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Methicillin-resistant Staphylococcus aureus (MRSA) has emerged

as one of the leading causes of persistent human infections.

This pathogen is widespread and is able to colonize asympto-

matically about a third of the population, causing moderate to

severe infections. It is currently considered the most common

cause of nosocomial infections and one of the main causes of

death in hospitalized patients. Due to its high morbidity and

mortality rate and its ability to resist most antibiotics on the

market, it has been termed a “superbug”. Its ability to form

biofilms on biotic and abiotic surfaces seems to be the primarily

means of MRSA antibiotic resistance and pervasiveness.

Importantly, more than 80% of bacterial infections are biofilm-

mediated. Biofilm formation on indwelling catheters, prosthetic

devices and implants is recognized as the cause of serious

chronic infections in hospital environments. In this review we

discuss the most relevant literature of the last five years

concerning the development of synthetic small molecules able

to inhibit biofilm formation or to eradicate or disperse pre-

formed biofilms in the fight against MRSA diseases. The aim is

to provide guidelines for the development of new anti-virulence

strategies based on the knowledge so far acquired, and, to

identify the main flaws of this research field, which have

hindered the generation of new market-approved anti-MRSA

drugs that are able to act against biofilm-associated infections

1. Introduction

Antibiotic-resistance (AMR) is among the most relevant health

problems of this century. There is urgent need for new

therapeutic strategies which are able to overcome the main

bacterial resistance mechanisms.[1,2]

Staphylococcus aureus belongs to the ESKAPE family, which

includes the nosocomial relevant pathogens Enterococcus

faecalis, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudo-

monas aeruginosa and Enterobacter sp.

Methicillin-resistant Staphylococcus aureus (MRSA) is one of

the main causes of persistent human infections. Since MRSA is

responsible for severe morbidity and mortality worldwide, in

2017 it has been categorized as a high priority multi-drug

resistant (MDR) pathogen by the World Health Organization

(WHO).

MRSA causes serious infections resistant to conventional

antibiotic therapy, such as skin and soft tissue infections,

bacteremia, infective endocarditis, osteomyelitis, and pneumo-

nia. Moreover, MRSA is often responsible of indwelling catheter

infections, prosthetic devices and implant associated

infections.[3,4] An important gene that confers to MRSA the

capability to growth undisturbed in presence of penicillin-like

antibiotics, is mecA gene, that is found in all MRSA strains and

encodes the penicillin binding protein 2a (PBP2a).[5] PBPs are

membrane-bound enzymes, which play essential roles in cell

wall biosynthesis catalysing the reactions involved in the

synthesis of cross-linked peptidoglycan from lipid intermediates

and allowing the removal of D-alanine residue from the

precursor of peptidoglycan.[6] The functionality of these

enzymes, which is crucial for bacterial growth, cell division and

cellular structure, was compromised by β-lactam antibiotics that

cause irreparable damage to the bacterial cell wall and,

consequently, the bacterial death.[7]

In S. aureus four PBPs named PBP1, PBP2, PBP3, and PBP4

were found. MRSA, instead, showed an additional PBP, the

PBP2a, that is the unique PBP that, despite shares the structural

features to the other PBPs, is not inhibited by β-lactam
antibiotics.[8]

The major cause of the MRSA antibiotic resistance and

pervasiveness is to be found in its ability to form biofilm on

biotic and abiotic surfaces. Many factors are involved in MRSA

biofilm resistance: first of all, the limitation of the antibiotic

entrance due to the presence of the polymerizable mucopoly-

saccharide on the biofilm surface; moreover, the existence in

the deepest layers of metabolically inactive cells, intrinsically

resistant to antibiotics. Additionally the accumulation of

bacterial cells within the biofilm facilitates the horizontal

genetic transfer of the genes responsible for resistance.

Bacterial cells within the biofilm are extremely more

resistant to antibiotics, as well as to host immune response,

compared to the planktonic form of life.

In the last decade, many efforts have been made to identify

new agents able to interfere with the staphylococcal biofilm life

cycle, and many compounds showed interesting anti-biofilm

activities, although none has reached the clinic.[9-15] This is

mainly due to very limited in vivo studies capable of confirming

its activity.

Anti-biofilm compounds acting as anti-virulence agents,

have the advantage over conventional antibiotics, to not affect

bacterial growth and then, to impose a low selective pressure

on the onset of antibiotic resistance mechanisms.[16]

Anti-biofilm agents can interfere with different steps of the

development process, which leads from the planktonic form to

the sessile phenotype. They can inhibit the biofilm formation,

mainly interfering with the bacterial adhesion, or they can

disrupt preformed biofilms dissolving matrix architecture. Addi-

tionally, some anti-biofilm agents are able to kill the persister

cells of the deepest layers of the biofilm, eradicating it.

