrobial 

effect of the drug100, 101, 102. In Gram-positive and Gram-negative bacteria, the most 

extensively studied MDR pumps are NorA (MFS) in S. aureus, and MexAB-OprM (RND) in 

P. aeuginosa103, 104. Both types of efflux pump systems use the proton motive force (PMF) as 

the energy source for drug translocation. Bacterial genome sequencing projects showed the 

existence of several genes encoding putative efflux pumps. Since these pumps can complicate 

the treatment of bacterial infections, the development of safe and effective bacterial efflux 

pump inhibitors is needed. Novel inhibitors of the MexAB-OprM efflux system and the NorA 

pump have been identified and also been examined in in vitro studies105, 106.

Inhibition of the efflux pumps can restore the activities of the antimicrobial agents. Since 

the search for new candidates for pump inhibitors is time and cost consuming, it is reasonable 

to screen drugs, which are already in clinical use, since data on their pharmacokinetics and 

toxicity are available. Combination of phenothiazines in subinhibitory concentrations with 

multiple standard antibiotics commonly result in synergistic or additive effect against several 

clinically relevant bacterial species (E. coli and P. aeruginosa) in vitro, as demonstrated by 

checkerboard microdilution experiments107, 108, 109, 110. Clinical doses of promethazine in 

combination with gentamycin showed fewer relapses of pyelonephritis caused by E. coli in 

pediatric patients as compared to the antibiotic treatment alone. Explanation for the successful 
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clinical trial is the in vivo synergistic action of the drugs as the administration of promethazine 

increased the permeability of E. coli cells to the antibiotic111. These findings suggest that 

clinically useful co-administration of resistance modifiers with certain antibiotics could 

represent new perspectives in combating antimicrobial resistance112.

The possible mechanism by which phenothiazines potentiate the activity of the other 

antimicrobial agent is not clarified yet. It is supposed that the enhancement of the 

antimicrobial activity is associated with the block of the efflux pumps. 

Thioridazine and prochlorperazine were shown to be potent inhibitors of NorA of S.

aureus in checkerboard analysis, when combined with selected pump substrates. It was 

suggested that phenothiazines can physically interact with the efflux pumps, which result in 

the inhibition of the activity of the efflux pumps.  

Chlorpromazine was shown to block potassium flux across the membrane both in S.

aureus and in the yeast Saccharomyces cerevisiae and to alter the transmembrane potential in 

Leismania donovani113, 114, 115. In addition to the possible interaction with the pumps, the 

perturbation of membrane energetics by phenothiazines may also play a role in efflux pump 

inhibition. This effect results in the decrease of the PMF, upon which drug-proton antiporters 

are dependent for their function.

Unfortunately, the effective values for efflux pump inhibition are above those employed in 

clinical practice. Even so, chemical modification of the in vitro potent molecule may result in 

a compound with reduced central nervous system toxicity and improved bacterial efflux pump 

inhibitory action.

1.5. Drug resistance and its reversal in cancer cells 

Resistance to cytotoxic drugs is the major reason for the failure of cancer treatment. Some 

cancers are intrinsically resistant to chemotherapy. Others initially respond to the treatment, 

but in course of time they acquire resistance to many different cytotoxic drugs with different 

chemical structure and mode of action. It is termed as MDR 116, 117, 118. MDR appears to be the 

main reason for therapeutic failure of cancer as the combination of multiple agents with 

different targets is used to treat most cancers 119. Several host factors, genetic and epigenetic 

alterations in the cancer cells, and alterations of the tumor environment influence the outcome 

of patient’s response to anticancer therapy 120, 121. Many different mechanisms of MDR have 

been elucidated, including alterations in cell cycle checkpoints, failure in apoptosis (mutated, 

non- functional p53, that is not able to trigger apoptosis) 122, repair of the damaged cellular 

targets (activation of detoxifying systems: cytochrome p450) and reduced drug accumulation 
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123. Of these mechanisms, reduced drug accumulation has been most studied in detail. 

Decreased drug influx or increased drug efflux or both can be responsible for maintaining 

intracellular drug concentration at a low level.  

Hydrophobic drugs like vinblastine, vincristine, doxorubicin, daunorubicin, actinomycin 

D, etoposide, teniposide and paclitaxel can cross the membrane by simple diffusion. The only 

way to remove hydrophobic drugs is to expel them by the energy dependent transport systems 

e.g. ATP Binding Cassette (ABC) transporters (Figure 5). The main ABC transporter involved 

in MDR phenotype of human cancer is P-gp 124, 125. Structurally P-gp, the product of the 

human MDR1 gene is a 170 kDa molecular weight phosphoglycoprotein, consisting of 1280 

amino acids forming two ATP binding cassettes and two transmembrane regions each 

containing six transmembrane domains 126. The binding of the hydrophobic drug to the 

transmembrane region stimulates the ATPase activity of P-gp, which releases the substrate to 

either side of the membrane. The second ATP is needed to restore the drug binding 

conformation of the molecule 127. P-gp is widely expressed in tissues with barrier function 

(epithelia of the liver, kidney, gastro intestinal tract , capillary endothelial cells of brain, testis 

and ovary), cancers of the gastrointestinal tract, the hematopoietic system, the genitourinary 

system and various childhood cancers 116, 128, 129, 130, 131, 132. It was indicated that 

overexpression of P-gp predicts a poor response to chemotherapy with drugs that are 

transported by P-gp. P-gp can extrude a large variety of hydrophobic and amphipatic drugs 

including taxanes, vinca alkaloids, anthracyclines, epipodophyllotoxins, topotecan, and 

mitomycin. In addition to cytotoxic drugs, P-gp can extrude several exogenous compounds 

such as opiates, digoxin and polycyclic aromatic hydrocarbons 125.

Not all MDR cancers express P-gp, as another ABC family member called as MRP1 

(Multidrug Resistance Associated Protein 1), or ABCC1 was also shown to have a broad 

spectrum of anticancer drug transport activity 133. MRP1 is expressed in many tissues and at 

high levels in many cancers, especially leukemias, esophageal carcinomas and non-small-lung 

cancer. Unlike P-gp, MRP1 transports negatively charged natural drugs and drugs conjugated 

with glutathione or modified by glycosilation, sulfation and glucuronylation. Eight additional 

members of the ABCC family were discovered named MRP2 to 7. The third member of the 

ABC transporter superfamily is the ABCG2, also known as MXR; BCRP; ABC-P. It confers 

high resistance to hydrophobic anticancer drugs similar to P-gp and MRP1, including 

doxorubicin, daunorubicin, mitoxantrone and topotecan 134. Other ABC family members are 

associated with drug resistance. For instance MDR3, sometimes called as MDR2, a 

phosphatidilcholine flippase, which normally transports phospholipids into the bile, but can 
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transport paclitaxel and vinblastine as well 135. It has been shown that P-gp and MRP1 have a 

significant role in clinical resistance. Many studies strongly suggest that the high expression 

rate of P-gp correlates well with drug resistance in several cancers. It should be noted that 

MDR can be multifactorial, but in most cases it is linked to the overexpression of P-gp.  

Figure 5. Structure of ABC 

transporters. a: MDR1 and MRP4 

have 12 transmembrane domains 

and 2 ATP binding sites. b: MRP 

1,2,3 and 6 contain 17 

transmembrane domains and 2 ATP 

binding sites. c: ABCG2 contains 6 

transmembrane domains and 1 ATP 

binding site117.

Inhibition of P-gp is a way of reversing MDR as has been extensively studied. Several 

classes of MDR modulators were found: calcium channel blockers, calmoduline antagonists, 

cyclosporins, quinolones, anti-estrogens, HIV protease inhibitors, GF120918, etc. These 

agents appear to bind directly to the P-gp and thereby block the outward transport of the 

cytostatics 136, 137. Several phenothiazines reversing bacterial resistance were proven to be also 

effective in resistance modification of tumor cells. The intracellular target site of 

phenothiazines is still not identified138, 139, 140, 141, 142.
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II. AIMS OF THE THESIS 

I. One of the greatest medical concerns is the emergence of antibiotic-resistant infections and 

chemotherapy-resistant malignant tumors through the expression of multidrug resistance 

(MDR). We investigated the reversal of bacterial antibiotic resistance by phenothiazines, 

benzoxazoles, benzimidazols and oxazolo(4,5)pyridines in search of possible modifiers of 

antibiotic resistance. 

1. First of all the antimicrobial effect of test compounds was determined on E. coli

K12LE140 strain. 

2. In search for effective antiplasmid compounds, various phenothiazines, benzoxazoles, 

benzimidazoles and oxazolo(4,5)pyridines were tested in sub-Minimum Inhibitory 

Concentration (MIC) on E. coli K12LE140 strain carrying F’lac plasmid.  

3. The enhancement of antibiotic activity was tested by the combination of antibiotics 

and resistance reversal agents (thioridazine or prochlorperazine) on ampicillin - and 

vancomycin-resistant clinical isolates of E. faecalis strains.

II. A co-culture involving two bacterial species model was created to simulate communities 

of multi-species bacteria as situated in nature to examine the interaction of bacterial species 

influencing growth rate, viability and plasmid stability under various ecological conditions.   