[a] Dr. S. Cascioferro,+ Dr. D. Carbone,+ Dr. B. Parrino, C. Pecoraro,

Prof. G. Cirrincione, Prof. P. Diana

Department of Biological, Chemical and Pharmaceutical Sciences and

Technologies (STEBICEF)

University of Palermo

Via Archirafi 32

90123, Palermo (Italy)

E-mail: patrizia.diana@unipa.it

[b] Prof. E. Giovannetti

Department of Medical Oncology

Cancer Center Amsterdam

VU University Medical Center (VUmc)

De Boelelaan 1117

1081HV, Amsterdam (The Netherlands)

[c] Prof. E. Giovannetti

Cancer Pharmacology Lab, AIRC Start Up

Fondazione Pisana per la Scienza

Via Ferruccio Giovannini 13

56017, San Giuliano Terme, Pisa (Italy)

[+] These authors contributed equally to this work.

ChemMedChem

Reviews

doi.org/10.1002/cmdc.202000677

66ChemMedChem 2021, 16, 65–80 www.chemmedchem.org © 2020 Wiley-VCH GmbH

http://orcid.org/0000-0003-0468-625X


1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

Many bacterial processes can be considered valid targets for

the development of new anti-biofilm agents such, for example,

the quorum sensing (QS) system, which regulates the bacterial

cell-to-cell signalling and the nucleotide second messenger

signalling systems. It is recognized the key role of QS system in

the coordination of the bacterial attachment and biofilm

formation, as well as, in biofilm dispersion in response to

changes in environmental conditions.[17]

Contrary to what is observed in other bacteria, in S. aureus

QS system inhibits the biofilm formation through the produc-

tion of matrix degrading enzymes such as protease, nuclease

and lipase. This different role of QS system was confirmed by

the robust biofilm production observed in a S. aureus strain

deficient in the regulator gene agr, which encodes the two

component regulatory system, TCRS.[18]

One of the biggest difficulties in finding valuable therapeu-

tic strategy to treat MRSA biofilm associated infections is the

existence of different staphylococcal biofilm phenotypes.[19]

While staphylococcal strains methicillin susceptible (MSSA)

produce biofilms with a mechanism ica operon-mediated which

involves icaADBC genes in the production of polysaccharide

intercellular adhesin (PIA) or polymeric N-acetyl-glucosamine

(PNAG), MRSA expresses a ica-independent biofilm formation
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process contingent on the fibronectin binding proteins, FnBPA

and FnBPB, and the major autolysin, Atl.[20,21]

In this review we focused on the recent development (2014-

2020) of synthetic small molecules able to prevent biofilm

formation or to interfere with pre-existing biofilms of the

clinically relevant Gram-positive pathogen MRSA.

The understanding of the mechanisms of action, when

reported, and of the SAR of the known anti-biofilm compounds

can be a valuable guide for the development of new more

potent anti-virulence agents able to counteract serious chronic

MRSA biofilm-associated infections.

2. MRSA biofilm development

The bacterial adhesion to host tissue represents the first step of

the biofilm formation as well as of the bacterial pathogenesis.[22]

In Gram-positive bacteria, the adhesion is mainly due to a class

of surface proteins known as “microbial surface components

recognizing adhesive matrix molecules” (MSCRAMMs).[23] These

proteins are structurally characterized by the presence of the

common motif LPXTG (leucine, proline, any amino acid,

threonine and glycine) which is recognized by the trans-

peptidase sortase A (SrtA). SrtA catalyses the anchoring of the

MSCRAMMs to lipid II of the peptidoglycan through two

consecutive reactions of thioesterification and

transpeptidation.[24] MSCRAMMs play key roles, in addition to

adhesion, also in colonization and evasion of innate immune

defences. Representative MSCRAMMs in S. aureus are the

protein A Spa, the fibronectin binding proteins FnbpA and

FnbpB, the clumping factors ClfA and ClfB, the collagen-binding

protein Cna, and the three serine aspartate repeat proteins

SdrC, SdrD, and SdrE.[25]

After the primary attachment process to biotic or abiotic

surfaces, bacterial cells start to proliferate and form micro-

colonies. Subsequently, an extracellular matrix is produced.[26] It

was found that S. aureus, as well as numerous Gram-positive

pathogens, release extracellular polymeric substances (EPS),

including extracellular proteins, lipids, extracellular DNA (eDNA)

and polysaccharides, into the external environment during this

phase of the biofilm formation. Among the polysaccharides, the

PIA significantly contributes to the stability of the matrix

structure of Gram-positive biofilms. In MRSA, differently from

MSSA which showed a PIA-dependent biofilm formation, the

most important mechanism of autoaggregation was the intra-

cellular adhesion mediated by the eDNA derived from the

autolysis of sessile and planktonic cells.[27]