1. First, the growth rate of each bacterial species was analyzed in mixed culture models.  

2. The antiplasmid effect of promethazine was tested in mixed culture, when E. coli

K12LE140 strain was inoculated into the culture of numerically predominant bacterial 

species B. cereus, S. epidermidis or B. fragilis ATCC 25285.  

3. Various ecological conditions were applied to investigate the influence on 

promethazine-induced plasmid elimination: 

a) different atmospheric conditions such as aerobe, anaerobe atmosphere and aeration 

created by shaking of the cultures. 

b) various temperature of incubation such as 23°C, 37°C or 39°C, respectively.

III. Based on the similarities of drug resistance in prokaryotes and eukaryotes, MDR efflux 

pump systems were studied in bacteria and cancer cells.

1. A possible role of proton pumps in the efflux pump system was investigated for a 

bacterial motion in which flagellar motility is driven by proton motive force (PMF). 

The effect of a novel proton pump inhibitor TF18 (trifluoro-methyl-ketone derivative) 

with a known antimicrobial effect was investigated for its antimotility action on two E. 
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coli strains. The combined antimicrobial effect of TF18 and clarithromycin was 

studied on two H. pylori strains.

2. As a model of ATP-Binding Cassette (ABC) transporters, the P-glycoprotein (P-gp)-

based MDR was targeted by phenothiazines and cycloartanes as possible resistance 

reversals. Human MDR1 gene transfected mouse lymphoma cell line and its drug 

sensitive subline were used as model systems.  

3. Finally a possible correlation was studied between the inhibition of ABC transporters 

of amino alkyl substituted and benzo[a]phenothiazines and the calculated Highest 

Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital 

(LUMO) energies.
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III. MATERIALS AND METHODS 

3.1. BACTERIAL STRAINS, CANCER CELL LINES, MEDIA AND CHEMICALS 

3.1.1. Bacterial strains 

3.1.1.1. Laboratory strains 

Bacillus cereus W12 was derived from the stock collection of the Department of 

Medical Microbiology and Immunobiology, Faculty of Medicine, University of 

Szeged.

Bacteroides fragilis ATCC 25285 was provided by Dr. Edit Urbán (Institute of 

Clinical Microbiology, Faculty of Medicine, University of Szeged). 

Escherichia coli K12LE140 (T6
R, T1

S, SmR, lac , Su-, R, Mal-) carrying the F’lac 

plasmid was kindly provided by Erzsébet Magyaródi (Department of Biochemistry, 

Biological Research Centre, Szeged).  

E. coli AG100 strain containing proton pump system and its proton pump deficient 

strain E. coli AG100A were kindly provided by Professor Hiroshi Nikaido (University 

of California, Berkley, USA) 

Clarithromycin susceptible Helicobacter pylori ATCC 700392 (CSHP) and 

clarithromycin resistant H. pylori 9447 (CRHP) were obtained from Professor Yvette 

Mándi (Department of Medical Microbiology and Immunobiology, Faculty of 

Medicine, University of Szeged). 

3.1.1.2. Clinical isolates 

Strains of Enterococcus faecalis (A, C, D and E) were obtained from Sønderborg, 

Odense and Statens Serum Institut, Copenhagen, Denmark. 

S. epidermidis isolate was kindly provided by Dr. Edit Hajdú (Institute of Clinical 

Microbiology, Faculty of Medicine, University of Szeged). 

3.1.2. Cancer cell lines 

The multidrug-resistant L5178 mouse T cell lyphoma cell line transfected by human 

MDR1 gene and its drug sensitive subline L5178Y (PAR) were provided by Professor 

Adorján Aszalós (FDA, Washington, USA).

3.1.3. Growth media for bacteria 

Brain Heart Infusion (BHI) broth was applied for culturing of H. pylori and B. fragilis 

strains.
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Eosine-Methylene Blue (EMB) agar plate was used to differentiate between the 

plasmidless (Lac-) and plasmid containing (Lac+) colonies of the F’lac plasmid 

carrying strain of E. coli K12LE140. 

Hollmann’s medium was used for maintaince of B. fragilis ATCC 25285 strain.   

Minimal-Trypton-Yeast extract (MTY) 143 nutrient broth was used for overnight 

culturing. The agar plates were used to determine viable counts of E. coli, B. cereus, S. 

epidermidis strains.

Blood Agar plate: Columbia agar was supplemented by 5% sterile defibrinated sheep 

blood and was used for the determination of viable counts of different bacterial strains 

cultured under microaerophil or anaerobe conditions and for maintaince of clinical 

isolates of E. faecalis strains under aerobe conditions. For culturing the clarithromycin 

resistant H. pylori 9447 (CRHP) strain, the medium was supplemented with 2 mg/ml 

clarythromycin.  

Tryptic Soy Broth was used in checkerboard assay for culturing E. faecalis strains.

All organisms were grown at 37°C with aeration except H. pylori and B. fragilis

strains. Plates and liquid cultures containing B. fragilis were incubated for 48 hours 

under anaerobic conditions created by gas packs (bioMérieux, GENbox anaer) in 

anaerobic jar (Oxoid). Cultures of H. pylori strains were grown for 72 hours in 

microaerofilic atmosphere created by gas packs (bioMérieux, GENbox microaer) in 

anaerobic jar (Oxoid).

3.1.4. Culture media for cancer cells 

MDR and PAR mouse T lymphoma cell lines were grown in McCoy’s 5A medium 

supplemented with 10% heat inactivated horse serum and L-Glutamine and antibiotics. 

Further details of the medium are found in Annex II. The MDR1 gene expressing cell line was 

selected by 60 ng/ml colhicine to maitain the MDR phenotype.  

3.1.5. Chemicals 

Phenothiazine derivatives: 

Chlorpromazine, 6,9-dioxochlorpromazine, 7,8-dioxochlorpromazine, 6,9-

dihydroxichlorpromazine, 5-oxo-5-H-benzo[a]phenothiazine, 6-hydroxi-5-oxo-5H-

benzo[a]phenothiazine, 6-methyl-5-oxo-5H-benzo[a]phenothiazine 2-chloro-5-oxo-5H-

phenothiazine were synthesized as described previously 144, 145. Prochlorperazine, 

perphenazine, trifluperazine and thioridazine were purchased from Sigma Aldrich Co. and 
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promethazine was obtained from EGIS Works, Budapest. Perazine dimaleate was provided by 

Professor Masami Kawase, Faculty of Pharmaceutical Sciences, Josai University, Sakado, 

Saitama, Japan. All solutions were prepared in sterile distilled water on the day of the 

experiment. 

Benzoxazole derivatives: 

6-methyl-2-(2-nitrophenyl)-1,3-benzoxazole (A9); 2-(4-fluorophenyl)-5-methyl-1,3-

benzoxazole (A33); 2-(4-nitrobenzyl)-1,3-benzoxazole (B11); N-[2-(4-fluorobenzyl)-1,3-

benzoxazol-5-yl]-2-phenoxyacetamide (D27); 2-(4-chlorophenoxy)-N-[2-(4-fluorobenzyl)-

1,3-benzoxazol-5-yl]acetamide (D34); 2-(4-bromobenzyl)-5-methyl-1H-benzimidazole 

(G17); 2-(4-ethylphenyl)[1,3]oxazolo[4,5-b]pyridine (F1) 146, 147, 148. Every compound was 

synthesized and provided by Professor Ismail Yalçin and Professor Esin Aki ener, Faculty of

Pharmacy, Ankara University, Turkey. All compounds were dissolved in DMSO. 

Cycloartane triterpenes: 

9,19-cycloanostane-3 24,25-triol (1); 9,19-cycloanostane-3 ,26-diol (2); 3 -hydroxy-

9,19-cycloanost-25-en-24-one (3); 9,19-cycloanost-23-ene-3 ,25-diol (4); 24-hydroperoxy-

9,19-cyloanost-25-en-3 -ol (5); 9,19-cycloanost-25-ene-3 ,24-diol (6); 3 -hydroxy-4,4,14-

trimethyl-26-nor-9,19-cyclolanostan-25-one (7); (22E)-3 -hydroxy-4,4,14-trimethyl-9,19-

cyclochol-22-en-24-al (8); 3 -hydroxy-4,4,14-trimethyl-9,19-cyclocholan-24-al (9); 9,19-

cycloanost-25-ene-3 ,24-diacetate (10); 24-methylene-9,19-cyclolanostan-3 ol (11); 3 -

acetoxy-9,19-cycloanost-25-en-24-one (12); 3 -acetoxy-9,19-cyclolanost-23-en-25-ol (13); 

9,19-cyclolanost-24-en-3 -acetate (14); 24-methylene-9,19-cyclolanostan-3 -acetate (15). 

Compounds 10, 12 ,13-15 were isolated from the acetone extract of Euphorbia segetalis L. 