During the last stage, known as maturation stage, microbial

cells within the biofilm were released returning in planktonic

state (Figure 1). All phases in the biofilm development process

were regulated by the cell-to-cell communication system QS.[28]

In particular, in MRSA the agr operon has been found

fundamental in the modulation of biofilm formation, down-

regulating genes involved in host colonization including those

encoding for the MSCRAMMs, FnBPAB and Spa, and upregulat-

ing those encoding for some proteins involved in tissue

damage and autolysis.[29]

Figure 1. MRSA biofilm development.
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2.1. Effects of β-lactam antibiotics on biofilm formation in
MRSA

It was demonstrated that the exposure of bacterial cells to sub-

MIC concentrations of β-lactam antibiotics induced biofilm

formation in many S. aureus strains.[30] This has a great impact

on the development of resistant strains since antibiotics are

widely used as growth promoters in agriculture and then they

can contaminate human and animal food in concentrations

able to stimulate biofilm formation.[31] The effect of some β-
lactam antibiotics, including methicillin, ampicillin, amoxicillin,

and cloxacillin was evaluated, at the sub-MIC concentrations

ranging from 0 to 10 μg/mL, on the biofilm formation in the

MRSA strains 1149, Mu50 and FPR3757 (Figure 2).

All tested antibiotics showed a significant induction of

biofilm formation in at least one MRSA strain and, most of

them, elicited two different responses toward the biofilm in a

concentration-dependent manner: biofilm stimulation at con-

centrations lower than the MIC values and biofilm inhibition at

higher doses. Sub-MICs of methicillin promoted biofilm for-

mation in all three MRSA strains assayed, showing the highest

effect at concentrations ranging from 1 to 7 μg/mL. Addition-

ally, it was found that biofilm promotion, induced by methicillin

exposure, was mainly observed in staphylococcal strains

characterized by a low basal level of biofilm production.

Further studies elucidated the mechanism of β-lactam
biofilm induction, which involved an increase in eDNA levels as

consequence of upregulation of the autolytic enzyme AltA. The

stimulating effect of the cell wall active antibiotics was, in fact,

importantly reduced in S. aureus alt mutant strain (KB4051) and

in presence of an inhibitor of autolysis such as polyanethole

sulfonate. Additionally, the eDNA role in methicillin-induced

biofilms was confirmed treating the strains 11490 and FRP3757

with sub-MIC concentrations of the β-lactam antibiotic in

presence and in absence of the human Dnase I, rhDNase. It was

observed that rhDNase strongly inhibited methicillin induced

biofilm formation.

On the contrary, the antibiotic biofilm induction proved to

be independent by the agr quorum-sensing system as

previously reported by Subrt et al.[32]

This finding suggested as low level of antibiotics may

contribute to the growing development of antibiotic resistance

and should be avoided in agriculture and farm animals.

Figure 2. Effects of the β-lactam antibiotics methicillin, ampicillin, amoxicillin, and cloxacillin at the sub-MIC concentrations ranging from 0 to 10 μg/mL on

cell growth and biofilm formation in the MRSA strains 1149, Mu50 and FPR3757.
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2.2. Inhibitors of MRSA biofilm formation and dispersal

agents

An important contribute to the development of biofilm

formation inhibitors against MRSA was given by Melander and

collaborators who synthesized several series of 2-aminoimida-

zole derivatives able to potently inhibit or disperse bacterial

biofilms[33–35] and it was previously discussed.[13] Few new

scaffolds were reported in past five years, including oxazolidi-

nones, lactones and quinolines.

2.2.1. Oxazolidinones

Edwards et al., on the basis of the antibacterial and anti-biofilm

activity described for the natural product synoxazolidinone A,

(Figure 3)[36] synthesized a series of 5-benzylidene-4-oxazolidi-

none derivatives, which were investigated for their ability in

inhibiting biofilm-formation in MRSA strains (MRSA ATCC BAA-

44, 43 300, 1685 and 1770).[37]

Among the new compounds, 4-oxazolidinones 1a,b (Fig-

ure 3) showed the highest potency especially against MRSA

ATCC BAA-44, exhibiting BIC50 values of 0.78 and 1.2 μM,

respectively. Compound 1c (Figure 3) was slightly less active in

the biofilm-formation inhibition assay, eliciting 68% of inhib-

ition at 5 μM vs 89% and 82% of 1a and 1b at the same

concentration, but it showed a good anti-virulence profile since

it did not interfere with the bacterial growth of the tested strain

(MIC >300 μM). With the aim to identify new anti-virulence

strategies, the lack of activity toward the vital processes of the

bacteria is considered advantageous because is associated to a

lower tendency to generate antibiotic-resistance. Concerning

the antibacterial activity of 1a and 1b against the planktonic

form of MRSA, even if they exhibited greater activity compared

to 1c, the growth inhibition of planktonic cells observed at the

optimal biofilm inhibition concentration was very low, demon-

strating a good selectivity towards biofilm form of life.