Compounds 1-9 and 11 were isolated from the acetone extract of Euphorbia portlandica L. 

and identified by stereoscopic methods 149. The purity of the compounds was more than 95% 

by HPLC analysis. Every extract was prepared and provided by Professor Maria José 

Umbellino Ferreira, Centro de Estudos de Ciencias Farmaceuticas, Faculdade de Farmacia da 

Universidade de Lisboa, Portugal. All compounds were dissolved in DMSO. 

Trifluoromethyl ketone derivate: 

1-(2-benzoxazolyl)-3,3,3-trifluoro-2-propanone (TF18) was previously synthesized 150 and 

provided by Professor Masami Kawase, Faculty of Pharmaceutical Sciences, Josai University, 

Sakado, Saitama, Japan. Stock solution was prepared in DMSO. Further dilutions were made 

in physiological saline.
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Chemical structures of the test compounds are found in Annex I. 

3.2. METHODS 

3.2.1. F’lac plasmid elimination from E. coli K12LE140 in monocultures 

From an overnight preculture of E. coli K12LE140 1 ml aliquot was added to 100 ml 

MTY broth, then it was separated into test tubes by 5 ml. Cultures were incubated in the 

presence of increasing concentration of the drug (0-120 g/ml) for 24 hours at 23°C /37°C /39 

°C. The samples showing growth were diluted and 0.1 ml from each dilution was spread onto 

EMB agar plates. After overnight incubation at 37°C the Lac+ (deep purple) and Lac- (pink) 

colonies were counted in order to calculate the plasmid curing efficiency expressed in 

percentage 96.

3.2.2. F’lac plasmid elimination from E. coli K12LE140 in mixed bacterial cultures 

A 24 hour culture of E. coli K12LE140 was diluted to 104 and 1 ml aliquot was inoculated 

into 100 ml of a 24 hour culture of B. cereus or S. epidermidis. In case of anaerobe culture 

conditions, 5 ml of the 72 hour preculture of B. fragilis ATCC 25285, grown in BHI broth 

was inoculated by 0.05 ml aliquots of the 104 diluted 24 hour preculture of E. coli. These 

initial mixed cultures contained 107-108 cfu/ml B. cereus or S. epidermidis or B. fragilis 

ATCC 25285 and 102 cfu/ml of E. coli, respectively, as shown by colony forming units. 

Varying concentrations of promethazine (0-120 g/ml) were added to 5 ml aliquots of each 

mixed culture and incubated at 23°C, 37°C, 39°C for 24 hours with (100 rpm) and without 

shaking under aerobe conditions. The mixed cultures containing E. coli and B. fragilis were 

grown for 24 hours, without shaking, under anaerobe atmosphere using an anaerobic jar and 

gas packs. Dilutions ranging from 102-105 were made from tubes showing growth and 

aliquots of 0.1 ml of these cultures plated on EMB and MTY agar. The plates were incubated 

for 24 hours, at 37°C. 0.1 ml of samples containing anaerobe bacteria were placed also onto 

Columbia blood agar plates and were incubated under anaerobe conditions for 72 hours at 

37°C. The morphology of the colonies was used to differentiate between different bacterial 

species. The Lac+ plasmid containing and Lac – plasmidless colonies were counted on EMB 

agar and percentage of plasmid elimination was determined.  

3.2.3. Co-culture experiments 

These experiments were carried out as follows: a low number of E. coli K12 LE140 (102

cfu/ml) was inoculated into the 24 hour pre-culture of either B. cereus or S. epidermidis (108
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cfu/ml), and plasmid elimination and growth rates were determined simultaneously on every 

third day for a total of 9 days. Plate count method was applied to determine the viable counts 

of each bacterial species of the mixed culture on selective media (EMB and MTY agar plates) 

at times indicated.  

3.2.4. Checkerboard method for elucidation of combined antimicrobial effect  

The checkerboard method established by Eliopoulos G. M. and Moellering R. C. is a 

technique to assess antibacterial combinations in vitro 151. The microdilution checkerboard 

method was used to determine the MICs for a certain antibiotic and non antibiotic type agents 

separately and in combination on Enterococcal strains (E. faecalis A, C, D and E) and H.

pylori strains (CRHP and CSHP). Description can be found in Hendricks O. et al. In vitro

activity of phenothiazine derivatives on Enterococcus faecalis and Enterococcus faecium.

Basic Clinical Pharmacol. Toxicol. 2005; 96(1): 33-36 and Spengler G. et al. Inhibitory 

action of a new proton pump inhibitor, trifluoromethyl ketone derivative, against the motility 

of clarithromycin-susceptible and-resistant Helicobacter pylori. Int. J. Antimicrob. Agents

2004; 23: 631-633. 

3.2.5. Antimotility assay 

Description can be found in Molnár A. et al. Effect of a trifluoromethyl ketone on the 

motility of proton pump deleted mutant of Escherichia coli strain and its wild type. In Vivo

2004; 18(4): 505-509 and Spengler G. et al. Inhibitory action of a new proton pump inhibitor, 

trifluoromethyl ketone derivative, against the motility of clarithromycin-susceptible and-

resistant Helicobacter pylori. Int. J. Antimicrob. Agents 2004; 23: 631-633.

3.2.6. Rhodamine 123 uptake assay 

Description can be found in Reference 152, 153 and 154. 

3.2.7. HOMO and LUMO energy calculations 

Geometry optimization to find the individual energy minimum of the starting structures 

was performed by AM1 semiempirical method. After minimiziation procedures, the Lowest 

Unoccupied Molecular Orbital energies (LUMO) related to the electron affinity of the 

molecule and the Highest Occupied Molecular Orbital energies (HOMO) related to the 

ionization potential of the molecule were calculated by HyperChem 6.06 version program.  
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IV. RESULTS 

4.1. The effect of promethazine and structurally related phenothiazines on F’lac plasmid 

elimination

E. coli K12 LE140 strain carrying the F’lac plasmid was used to study the antiplasmid 

effect of certain test compounds. The curing of the F’lac plasmid encoding lactose 

fermentation serves as a convenient model to test the antiplasmid effect of test compounds. 

The plasmid loss was detected on EMB agar plate that permits the distinction between 

plasmidless; Lac- (with colourless to pink colouration) and plasmid-containing; Lac+ (with 

metallic purple colouration) colonies (Figure 6). As promethazine has one of the most potent 

effects on plasmid elimination, in our experimental settings promethazine treated samples 

were used as controls.

Figure 6. Lac + and Lac-

colonies of promethazine 

treated E. coli K12LE140 

strain on EMB agar plate.  

4.1.1. Antiplasmid activity of some phenothiazine derivatives 

Based on previous data with promethazine and its structurally related compounds, some 

phenothiazine derivatives (Perazine dimaleate, Perphenazine, 2-chloro-5-oxo-5H-

phenothiazine) were tested for elimination of F’lac plasmid (Table 1). Only one compound, 

perazine dimaleate eliminated the F’lac plasmid of the E. coli strain with the extent of 

27.27%, whereas the other compounds showed only slight effect in a range between 0.00-

10.77%. Detailed data are presented in Table 6. in Annex III. 

Table 1. F’lac plasmid curing effect of some phenothiazine derivatives on E. coli K12 LE140 

strain.

Sample 
Concentration 
( g/ml)

Number of colony formers  
(x107 cfu/ml) 

Ratio of plasmid curing 
(mean %) 

Perazine dimaleate 20 40.92 0.002
40 20.50 0.00 
60 19.60 0.23 
80 12.50 0.04 
100 0.001 27.27

Lac - 

Lac + 
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4.1.2. Combined effect of promethazine and some subtituted benzoxazoles, benzimidazoles 

and oxazolo(4,5)pyridines on F’lac plasmid loss 

It was earlier published that benzoxazoles, benzimidazoles and oxazolo(4,5)pyridines 

have potent antimicrobial effect against K. pneumoniae, P. aeruginosa and the yeast C.

albicans146, 147, 148. In search for novel antiplasmid agents several benzoxazole derivatives 

(A9, A33, B11, D27, D34) benzimidazoles (G17) and oxazolo(4,5)pridine (F1) were tested on 

their influence on F’lac plasmid loss. Only the compound G17 was able to eliminate the F’lac 

plasmid with the frequency of 28.00% at 40 g/ml concentration of the drug. Agents A33, 

B11, D27 and F1 did not lead to remarkable plasmid loss (0.00%-0.15%). Compounds A9, 

D34 and F1 were ineffective in plasmid curing (0.00%). In order to modify the antiplasmid 

activity of the compounds with moderate effect, they were combined with promethazine 

(Table 2). However, only the combination of promethazine with compound B11 showed an 

enhanced antiplasmid effect (89.40%) as compared to control samples.  

Table 2. F’lac plasmid elimination of various benzoxazole derivatives and benzimidazoles in 

combination with promethazine on E. coli K12LE140 strain.

Samples 
Concentration 
( g/ml)

Number of colony formers  
(x107 cfu/ml) 

Ratio of plasmid curing 
(mean %) 

Control (untreated) 0 27.60 0.16 
Promethazine 20 21.70 0.32

40 8.16 5.22 
60 3.70 11.04 
80 1.01 73.82
100 MIC - 

Promethazine+A33 20+10 37.00 0.03
40+10 24.00 0.30 
60+10 12.00 4.35 
80+10 3.30 10.15
100+10 0.97 0.00 
120+10 MIC -

Promethazine+B11 20+10 23.00 0.20
40+10 16.00 3.50 
60+10 5.40 26.70 
80+10 2.40 89.40
100+10 MIC -

Promethazine+D27 20+10 21.00 0.00
40+10 12.00 0.40 
60+10 7.30 21.90 
80+10 3.30 60.40
100+10 1.50 36.40 
120+10 0.75 1.30

Promethazine+G17 20+10 8.40 1.20
40+10 6.80 32.00 
60+10 7.00 19.50 
80+10 5.20 42.60
100+10 MIC -

Legend: Benzoxazole derivatives were added in final volume of 10 g/ml to the samples with 

increasing concentration of promethazine. 
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4.2. Antibiotic resistance reversal on clinical isolates of human pathogen E. faecalis strains

The results described above on the antiplasmid effect of the compounds suggest that 

elimination of plasmids is rather a complex approach. Since no ideal and universal plasmid 

curing agent was found up to now with efficiency of 100 %, further study is expected to 

design more effective antiplasmid agents. As microbes become increasingly resistant to 

administered antibiotics and to several drugs simultaneosly in many cases, the search is on to 

find new startegies to overcome antibiotic resistance. Basically there are two opportunities to 

combat antibiotic resistance: 1. to find new antibacterial compounds and 2. to use inhibitors in 

various steps of resistance mechanisms (resistance modifiers) to potentiate the effect of the 

existing antibiotics. Considering these possibilities, we decided to test the combination of 

phenothiazine derivatives, thioridazine (THIO) and prochlorperazine (PCP) as resistance 

modifiers with antibiotics, vancomycin (VAN) and ampicillin (AMP) on reversal of resistance 

in clinical isolates of the Gram-positive species; E. faecalis strains. Results are summerized 

by Table 3. 

4.2.1. Combined effect of vancomycin with resistance modifiers on E. faecalis strains 

The results obtained in the checkerboard test indicate that subinhibitory concentrations of 

VAN and THIO applied together had a synergystic effect on vancomycin-resistant clinical 

isolates of E. faecalis strain A and D. The susceptibility of strains A and D to VAN 

significanly increased in the presence of different concentartions of THIO (2 and 4 g/ml, 

respectively) at the presence of subinhibitory concentration of VAN. The reduction of 

resistance to VAN from 192 g/ml to 6 g/ml was the most pronounced in the case of strain 

A. In case of strain C and E, only an additive effect was detected without enhanced reduction 

of resistance to VAN. VAN in combination with PCP showed only an additive effect on the 

tested enterococcal strains. 

4.2.2. Combined effect of ampicillin with resistance modifiers on E. faecalis strains 

Enterococcal strains A, C and E were also resistant to ampicillin and the effect of THIO 

and PCP on AMP resistance was also studied. In checkerboard titration studies only strains C 

and D demonstrated synergy when ampicillin was combined with THIO. Indifferent effect 

was observed in the case of strain A when AMP was combined with PCP. All other 

antimicrobial combinations resulted in additive effect.
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Table 3. Combined effect of antibiotics and resistance modifiers in checkerboard assay on 

human isolates of E. faecalis strains. 

Strains 
Antibiotics + resistance 
modifiers MIC ( g/ml) Value of FIX 

Type of 
interaction 

Prochlorperazine (PCP) 32   
Thioridazine (THIO) 32   
Ampicillin (AMP) 32   
Ampicillin (AMP) 
+ PCP 

AMP (32) + PCP (32) 2.00 Indifferent 

+ THIO AMP (1) + THIO (16) 0.53 Additive 
Vancomycin (VAN) 192   
Vancomycin (VAN) 
+ PCP 

VAN (96) + PCP (4) 0.63 Additive 

A

+ THIO VAN (6) + THIO (2) 0.09 Synergy 
Prochlorperazine (PCP) 32   
Thioridazine (THIO) 32   
Ampicillin (AMP) 16   
Ampicillin (AMP) 
+ PCP 

AMP (8) + PCP (0.5) 0.51 Additive 

+ THIO AMP (4) + THIO (4) 0.38 Synergy 
Vancomycin (VAN) 128   
Vancomycin (VAN) 
+ PCP 

VAN (64) + PCP (4) 0.625 Additive 

C

+ THIO VAN (64) + THIO (4) 0.625 Additive 
Prochlorperazine (PCP) 32   
Thioridazine (THIO) 32   
Ampicillin (AMP) 1   
Ampicillin (AMP) 
+ PCP 

AMP (0.25) + PCP (8) 0.5 Additive 

+ THIO AMP (0.25) + THIO (4) 0.38 Synergy 
Vancomycin (VAN) 500   
Vancomycin (VAN) 
+ PCP 

VAN (31.3) + PCP (16) 0.563 Additive 

D

+ THIO VAN (125) + THIO (4) 0.375 Synergy 
Prochlorperazine (PCP) 32   
Thioridazine (THIO) 32   
Ampicillin (AMP) 128   
Ampicillin (AMP) 
+ PCP 

AMP (64) + PCP (16) 1.00 Additive 

+ THIO AMP (16) + THIO (16) 0.63 Additive 
Vancomycin (VAN) 2   
Vancomycin (VAN) 
+ PCP 

VAN (0.5) + PCP (16) 0.75 Additive 

E

+ THIO VAN (1) + THIO (2) 0.56 Additive 

4.3. Growth dynamics of multiple component communities of bacteria 

4.3.1. The role of interactions on F’lac plasmid loss in the absence of antiplasmid agent in 

mixed cultures involving two bacterial species 

The study was designed to observe the arising interactions between the plasmid containing 

newcomers and the numerically predominant inhabitants of the microbial community in 

regard to plasmid stability in long term incubation time at various temperatures. Presented 

data are the average of three independent experiments and the error bars represent standard 

deviations. Dateiled data are presented in Table 7. and 8. in Annex III.  
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4.3.1.1. Interactions in co-cultures of S. epidermidis and E. coli K12LE140 strain

After inoculation of a small number (3.1 x 102 CFU/ml) of the F’lac plasmid containing E. 

coli K12LE140 into the well established culture of S. epidermidis, continuos and remarkable 

decline was observed in the viable counts of the initially predominant culture of S.

epidermidis (1.84 x 108 CFU/ml) at 23°C (Figure 7). At 37°C and at 39°C the viable counts of 

S. epidermidis fell down below a detectable level (104 CFU/ml) after the third (37°C) and first 

(39°C) day of the inoculation of E. coli. In contrast, viable counts remained in the range of 

106 -108 CFU/ml in the control cultures of S. epidermidis. In every case the E. coli strain 

exhibited exponential kinetics and outnumbered the another, originally numerically dominant 

member of the community.  
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Figure 7. Growth curves of E. coli K12LE140 and S. epidermidis incubated together and 

alone and the ratio of F’lac plasmid elimination of E. coli K12 LE140 strain in the culture of 

S. epidermidis at various temperatures. Viable counts of S. epidermidis incubated in co-

culture with ( ) and without ( ) the E. coli strain. Viable counts of E. coli cultured with S.

epidermidis ( ) and without ( ).

Regarding the effect of co-culturing on plasmid stability, substantial plasmid loss (13.76% 

on the third and 19.23% on the ninth day of incubation) was detected only when E. coli K12 

LE140 was cultured in the presence of S. epidermidis at 37°C.

Growth curves                                                              Plasmid elimination   
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4.3.1.2. Interactions in co-cultures of B. cerus and E. coli K12LE140 strain 

Similar experiments were performed in co-cultures with B. cereus and the E. coli strain, as 

shown by Figure 8.
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Figure 8. Growth curves of E. coli K12LE140 and B. cereus incubated together and alone and 

the ratio of F’lac plasmid elimination of E. coli K12 LE140 strain in the culture of B. cereus

at various temperatures. Viable counts of B. cereus incubated in co-culture with ( ) and 

without ( ) the E. coli strain. Viable counts of E. coli cultured with B. cereus ( ) and without 

( ).

At the studied temperatures, the E. coli strain outnumbered and lowered the survival of B.

cereus, the originally predominant species of the bacterial consortium. Comparing the growth 

curves of B. cereus in mixed and control cultures, the same trend was observed at 37°C and at 

39°C. The detected viable counts of B. cereus were lower in the presence of the E. coli strain 

than when cultured alone. In contrast to mixed cultrures with S. epidermidis, no marked F’lac 

plasmid loss was found (in a range between 0.00%-1.11%) in the presence of B. cereus at the 

studied temperatures.  