The new 4-oxazolidinones 1a-c also showed a good

dispersal activity against MRSA ATCC BAA-44, eliciting, in the

case of the most potent derivative 1a an IC50 value of 4.7 μM.

SAR studies on these derivatives revealed some important

structural features required for the MRSA anti-biofilm activity.

The presence of small aliphatic substituents on the aminal

carbon of the 4-oxazolidinone scaffold was advantageous for

the anti-biofilm properties of this class of compounds, the

activity proved inversely proportional to the length of the chain.

Additionally, the replacement of the trifluoromethyl group with

a hydrogen atom or an electron-donating methoxy substituent

was detrimental for the activity indicating the importance of

electron-withdrawing substituents in the aromatic ring. Finally,

the replacement of chlorine atoms in the dichloromethylene

moiety with hydrogen atoms or methyl groups caused a serious

drop of the activity.

A great discrepancy in the anti-biofilm activity of derivatives

1a-c among the different MRSA strains tested was observed.

These compounds, in fact, showed significantly lower potency

against MRSA ATCC 43 300, 1685 and 1770 than MRSA ATCC

BAA-44. This so different behaviour deserved further investiga-

tion. The lack of studies on the mechanism of action is the main

drawback of this class of compounds.

2.2.2. Lactones

Valliamai et al. recently reported the anti-biofilm activity of the

lactone 5- dodecanolide 2 (Figure 4) in different MRSA strains

(ATCC 33591, MRSA 395, MRSA 410 and MRSA44).[38]

Figure 3. Chemical structures of synoxazolidinone A and its derivative compounds 1a–c.

Figure 4. Chemical structure of compound 2.
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Despite the compound 2 proved to be only moderately

active as MRSA biofilm inhibitors, eliciting a BIC50 value against

the ATCC 33591 of 125 μM, the in-depth studies conducted on

the mechanism of action and on its in vivo efficacy provided the

basis for the development of new more potent anti-biofilm

agents. The anti-biofilm potential of 2 was first confirmed at the

concentration of BIC90 (225 μM) employing light microscopic

and confocal laser scanning microscopic analysis (CLSM), which

showed a significant decrease in the surface covered as well as

in the thickness of biofilm structure.

SEM analysis showed a marked arrest of MRSA biofilm

formation on Titanium surface after treatment with derivative 2.

Importantly, the compound was able to inhibit biofilm

formation also on titanium surface coated with host plasma

protein.

Additionally, agarose gel electrophoresis and visual test

tube settling assay demonstrated a significant reduction in

eDNA synthesis and in the MRSA ability of autoaggregation in a

dose dependent manner. It is known, in fact, that eDNA plays a

key role in intracellular adhesion and in autoaggregation in

MRSA.[30] The effect of compound 2 on MRSA growth and

metabolism was evaluated in order to exclude an antibacterial

nature of the derivative, and no growth reduction was observed

in the growth curve analysis, as well as, no change in MRSA

metabolism was found in Almar blue assay. These data high-

lighted the anti-virulence potential of this compound.

Gene expression analysis was carried out with the aim to

understand the molecular mechanism of the antibiofilm activity

of compound 2, which was found due to an up regulation of

agr gene and to a down regulation of sarA, fnbA and fnbB.

It is reported that agr system hinders the biofilm develop-

ment interfering with the production of important adhesion

proteins and stimulating the expression of many enzymes

involved in the disruption of the biofilm matrix, including

proteases, nucleases and lipases.[39] The quorum regulator SarA

is responsible of the expression of many virulence factors in S.

aureus, exercising a fundamental role in biofilm formation,

bacterial pathogenesis and evasion of the host immune

response. Therefore, downregulation of sarA leads to a signifi-

cant decrease in biofilm formation and in virulence factors.[40]

Moreover, FnbA and FnbB are important MSCRAMMs crucial for

bacterial adhesion and tissue colonization.[41] Mutant strains

with a deletion of the fnbA and fnbB genes did not show the

fibronectin-binding proteins FnBPA and FnBPB and were no

longer able to adhere to fibronectin or to form biofilm.

The anti-biofilm efficacy of the lactone 2 was confirmed in

the MRSA in vivo infection model Caenorhabditis elegans. The

CLSM micrographs of C. elegans treated with compound 2 at

BIC50 concentration showed a significant decrease in biofilm

formation compared to untreated nematodes.

2.2.3. Quinolines

Quinoline derivatives constitute a class of promising com-

pounds for the treatment of MRSA infections. In addition to

their significant antibacterial and eradicating activity (see

section of Biofilm-eradicating agents) different quinolines were

described for their potent dispersal activity. Quinolines 3a-e

(Figure 5) proved to be very potent in dispersing MRSA-2

preformed biofilm showing EC50 values ranging from 2.06 to

2.74 μM (Table 1).[42] The potency of the derivatives 3a-e as

dispersal agents was evaluated also in terms of EC90 values and

all compounds showed EC90 values against established MRSA-2

biofilms lower than 30 μM. In particular, compound 3c,

substituted at the 8-position of the quinoline scaffold with a 3-

cyclopentylpropanoate and 3d bearing at the same position a

4-methylbenzoate moiety, exhibited the highest potency with

EC90 of 16.6 and 17.4 μM, respectively. Compounds 3a-e

showed potent antibacterial activity also against the planktonic

form of S. aureus ATCC 29213 eliciting MIC values in the range

0.39-1.56 μM (Table 1) but no data were reported on their

activity on the free form of MRSA.

Figure 5. Chemical structures of compounds 3a–e.

Table 1. Antibacterial and biofilm dispersion activities of select quinolones

3a–e against S. aureus.

Compound S. aureus ATCC

29213

MIC [μM]

MRSA-2

biofilm dispersion

EC50 [μM]

MRSA-2

biofilm dispersion

EC90 [μM]

3a 0.39 2.60 22.9

3b 0.39-0.78 2.55 22.9

3c 0.78-1.56 2.09 16.6

3d 1.56 2.06 17.4

3e 0.39 2.74 24.0
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2.2.4. Thiazole derivatives

Thiazole ring is widely recognized as scaffold of great value for

obtaining molecules endowed with potent antibacterial and

anti-biofilm properties.[15,43] Recently, the 5-acetyl-4-methyl-2-(3-

pyridyl) thiazole 4 (Figure 6) was found able to interfere with

the QS system as well as with the production of virulence

factors including biofilm formation.[44] The antivirulence effects

were evaluated on the clinical isolates MRSA�C18 and

MRSA�C91, which are known for their multidrug-resistance and

their strong biofilm forming capacity. Thiazole 4 was more

active than vancomycin and teichoplanin in inhibiting MRSA

growth in the planktonic form, additionally, it proved to

significantly reduce biofilm formation at subinhibitory concen-

trations. The compound acted in the first stage of the MRSA

biofilm formation showing no activity in preformed biofilm of

the same strains. With the aim to investigate the anti-virulence

mechanism of action of thiazole 4, the effect on the MRSA

production of haemolysin and protease was evaluated, and a

reduced activity in both enzymes was observed after treatment

with the thiazole derivative. The results are in agreement with

an anti-QS mechanism targeting the Agr QS system.

2.2.5. Coumarin derivatives

During a study aiming to identify novel small molecules with

antibacterial activity against MRSA, Qu et al. synthesized and

evaluated for their antimicrobial properties, new 667 derivatives

bearing to 26 different classes of compounds, including

coumarin, hydroquinoline, diludine, hydropyran, and acridine

derivatives.[45] Among these compounds 3,3’-(3,4-dichlorobenzy-

lidene)-bis-(4-hydroxycoumarin) 5 showed potent inhibitory

effects on the growth and the biofilm formation of the MRSA

strains ATCC 70699, USA 300 and XJ 75302. Compound 5

(Figure 7) exhibited a marked selectivity against MRSA, showing

no activity against Gram-negative pathogens such as E. coli, K.

pneumoniae, A. baumannii, Salmonella typhimurium, and P.

aeruginosa. In vitro experiments showed MRSA growth inhib-

ition at concentration of 4 or 8 μg/ml. Importantly, the

therapeutic effect against the MRSA infections was also

evaluated in vivo in mice infected with MRSA USA 300, and

coumarin derivative 5, intraperitoneally administered at concen-

trations of 2.5 and 5 mg/kg, proved to be able to improve the

survival rate to 56 and 67%, respectively.

Noteworthy, the antibiofilm activity against the MRSA

strains of compound 5 was assayed in vivo for evaluating the

effect on MRSA adhesion to a catheter surface inserted in the

rat bladder. These results are particular relevant since one of

the major cause of the absence of antibiofilm agents in clinic

was due to the lack of in vivo studies. Compound 5 adminis-

tered at doses of 5 and 10 mg/kg inhibited MRSA USA 300

adhesion and biofilm formation on the surface of the catheter.

Additionally, it was also able to inhibit the diffusion of the

pathogen from the catheter to the liver, lung, kidney and

spleen.