Growth curves                                                              Plasmid elimination   
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4.4. Model experiments for F’lac plasmid curing by promethazine in mixed bacterial 

cultures

As a model of infections with one pathogen, the antiplasmid effect of promethazine was 

studied so far in cultures containing a single bacterial species. Laboratory experiments 

indicated that in mono-species cultures promethazine reduced or eliminated antibiotic 

resistance of E. coli, several Salmonella ssp., S. aureus, Y. enterocolitica, reduced lactose 

fermentation of E. coli, reduced the tumor inducing ability of A. tumefaciens and nodule 

formation of R. meliloti. However, in most natural habitats, bacteria form multi-species 

communities. This is the case in the densly populated normal florae of the oropharynx, the 

oral cavity, the gastrointestinal tract, the genitourinary tract and the skin. Also, polymicrobial 

infections of aerobic/facultative anaerobic and anaerobic bacterial species frequently occur in 

many clinical settings such as abcess formations and wound infections. 

Since bacteria often co-exsist with multiple microbial species in natural environments, we 

focused to study the antiplasmid effect of promethazine in mixed cultures consisting of two 

bacterial species. A numerically predominant culture of B. cereus or S. epidermidis or B.

fragilis ATCC 25285 was inoculated with a small number of the F’lac plasmid containing E.

coli K12LE140 strain and the effect of promethazine induced plasmid elimination was studied 

under various ecological conditions and at three different temperatures (23°C, 37°C and 

39°C). Our two component system was designed to simulate the in vivo situation where a 

small number of plasmid-carrying microbial newcomer arrives to an available niche occupied 

by another member of the microbiota and different concentrations of antiplasmid agent are 

presumably present. When various bacterial species share resources, the arising metabolic 

interactions may modulate the antiplasmid effect of promethazine155. In theory, the effective 

plasmid elimination may offer an alternative way to combat plasmid encoded antibiotic 

resistance.

To test the promethazine-induced F’lac plasmid loss in the presence of another microbial 

inhabitant, three different bacterial species were chosen. Each of them is typical to the 

following three ecological niches. B. cereus as an obligate aerobic species was involved to 

simulate external environmental sources as it is widely distributed in soil, dust and air, and 

may produce foodborne intoxication 156. S. epidermidis as a facultative anaerobic microbe was 

chosen as it is a common resident of the normal flora of the skin, the gut and the upper 

respiratory tract, and it is also the major cause of nosocomial infections associated with 

implantated foreign bodies 157. Finally, the laboratory strain of B. fragilis ATCC 25285 as 

obligate anaerobe commensal/opportunistic pathogens of human gut was used as it is a 
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common member of the highly anaerobic environment of the human gastrointestinal tract, and 

frequently occurs in surgical infections involving multispecies communities of bacteria. 158.

In our studies, three different temperatures (23°C, 37°C and 39°C), aerobic/anaerobic 

conditions and the effect of shaking were investigated on their influence on plasmid 

elimination. 23°C represented outside environmental conditions, while 37°C was applied to 

simulate the normal body temperature. 39°C was used to create the in vitro situation 

characteristic to feverish stages arising during infections.

Presented data values are average of three independent experiments and the error bars 

represent the standard deviations. Detailed data are presented in Table 9/A-B. and Table 10. in 

Annex III. 

4.4.1. Plasmid elimination by promethazine in mixed bacterial cultures under aerobic

conditions

4.4.1.1.Plasmid curing effect of promethazine in co-culture experiments without shaking 

The efficiency of plasmid elimination by promethazine was studied in a microbial 

community containing two bacterial species: a small number of E. coli K12LE140 (102

cfu/ml) was added to the pre-existing stationary phase culture (106-108 cfu/ml) of B. cereus or

S. epidermidis, and the effect of temperature without shaking under aerobic condition is 

presented by Figure 9. Promethazine treated monospecies culture of E. coli K12LE140 served 

as a control.  

As summarised by Figure 9., in cultures of plasmid containing E. coli growing in the 

company (mixed culture) of B. cereus or S. epidermidis that are maintained at room 

temperature (23°C) with no shaking, there is an extremely low ratio of plasmid elimination 

with promethazine regardless of its concentration. The frequency of the plasmid elimination 

that varies from 0.00% to 0.39% is negligible because it is equal to the frequency of 

spontaneous plasmid loss in the absence of the phenothiazine.  

At 37°C, but still maintaining the above cultures without shaking, the presence of 

promethazine caused the elimination of plasmids in the mono-culture of E. coli as well as in 

the mixed cultures. However, the concentration of promethazine substantially needed to 

increase plasmid elimination in the mono-culture of E. coli is above 60 g/ml, while plasmid 

elimination in the mixed cultures takes place with concentrations of the phenothiazine as low 

as 20 to 40 g/ml in culture with B. cereus. While in the culture of S. epidermidis, the rate of 

plasmid elimination was as high as 87.46% at the concentration of 60 g/ml. At 39°C the 

maximum rate of plasmid elimination (97.20%) from the mono-culture of E. coli took place at 
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a concentration of 80 g/ml of promethazine. With respect to plasmid-containing E. coli in

mixed cultures either with B. cereus or S. epidermidis at a temperature of 39°C and no 

shaking, elimination of F’lac plasmid reached 96.52 % and 97.21 %, respectively. The 

concentrations are well below the MIC against E. coli K12 LE 140. 

0 20 40 60 80 100
101
102
103
104
105
106
107
108

0 20 40 60 80 100
101
102
103
104
105
106
107
108

0 20 40 60 80 100
101
102
103
104
105
106
107
108

0 20 40 60 80 100
0

20

40

60

80

100

R
at

io
 o

f F
'la

c 
pl

as
m

id
 e

lim
in

at
io

n 
(%

)

Concentration of promethazine ( g/ml)

37°C

0 20 40 60 80 100
0

20

40

60

80

100

R
at

io
 o

f F
'la

c 
pl

as
m

id
 e

lim
in

at
io

n 
(%

)

Concentration of promethazine ( g/ml)

39°C

0 20 40 60 80 100
0

2

4

6

8

10

R
at

io
 o

f F
'la

c 
pl

as
m

id
 e

lim
in

at
io

n 
(%

)

Concentration of promethazine ( g/ml)

 Control cultutre of E. coli
 Mixed culture with B. cereus
 Mixed culture with S. epidermidis

23°C

lo
g1

0 
C

F
U

/m
l

Concentration of promethazine ( g/ml)

lo
g1

0 
C

F
U

/m
l

Concentration of promethazine ( g/ml)

lo
g1

0 
C

F
U

/m
l

Concentration of promethazine ( g/ml)

Figure 9. F’lac plasmid elimination of E. coli K12LE140 strain co-cultured with B. cereus or 

S. epidermidis and growth dynamics of each bacterial species in the presence of promethazine 

without shaking at various temperatures. Viable counts of E. coli in the control culture ( ). 

Viable counts of E. coli cultured with B. cereus ( ) or S. epidermidis ( ). Viable counts of B.

cereus ( ) and S. epidermidis ( ) cultured with E. coli.

4.4.1.2. Plasmid curing effect of promethazine in co-culture experiments with shaking 

Furthermore, the effect of temperature and shaking of the mono- and mixed cultures on 

the elimination of plasmids from E. coli K12LE140 by different promethazine concentrations 

was investigated. In contrast to the data summarised by Figure 9, the shaking of the cultures 

reduced the plasmid elimination efficiency of the phenothiazine at the respective temperatures 

of 37°C and 39°C when E. coli K12LE140 is in single culture. Shaking of the mixed culture 

containing B. cereus also markedly reduced the F’lac plasmid elimination of promethazine at 

these temperatures, and to a lesser extent in the mixed culture containing S. epidermidis.

Plasmid elimination                                                     Growth curves 
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4.4.2. Plasmid elimination by promethazine in mixed bacterial cultures under anaerobic

conditions

Our simplified model of the densly populated ecosystem of the intestinal tract included a 

laboratory strain of B. fragilis ATCC 25285 as a model for a common obligate anaerobic 

commensal of the gut microbiota and a small amount of F’lac plasmid containing E. coli

K12LE140 strain as model for a microbial invader of the intestinal niche. The major goal of 

this study was to analyze whether the arising interactions between the co-inhabitating 

bacteria, changes in temperature and the anaerobic atmosphere can modulate the antiplasmid 

effect of promethazine (Figure 10).  
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Figure 10. The effect of co-culture on F’lac plasmid elimination of E. coli K12LE140 with B.

fragilis ATCC 25285 and population dynamics in the presence of different concentrations of 

promethazine at varying temperature. Viable counts of E. coli in the control culture ( ).

Viable counts of E. coli ( ) cultured with B. fragilis. Viable counts of B. fragilis ( ) cultured 

with E. coli.

The efficiency of plasmid elimination in anaerobic co-culture experiments performed at 

room temperature (23°C) were in a range of 0.00-0.59% in the control culture, whereas in the 

mixed culture promethazine had no effect on plasmid loss (0.00%). At 37°C, the ratio of 

plasmid elimination in the monoculture of E. coli reached a maximum efficiency with an 

average of 98.33%. This stands in strong contrast to the mixed culture, where the frequency 

Plasmid elimination                                                      Growth curves 
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remained as low as 2.42%. At 39°C, in case of both experimental settings the plasmid curing 

effect of promethazine was prominently enhanced. In case of the monoculture of E. coli, the 

maximum level of plasmid elimination of 98.97% took place at 100 g/ml while, in the mixed 

culture 76.31% of elimination rate was detected at 120 g/ml concentration of promethazine. 