Quantitative real-time polymerase chain reaction (PCR)

elucidated a mechanism of action involving the inhibition of

the expression levels of the genes srtA, altE, aap, icaA and arc

gene cluster transcription. In particular compound 5 proved to

be able to interfere with the arginine catabolic pathway by

competitively binding to the arginine repressor ArgR.

The toxicity of the coumarin derivative 5 was evaluated

both in vitro, against human umbilical vein endothelial cells

(HUVECs) and cells from human embryonic myocardial tissue

(CC-HHM-2), and in vivo, in mice and rats after oral admin-

istration. Results highlighted a low toxicity of the compound,

which showed a therapeutic index in mouse of 37.56. Addition-

ally, treatment with 2× , 4× and 8× MIC 5 did not induce

resistance in treated bacterial strains. On the basis of the

obtained results, compound 5 can be considered an ideal lead

compound for development of new therapeutic approaches to

fight MRSA infections.

2.3. Biofilm-eradicating agents

Biofilm eradicating agents, differently from biofilm inhibitors

and biofilm dispersal agents, act killing persister cells within the

biofilm. This distinct mechanism of action confers them the

potential to be employed as standalone antibiofilm therapy.

Antimicrobial peptides (AMP), which cause bacterial cell lysis

through the crushing of the bacterial membrane, are the most

well known biofilm eradicating agents.[46,47] The main obstacle

for their development in clinical use is the difficulty to obtain

AMP which are able to target selectively bacterial cell

membrane. Therefore, it should be useful in this field to identify

new agents able to kill dormant cells through alternative

mechanisms of action, for which a higher selectivity is feasible.

Figure 6. Chemical structure of the thiazole derivative 4.

Figure 7. Chemical structure of the coumarin derivative 5.
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2.3.1. Phenazines

Diverse classes of phenazines were described as MRSA biofilm-

eradicating agents, which are able, unlike the inhibitors of

biofilm formation and the dispersal agents, to kill persister cells.

Since conventional antibiotics, affecting life processes of the

bacterium, are not efficacious against the non-replicating

dormant cells, these are often the main cause of the resistance

of the biofilm-associated infections.

On the basis of the potent antibacterial activity observed for

the marine phenazine antibiotic 6 (Figure 8) Garrison and co-

workers synthesized a series of halogenated phenazines (HPs)

with the aim to enhance their antimicrobial potency and in

order to obtain compounds which were also capable of

inhibiting persistent cells.[48–50] The influence of the substitutions

at the positions 2-, 4-, 7-, and 8- of the phenazine scaffold, on

both antibacterial and biofilm eradicating activity, was widely

studied providing pivotal information on the structural features

required for the activity.[48] Among the tested compounds

derivative (2-bromo-7,8-dichloro-4-iodo-1-hydroxyphenazine) 7

(Figure 8) showed, in the Calgary biofilm device (CDB) assay,[51]

the highest activity against MRSA biofilms (MRSA-2, MRSA BAA-

1707, MRSA BAA-44) eliciting minimum biofilm eradication

concentration (MBEC) values ranging from 6.25 to 9.38 μM
(Table 2). The viable biofilm cell count at the MBEC value

highlighted the almost total eradication of the persister cells

within the biofilm.

Since the antibiotics normally used in the treatment of

MRSA infections, including vancomycin, daptomycin and line-

zolid, were ineffective against MRSA biofilms and persister cells

at concentration higher than 2000 μM, the results obtained for

compound 7 are very encouraging. Additionally, compound 7

was compared to known biofilm- or persister-eradicating agents

such as the AMP mimic membrane lysing agent QAC-10

(quaternary ammonium cation-10), the membrane-active ion-

ophore CCCP (carbonyl cyanide m-chlorophenyl hydrazine), the

antioxidant NAC (N-acetylcysteine), and persister cells eradicator

pyrazinamide. All the known anti-biofilm compounds proved to

be 12 to 200-fold less active in eradicating MRSA biofilms than

the HP 7. With the aim to investigate a possible membrane-

lysing mechanism of action the hemolysis activity against

human red blood cells was evaluated at the screening

concentration of 200 μM and, as observed generally for

phenazine analogs, also in this case no significant hemolysis

was found (<3%). These results suggested a different mecha-

nism of action with respect to the prevalent class of biofilm-

eradicating agents described to date, which is constituted by

the AMPs.[47,52] A non-hemolytic mechanism of action may be

beneficial to achieve lower human toxicity, which is one of the

main impediments to obtaining therapeutically valid AMPs that

should specifically target bacterial membranes over mammalian

cell membranes.[53] The low toxicity of the phenazine analogs

synthesized, was also confirmed in a lactate dehydrogenase

(LDH) release assay against HeLa cells highlighting the promis-

ing therapeutic profile of this class of compounds to be

developed into a new class of antimicrobial agents to treat

serious MRSA infections.

Preliminary mechanistic investigations elucidated a metal

(II)-dependent eradicating mechanism of action. The co-treat-

ment of phenazine 7, at the MIC concentration, with 200 μM of

copper(II), iron(II) and magnesium(II) resulted in a significant

reduction in antibacterial activity, up to 48 times in the case of

copper(II).

Based on the interesting results, new HP were synthesized

in order to obtain more potent biofilm-eradicating agents

against MRSA.[54]

The Wohl-Aue reaction was employed to lead a small library

of HPs bearing different substituents at the 6-, 7-, 8- and 9-

positions. Among the new compounds 2,4-dibromo-HP analogs

8 and 9 (Figure 8) showed the highest antibacterial activity

against both the planktonic and the biofilm form of MRSA BAA-

1707. HP 8 and 9 proved to be equipotent against the

planktonic form eliciting a MBC value of 6.25 μM (Table 2).

Additionally, they showed potent biofilm-eradicating activity

with MBEC values of 6.25 and 4.69 μM, respectively. At the MIC

concentration, the new HP analogs 8 and 9 demonstrated an

important reduction (99.9%) in viable MRSA BAA-1707 biofilm

cells.

Similarly to HP 7, compounds 8 and 9 showed a metal (II)

chelating mechanism of action and a lack of red blood cell

hemolysis and HeLa cytotoxicity. Among biofilm-eradicating

agents effective against MRSA, HP analogs showed interesting

features to be developed into innovative treatments of chronic

biofilm-associated MRSA infections. 1-Hydroxyl group and 2-

bromine atom on the phenazine scaffold were recognized key

structural features for the antimicrobial activity of this class ofFigure 8. Chemical structures of compounds 6–9.

Table 2. Antibacterial and biofilm eradication activity of compounds 7–9 (μM).

MRSA-2 MRSA BAA 17–07 MRSA BAA-44

Compound MIC MBC MBEC MIC MBC MBEC MIC MBC MBEC

7 3.13 3.13 9.38 0.30 4.69 6.25 3.13 12.5 9.38

8 0.30 – – 0.30 6.25 6.25 0.39 – –

9 0.39 – – 0.10 6.25 4.69 0.59 - –
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compounds. The presence of an additional bromine atom at 4-

position as well as a methyl or ethyl group at 6-position was

advantageous for both antibacterial and biofilm eradicating

activity. Furthermore, two chlorine atoms at 7- and 8- positions

proved to be relevant for the eradication potency against

MRSA-2, MRSA BAA-1707 and MRSA BAA-44 strains. On the

contrary, the replacement of the two chlorine atoms at the

same positions with two bromine atoms as well as removing

the halogen from position 4 led to a significant loss of activity.

2.3.2. Quinolines

With the aim to identify novel potent antibiofilm compounds to

counteract MRSA infections a series of halogenated quinolines

(HQs), structurally related to HPs, were investigated in vitro in

antibacterial and biofilm eradication assays.[45,55] Among the

new quinolines, several derivatives showed potent antibacterial

activity, with MICs in some cases lower than 1 μM, and biofilm

dispersal action against methicillin-resistant S. aureus clinical

isolate MRSA-2, with EC50 in the low micromolar range (See the

section 4). Conversely, regarding MRSA biofilm eradication, the

replacement of the HP scaffold with the HQ nucleus was

detrimental for the activity. HQ analogs were inactive or only

weakly active. The first HQ that showed a weak biofilm

eradicating activity with a metal(II)-dependent mechanism

against MRSA (MBEC=250 μM) was the quinoline 10 (Fig-

ure 9).[55]

Basak et al. during a study aimed to investigate structural

modifications at the 2-position of the HQ scaffold, which was

recognized crucial for the antibacterial activity, identified

compound 11 (Figure 9), which was slightly more active than

10 but significantly less active than the HP analogues, showing

a MBEC value against MRSA-2 of 125 μM.

Abouelhassan et al. described the potentiating effect of the

plant derived phytochemical gallic acid 12 (Figure 9) on the

antibacterial and eradicating activity of the HQ 10.[56] The

combination therapy (HQ 10 at MIC concentration+12 1 mM)

was 11800-fold more potent against S. aureus 29213 with a MIC

value of 0.05 nM, and, interestingly, was 4-fold more effective in

the biofilm-eradication assays, showing a MBEC value of

62.5 μM vs 250 μM of HQ 10 used alone.