4.5. Inhibition of flagellar movement of bacteria by proton pump inhibitor

It was indicated that bacterial motility plays a role in structure formation of the microbial 

community as bacteria are able to move towards positions that allow optimal growth 

conditions. If we consider that gene transfer (through conjugation) between microorganisms 

occurs between closely associated cells, then we can assume that the environment and the 

arising interactions may not only determine the spatial structures of the microbial community 

but also can influence the spread of virulence or resistance determinants, thus affecting 

microbial evolution 159. Besides the ecological role of bacterial motility within microbial 

communities, it is also important to consider as a virulence factor in the context of human 

clinical diseases, where pathogenic interactions occur between invading bacteria and its host, 

consequently only the bacterial partner benefits from this relationship 160. Flagellar motility of 

human pathogens is an essential factor in the different phases of infection such as 

colonization, which is the occupation of the most favourable niches of the human host by 

chemothaxis. For example, H. pylori, whose strong motility is conferred by flagellae, 

colonizes the gastric mucosa and play a role in development of gastric and peptic ulcers and is 

even a bacterial risk factor for gastric cancer 161, 162, 163. The uropathogenic E. coli strains also 

use flagellae to move along the urinary tract to cause ascending pyelonephritis 164.

It was previously reported that a newly synthetized trifluoro-methyl ketone derivative 

TF18 (2-benzoxazoyl-9-3,3,3-trifluoro-2-propanone) showed a remarkable antibacterial effect 

against some E. coli and H. pylori strains and it was proven that the agent exerts a proton 

pump inhibitory effect on H. pylori as well 165. Furthermore, TF18 in combination with 

promethazine had a significantly synergistic effect in blocking the E. coli strain’s proton 

pump system, suggesting that the compound may influence the proton motive force (PMF)166.

Since the energy required for flagellar movement is supplied by the PMF produced by the 

primary proton pump system, consequently any modification in the transmembrane proton 

gradient results in impaired motility 166, 167, 168, 169, 170.

Detailed data are presented in Table 11. and 12. in Annex III. 
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4.5.1. Antimotility action of TF18 on E. coli strains 

Based on these data, we intend to clarify whether TF18 (2-benzoxazoyl-9-3,3,3-trifluoro-

2-propanone) modulates the flagellar motility driven by the proton motive force. To test our 

hypothesis two E. coli strains were used: E. coli AG100, with proton pump system and its 

mutant type AG100A strain with proton pump deficiency.  

Different concentrations of TF18 were tested on the E. coli strains and the antimotility 

action was determined under phase contrast microscope. The applied concentartions of the 

drug were: 10%, 50%, 90% and 200% MIC. MICs of TF18 were determined in our 

preliminary experiments for both E. coli strains. For AG100 strain the MIC was 7.8 g/ml and 

for AG100A strain the MIC was 3.9 g/ml. The inhibition of motility was observed 

immediately after the addition of the different MIC values of TF18, while growth inhibition 

was determined after prolonged incubation with the agent. The inhibitory effect on bacterial 

movement was definied based on the distribution among the the amount of swimming, 

tumbling and non-motile cells within the population. According to our results presented in 

Figure 11. the E. coli AG100 cells were moderately motile when were measured under the 

phase contrast microscopy int he control sample. On the other hand, E. coli AG100A cells 

were less motile in the absence of TF18. 
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Figure 11. Inhibitory effect of TF18 on the motility of E. coli AG100 and E. coli AG 100A 

strains. 200 cells / field were counted in each experiment.  

Inhibition of the motility of E. coli AG100 was observed at subinhibitory concentrations

of TF18. At 10% MIC (0.78 g/ml), the number of non-motile cells was increased and the 

number of the swimming cells was decreased, while tumbling was not influenced. At 50% 

MIC (3.9 g/ml), the swimming cells were decreased, while the number of the tumbling and 
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non-motile cells did not change between 50% and 10% MIC. At 90% MIC (7.0 g/ml), 82% 

of the cells were non-motile, while at 200% MIC (15.6 g/ml) TF18 showed the strongest 

effect and complete inhibition of swimming under the short exposure of the drug. In case of 

E. coli AG100A strain, the swimming cells were decreased with the increased concentration 

of TF18, while the number of tumbling and non-motile cells were virtually unchanged 

between 90% (3.5 g/ml) and 10% MIC (0.39 g/ml).  

We were also interested in the combined antibacterial action of TF18 with clarithromycin 

against clarithromycin-resistant H. pylori 9447 (CRHP) and susceptible H. pylori 26695 

(CSHP) strains. As the number of clarithromycin resistant isolates is increasing, treatment 

failures to eradicate CRHP become more common 171, 172. The development of a new class of 

anti-H. pylori agents or drug combinations has great importance.. The antibacterial activity of 

TF18 examined either alone or in combination with clarithromycin on CRHP and CSHP 

strains.

TF18 had the strongest growth inhibitory effect (MIC: 0.95 g/ml) on CRHP strain, 

however; only additive effect was observed in combination with clarithromycin in case of 

both H. pylori strains.

4.6. MDR reversal in mouse lymphoma cell lines 

One of the major and best studied MDR mechanism employed either by pathogenic 

microorganisms and cancer cells is the transmembrane pump-mediated drug efflux 173. Since 

clinically acquired MDR arising during the chemotherapy results in untreatable cases, 

therefore there is an urgent need for developement of effective agents such as transport 

inhibitors. The inhibition of the efflux pump leads to increased accumulation of the drug in 

the tumor cell resulting in in vitro cytotoxicity.

4.6.1. MDR reversal in mouse lymphoma cell lines by cycloartanes  

Euphorbia species are well known for their antitumor activity in traditional medicine and 

also proved to be effective in the treatment of warts. The latex part of these plants is rich in 

isoprenic compounds like tetra and pentacyclic triterpens. Among the tetracyclic triterpens, 

cycloartanes are found in a large amount and they have been revealed as cytotoxic agents 

against several tumor cells. We investigated the cycloartane triterpenoids isolated from E. 

segetalis and E. portlandica on their activity for reversal of resistance in mouse T lymphoma 

cells (MDR and PAR line). The MDR reversal experiments were studied by Rhodamine 123 

uptake assay. The results obtained after Flow Cytometric analysis are presented in Table 4.  
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Table 4. Effect of cycloartane compounds 1-15 on the reversal of MDR in mouse lymphoma 

cells with MDR.

Samples 
Concentration 
( g/ml)

FAR Samples 
Concentration 
( g/ml)

FAR

PAR+R123 - PAR+R123 -
PAR-R123 - PAR-R123 -
MDR+R123 - MDR+R123 -
Verapamil 10 3.76 Verapamil 10 3.76

4 2.39 4 1.41 
1

40 46.37
9

40 toxic 
4 2.36 4 1.55 

2
40 39.25

10
40 1.04

4 0.68 4 1.65 
3

40 0.75
11

40 0.92
4 1.39 4 2.31 

4
40 54.61

12
40 toxic 

4 0.85 4 1.04 
5

40 29.11
13

40 1.49
4 1.86 4 1.50 

6
40 toxic 

14
40 17.38

4 1.34 4 1.04 
7

40 toxic 
15

40 1.58
4 2.83 

8
40 19.99

DMSO 20 l 1.11

Legend: FAR: Fluorescence Activity Ratio, R123: Rhodamine 123 

The reversal activity of the compounds was compared to the FAR value of verapamil, 

which was used as a control. From the fifteen tested compounds, compound 1 (cycloartane-

3 ,24,25-triol), 2 (9,19-cycloanostane-3 ,26-diol ), 4 (cycloartane 23-ene-3 ,25-diol), 5 (24-

hydroperoxy-9,19-cyloanost-25-en-3 -ol), 8 ((22E)-3 -hydroxy-4,4,14-trimethyl-9,19-

cyclochol-22-en-24-al) and 14 (9,19-cyclolanost-24-en-3 -acetate) exhibited the highest 

activity in reversing MDR. Compounds 10, 11, 13 and 15 showed marginal activity. 

Compound 3 was found to be ineffective, and compounds 6, 7, 9 and 12 at the concentration 

of 40 g/ml were toxic.  

4.7. Studies in Structure Activity Relationship (SAR): analysis of P-gp interactions with 

several phenothiazine derivatives  

Investigations showed that series of phenothiazine derivatives posess effective MDR 

reversal activity in vitro. However, their exact mode of molecular action on modulating the 

operation of P-gp is not explored yet. In order to uncover the type of interactions between P-

gp and amino alkyl and aromatic ring substituted phenothiazines, analysis was carried out 

using molecular modelling techniques. We investigated structurally suggested charge transfer 

(CT) interactions between aromatic amino acids and phenothiazines by calculating LUMO 

and HOMO energies 174. Two groups of phenothiazines were involved in the calculations: 

phenothiazines with benzo[a] structure and amino-alkyl substituted phenothiazines. The MDR 
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reversal activities of the phenothiazine derivatives were determined by Rhodamine 123 uptake 

assay on MDR and PAR mouse lymphoma cell lines. HyperChem6.06 program was used to 

calculate LUMO and HOMO energies. The comparison of the biological activity of the 

compounds with their calculated HOMO and LUMO energies is presented in Table 5. 

Table 5. Correlation between P-gp inhibition and calculated HOMO and LUMO energies. 

Compounds EHOMO (eV) ELUMO (eV) FAR at 4 g/ml 
5-oxo-5H-benzo[a]phenothiazine -8.347 -1.578 0.85
6-hydroxi-5oxo-5H-
benzo[a]phenothiazine 

-7-946 -1.594 1.2Benzo[a] 
phenothiazines 

6-methyl--oxo-5H-
benzo[a]phenothiazine 

-8.248 -1.523 3.44

Trifluperazine -7.788 -0.644 37.67
Promethazine -7.420 0.097 2.41 
Chlorpromazine -7.565 -0.307 6.31
6,9-dihydroxichlorpromazine -8.120 -1.753 0.79 
7,8-dioxochlorpromazine -8.520 -1.684 0.89

Amino-alkyl 
substituted

phenothiazines 

6,9-dioxochlorpromazine -8.053 -0.451 0.82 

Apparently there is a connection between the energies of HOMO and MDR reversing 

effect of the compounds meaning that electron donor properties of the compounds are 

responsible for creating CT complexes. 
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V. DISCUSSION 

During the past decades emergence of antibiotic-resistant microorganisms and progression 

of cancer cells to chemotherapy resistant phenotype have become a challenging issue in the 

pharmaceutical industry175, 176. We investigated a group of compounds for their antiplasmid 

and multidrug resistant (MDR) reversal action in prokaryotic and eukaryotic models, in a 

pursuit of resistance modifiers for use as a possible therapeutic option. 

5.1. Screening for new candidates for effective plasmid elimination, several phenothiazines 

were tested in the monoculture of the F’lac containing E. coli K12LE140 strain. We found 

that among the tested phenothiazines, only perazine dimaleate exhibited plasmid curing effect 

with the extent of 27.27%. 

5.2. A set of benzoxazole, benzimidazole and oxazolo(4,5-b)pyridine derivatives were 

previously demonstrated to have broad spectrum antimicrobial activity, especially against 

Gram-negative bacteria. Recent observations also suggested that benzoxazoles and 

benzimidazoles have low toxicity in man, thus they may be potential candidates for 

chemotherapeutic drugs146, 147, 148. Considering the fact that many heterocyclic compounds 

bear antiplasmid activity, we investigated the effect of the heterocyclics on F’lac plasmid 

elimination. 

Of the tested compounds, G17 showed remarkable activity on F’lac plasmid loss with a 

curing ratio of 28.00%. Compounds A9, A33, B11, D27, D34 and F1 applied alone showed 

marginal plasmid curing frequencies found in the range between 0.00%-0.15%. To enhance 

the curing ratio, the compounds were combined with promethazine. Benzoxazole compound 

B11, in combination with promethazine yielded a curing ratio of 89.40%, which exceeded the 

plasmid curing rate of the promethazine treated control culture (73.82%). No remarkable 

increase was observed in the combined antiplasmid effect of compounds A33, D27 and G17. 

5.3. During the past years, enterococci became increasingly recognized as nosocomial 

pathogens that additionally acquire multiple antibiotic resistances like VRE strains. The high 

level of resistance of E. faecalis to many antimicrobial agents is presumably due to the 

presence of many MDR pumps. Recently Davis et al. reported 34 putative MDR transporters 

based on genome sequencing information 177,178. However, only two MDR pumps were 

experimentally shown. The first one is EmeA, a NorA homolog and a member of the MFS 

family 179. The other is Lsa, which confers resistance to clindamycin and dalfopristin. Lsa is 

an ABC protein and it seems that it is not an integral membrane protein 180.
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Inhibition of efflux pumps, which contribute to clinical MDR phenotype of bacteria, is an 

alternative way to restore the efficacy of antibiotics that are substrates of the pumps. It is 

suggested that the high levels of antibiotic resistance of E. faecalis may be due to the presence 

of many MDR efflux pumps 178. Consequently, the development of drugs capable of blocking 

the efflux pumps, allowing antibiotics to reach their targets, is of obvious importance. Since 

phenothiazines, especially the mild neuroleptic thioridazine have been shown to inhibit 

energy-dependent efflux pumps, we investigated whether prochlorperazine (PCP) and 

thioridazine (THIO) are capable of altering the susceptibility of clinical isolates of E. faecalis

strains to vancomycin (VAN) and ampicillin (AMP). 

The resistance reversal effect of THIO and PCP was tested in presence of antibiotics 

(AMP and VAN) in clinical isolates of E. faecalis strains A, C, D and E. Each isolate showed 

the same MIC value (32 g/ml) for THIO and PCP applied alone. We demonstrated that 

THIO combined with VAN was found to have synergistic activity when tested against strains 

A and D in the checkerboard analysis. The resistance of the VAN resistant strain C and the 

VAN sensitive isolate E was not reversed significantly by a combination treatment of VAN 

and THIO, showing only an additive effect. Our results showed that in two of the three VAN 

resistant strains (A and D) synergistic effect of VAN and THIO was observed. However, the 

resistance to either AMP or VAN was not reduced by the presence of PCP in any of the 

isolates evaluated.

As THIO is known to inhibit efflux pumps, we suggest that the enhanced susceptibility of 

the strains A and D to VAN is related to the inhibitory action of THIO on the putative MDR 

efflux pumps of enterococcal strains A and D.  

5.4. Our findings documented that a predominant, well-established culture of S. epidermidis

or B. cereus was permissive for the growth of a small number of inoculated newcomer (E. coli

K12LE140) in the mixed culture, which later on became the dominant member of the 

consortium. In other words, the second species has the ability to colonize the host efficiently 

and outcompetes the preexisting one. 

Remarkably, F’lac plasmid loss with 19.23% was shown in the presence of S. epidermidis

at 37°C on the ninth day of incubation. Our observations suggested that a marked increase in 

plasmid loss might be caused by putative metabolic interactions due to the activity of a second 

species of bacteria. We suggest that this is also associated with the alteration of the local 

environment which favors the plasmid loss.  
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5.5. Traditionally, antiplasmid assays use a culture of a single bacterial species. We focused 

on the antiplasmid effect of promethazine in mixed bacterial cultures to simulate 

polymicrobial consortium situated as in nature. Using mixed cultures with a plasmid bearing 

bacteria (E. coli K12LE140) we were able to simulate the in vivo situation of polymicrobial 

flora or mixed infection and to study the plasmid elimination under various conditions, with 

co-inhabitating bacteria (S. epidermidis, B. cereus and B. fragilis ATCC 25285), different 

temperatures, aeration, anaerobic atmosphere and the presence of the plasmid curing agent 

promethazine.  

Our results indicated that F’lac plasmid elimination from E. coli K12 LE140 promoted by 

sub-inhibitory concentrations of promethazine is significantly increased in non-shaking 

conditions in mono-culture and mixed culture with either S. epidermidis at 37°C and 39°C or 

with B. cereus at 39°C.

Shaking of the cultures tends to minimise the plasmid curing effects of the phenothiazine, 

especially at temperatures below 39°C.  

Under anerobic conditions our observations suggest that plasmid elimination from mono 

and mixed cultures of E. coli K12 LE140 is enhanced with higher temperature contributing to 

more effective F’lac plasmid curing efficiency either in mono- or mixed cultures of E. coli

strain at 39°C. 

The results obtained at 39°C indicate that feverish stage can favour for the plasmid 

elimination by promethazine as the curing efficiency of the drug reached outstanding high 

values under some of the aerobic and anaerobic experimental settings either in mono- or 

mixed cultures. Our results well correlates with data from the literature stating that supra-

optimal temperature can induce plasmid destabilization leading to increased plasmid loss88.

Furthermore, it is understood that the plasmid elimination efficiency of the phenothiazines 

markedly alters in the presence of another species and with different environmental 

parameters. Nevertheless, it cannot be excluded that phenothiazine induced elimination of 

plasmids is influenced by soluble secondary metabolites present in the mixed culture 

produced by the bacterial species. Further studies on the plasmid elimination are expected in 

various environmental conditions such as distinct metabolites, pH, redox potential, etc.

5.6. TF18 (2-benzoxazoyl-9-3,3,3-trifluoro-2-propanone) was shown to posses antimicrobial 

action on several Gram-negative bacteria, yeasts and also render anti-HIV action165. In 

combination with antibiotics, compound TF18 showed a synergistic effect on the E. coli

AG100 strain, being a potent resistance reversal agent. It was also shown that TF18 possibly 
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acts through blocking the proton motive force (PMF) driven pumps, thus allowing the 

intracellular concentration of antibiotic to reach the bactericide level166. We studied if TF18 

disrupts the PMF by flagellum motility test involving E. coli AG 100 and AG100A strains.  

Figure 12. Schematic drawing of flagella in 

Gram-negative bacteria. The motor consists of 

two cytoplasmic proteins (MotA and MotB) 

forming a complex and functioning as a torque 

generating unit168. The motor can be found in 

two different states in counterclockwise or 

clockwise rotation, which make bacterial cells 

swimming and tumbling, respectively169. The 

energy for torque generation is obtained from PMF. The electrochemical gradient of protons 

is generated by primary proton pumps residing in the cytoplasmic membrane.  

Our data showed that the novel TF18 compound has an anti-motility effect on the E. coli

strain carrying the proton pump system (AG100), while it did not alter remarkably the motile 

behavior of the mutant type (AG100A). Subinhibitory concentration of TF18 inhibited the 

motile behavior of the proton pump carrying E. coli AG 100 strain, which was confirmed by 

the strong reduction in the number of swimming and in the simultaneous increase of the less 

motile cells. It presumes that TF18 influences the operation of the proton pump probably 

through the disruption of the transmembrane proton gradient, which is responsible for the 

motility (Figure 12.). However, the exact mechanism of antimotility action of TF18 is yet to 

be clarified.

Since motility plays role in the initial part of infection like adhesion and colonization and 

sub-MIC concentrations of TF18 weakened the motile ability of bacteria, thus TF18 may be a 

potential candidate for antimotility agent. We should also note here that the in vivo effect 

might be more complex than the in vitro situation, in which changes in the function of pili of 

bacteria are involved. 

As earlier TF18 was proved to be a potent resistance reversal agent it was combined with 

clarithromycin and tested for enhancement of antibacterial activity on two H. pylori strains 

(CSHP and CRHP) in checkerboard analysis. The results obtained in this study identified 

additive effect in case of both H. pylori strains. 

Outer membrane  
Hook

B
asal body 

Inner  membrane 

Flagella
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5.7. It is generally considered that the P-gp-mediated MDR is the most common mechanism 

of acquired drug resistance, which contributes to the unresponsive anticancer 

chemotherapy116, 117, 118. This observation suggests use of MDR modulators to be a strategy to 

reverse the emerged drug resistance. A possible strategy to prevent the emergence and 

reversal of drug resistance is to increase the intracellular drug concentration to a cytotoxic 

level by the administration of drug transport inhibitors125. Several in vitro models support the 

efficacy of this strategy. The agents seemed to bind directly to the P-gp to block the outward 

transport of the cytostatics or modify (decrease) the expression of the MDR1 gene. Active 

agents are amphiphylic compounds and all of them have aromatic basic structure with one or 

more amino alkyl groups.  

Using Rhodamine 123 accumulation tests in P-gp overexpressing cell lines, cycloartane 

derivatives 1, 2, 4, 5, 8 and 14 derived from plant extracts were found to be promising 

reversal agents in vitro.

It also indicates that cycloartane triterpens may be inhibitors of P-gp as demonstrated in 

the human P-gp overexpressing mouse lymphoma cells.  

5.8. Many P-gp modulators have been discovered so far and the mode of action on P-gp has 

been studied. Most chemosensitisers exert their MDR reversal activities by competitively 

binding to the drug binding site or noncompetitively binding to the modulatory site. Some 

agents exhibit their inhibitory activities by interactions with the ATP binding site.

Compounds with higher LUMO energies facilitated such CT complex formation, but 

showed low activity as MDR reversers. Therefore, it is suggested that binding within the first 

loop may correlate with decreased biological activity, but it remains yet to be studied. 

Phenothiazines with aminoalkyl side chains showed HOMO energies in the range of MDR 

modulators, thus suggesting electron donor properties in CT complexes. The mechanism of 

binding is more complex in biological systems, compared to in vitro.
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VI. NEW STATEMENTS 

New antiplasmid compounds

6.1. Perazine dimaleate proved to have slight effect on F’lac plasmid loss. 2-cloro-5-oxo-5H-

phenothiazine and perphenazine did not show remarkable plasmid curing activity.  

6.2. Novel benzoxazoles, benzimidazoles and oxazolo(4,5)pyridines with known 

antimicrobial activity showed a plasmid curing effect to a minor degree as compared to 

promethazine treated samples. Among benzoxazoles; agent B11 in combination with 

promethazine showed an enhanced antiplasmid effect.  

6.3. Checkerboard analysis revealed that thioridazine combined with vancomycin resulted in 

synergistic activity against E. faecalis strains A and D. Prochlorpromazine in combination 

with ampicillin or vancomycin showed an indifferent (strain A) or additive effect (strain C, D 

and E) on the tested clinical isolates, respectively. 

Co-cultures

6.4. A numerically predominant, well established culture of S. epidermidis and B. cereus was 

permissive for the growth of the inoculated small population of E. coli K12LE140.

Remarkable plasmid instability was detected in the presence of S. epidermidis at 37°C and 

reduced spontaneous plasmid loss was detected in co-cultures with B. cereus.

6.5. F’lac plasmid loss from E. coli K12LE140 was enhanced by sub-MIC concentration of 

promethazine in non-shaking conditions by higher temperatures in mono-cultures and mixed 

cultures with B. cereus or S. epidermidis.

6.6. Shaking of the cultures tended to minimize plasmid curing ratio of promethazine 

especially temperatures below 39°C.  

6.7. Anaerobe atmosphere and increased temperature promoted the F’lac plasmid loss both in 

mono- and mixed-cultures with B. fragilis ATCC 25285.

Efflux systems

6.8. The novel proton pump inhibitor TF18 at sub-MICs remarkably inhibited the motile 

behavior of the proton pump carrying E. coli AG100 strain.

6.9. The in vitro combination of TF18 and clarithromycin resulted in additive effect on both 

H. pylori strains (CRHP and CSHP). 

6.10. Cycloartanes (compounds: 1, 2, 4, 5, 8 and 14) can be inhibitors of P-gp as 

demonstrated by MDR reversal assay in human P-gp overexpressing mouse lymphoma cells. 

6.11. SAR studies revealed that phenothiazines with aminoalkyl side chains showed HOMO 

energies in the range of MDR modulators, suggesting the importance of electron donor 

properties in CT-complexes.  
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IX. ANNEX I.

CHEMICAL STRUCTURES OF TESTED COMPOUNDS 

9.1. Phenothiazines 

Promethazine   Chlorpromazine  6,9-dihydroxichlorpromazine 

7,8-dioxochlorpromazine 6,9-dioxochlorpromazine 2-chloro-5-oxo-5H-phenothiazine 

5-oxo-5H-benzo[a]      6-hydroxi-5oxo-5H-benzo[a] 6-methyl--oxo-5H-benzo[a] 
phenothiazine        phenothiazine   phenothiazine 



        

Perazine dimaleate      Prochlorperazine 

             

Perphenazine       Trifluperazine 

Thioridazine



9.2. Benzoxazoles 

A9: 6-methyl-2-(2-nitrophenyl)-1,3-benzoxazole          A33: 2-(4-fluorophenyl)-5-methyl-1,3- 
                                                                                                 benzoxazole 

B11: 2-(4-nitrobenzyl)-1,3-benzoxazole

D27: N-[2-(4-fluorobenzyl)-1,3-benzoxazol-5-yl]-2-phenoxyacetamide

D34: 2-(4-chlorophenoxy)-N-[2-(4-fluorobenzyl)-1,3-benzoxazol-5-yl]acetamide 



9.3. Benzimidazoles 

G17: 2-(4-bromobenzyl)-5-methyl-1H- benzimidazole 

9.4. Oxazolo(4,5-b)pyridines 

F1: 2-(4-ethylphenyl)[1,3]oxazolo[4,5-b]pyridine 

9.5. Phenylalkylamines 

Verapamil  

9.6. Trifluoromethyl-ketones 

TF18: 2-benzoxazoyl-9-3,3,3-trifluoro-2-propanone



X. ANNEX II. 

DESCRIPTIONS OF MEDIA 

10.1. Growth media for bacteria 

MTY (Minimal-Tryton-Yeast extract) 

NH4Cl (Reanal)     1% 

K2HPO4(Reanal)     7% 

NaH2PO4x2H2O (Reanal)    3% 

NaCl (Reanal)      2% 

Tryptone (Reanal)     10% 

Yeast Extract (Difco)     1% 

Agar (Biolab)      1.5% 

pH was adjusted with 10 M NaOH (Reanal).The media was autoclaved at 121°C, 0.5 MPa 

for 20 minutes.  

Brain Heart Infusion broth (Merck), Eosine Methylene Blue agarplates (bioMérieux), 

Tryptic Soy Broth (Biolab) were prepared according to the instructions of the manual.  

Hollmann’s media was purchased from the Institute of Clinical Microbiology, Faculty of 

Medicine, University of Szeged.

10.2. Media for cancer cell lines 

McCoy’s media modified (Gibco) for L5178Y mouse lymphoma cell line (PAR) was 

supplemented with: 

Streptomycin (Sigma)    1% 

Nystatin (Gibco)     0.1% 

L-Glutamine (Gibco)     200mM 

Heat inactivated horse serum (Gibco)  10% 

Culture media for L4178 (MDR) was supplemented with 60 ng/ml colchicine to maintain 

MDR phenotype.
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