2.3.3. Quinones

Quinone derivatives are a class of synthetic and natural

compounds endowed with different pharmacological activities,

including antiviral, antifungal, antibacterial and anti-biofilm

properties.[57] Structurally they are characterized by a common

pattern constituted by an ortho or a para substituted dione

conjugated to an aromatic cycle such as in the benzoquinones,

or to polycyclic aromatic system, such as in anthraquinones,

naphtoquinones and anthracyclinones. Recently, three furano-

quinones 13, 14a and 14b (Figure 10) were described for their

interesting activity against MRSA.[58,59]

The naphtho[1,2-b]furan-4,5-dione 13, tested against MRSA

ATCC 33591 and the two MRSA clinical isolates KM-1 and KM-2,

proved to be significantly more potent than oxacillin (MIC=160

- 630 μM) used as reference compound, eliciting MIC values in

the range 4.9–9.8 μM. (Table 3).[58] Studies on MRSA morphology

carried out through a transmission electron microscopy (TEM)

before and after treatment with 13 highlighted the ability of

the compound to cause a bacterial surface damage. The

presence of depressions on the cell surface suggested the loss

of intracellular material due to an osmotic alteration of the

bacterial membrane. A proteomic assay, employed to deepen

the mechanism of action of compound 13, suggested strong

interferences with crucial bacterial metabolic pathways, includ-

ing translocase elongation factor G (EF�G), phosphoenolpyr-

uvate carboxykinase (PEPCK), citrate synthase and arginine

deiminase. In particular, the profiling assay of MRSA proteins

revealed that furanoquinone potently inhibited staphylococcal

EF�G, which plays a key role in bacterial protein synthesis,

catalysing the translocation of transfer RNA (tRNA) and

messenger RNA (mRNA) through the ribosome. The consequent

inhibition of protein synthesis in MRSA led to bacterial death.

Figure 9. Chemical structures of compounds 10–12.

Figure 10. Chemical structures of compounds 13 and 14a,b.

Table 3. MIC and MBC values of derivatives 13 and 14a,b against MRSA

KM-1, MRSA KM-2, MRSA KM-5 and MRSA ATCC 33591 (μM).

Compound MRSA KM-1 MRSA KM-

2

MRSA KM-5 MRSA ATCC

33591

MIC MBC MIC MBC MIC MBC MIC MBC

13 4.9 4.9-

9.8

4.9–

9.8

4.9–

19

– – 4.9–

9.8

9.8–

39

14a 45.5-

91.5

91.5-

183.0

– – 11.7-

91.5

91.5-

731.7

45.5–

91.5

91.5

14b 76.4 76.4-

152.8

– – 9.4-

76.4

76.4-

152.8

9.4–

38.0

76.4
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An important downregulation in bacterial PEPCK expression

was found as a consequence of the exposure to derivative 13.

Being PEPCK an enzyme involved in the gluconeogenesis, its

inhibition led to the bacterial death because of the absence of

glucose, which is fundamental for the microbial growth.

Derivative 13 proved to be active also in inhibiting citrate

synthase, which catalyzes the last steps of Krebs cycle and

finally, it interfered with the arginine metabolism, hindering the

enzyme arginine deiminase which is well known as important

virulence factor responsible of the MRSA invasion and growth

in host cells.

Compound 13 was found able to reduce biofilm thickness

from 24 to 16 μm and to kill bacterial cells inside the immune

cells THP-1 (human myelomonocytic cell line), showing low

toxicity toward macrophages at the biocidal dose.

Subsequently, two furanoquinone derivatives containing

imine moiety, 14a and 14b, were found able to eradicate MRSA

biofilm causing, at concentrations ranging from 391 to 469 μM,

a 1000-fold reduction of the bacterial cells inside the biofilm

with a biofilm thickness reduction from 30 to 17.2 μm for the

most active compound 14a.[59] Considering the high morbidity

and mortality due to colonization of cutaneous wounds by

MRSA biofilms the in vivo efficacy of the two compounds in

treating skin infection was also assayed in mice subcutaneously

inoculated with MRSA. Topical application of the two com-

pounds led to a significant reduction of MRSA-infected abscess

after two days treatment, causing only a very slight skin

irritation on intact mouse skin. Compounds 14a and 14b

proved to be active also against the planktonic form of MRSA

ATCC 33591 (Table 3) eliciting a bactericidal effect as their MBC

values are no higher than 4xMIC values. Even if structurally very

similar to compound 13, for furanoquinones 14a and 14b no

bacterial membrane damage was observed by scanning elec-

tron microscopy (SEM). In order to clarify the mechanism of

action, the total amount of DNA, RNA and proteins were

quantified in MRSA cells treated with the furanoquinones 14a

and 14b and a significant decrease in DNA content was

observed. The inhibitory activity of the compounds against

DNA polymerase, topoisomerase I and gyrase was evaluated in

polymerase chain reaction analysis (PCR) and in a wrapping

assay. Derivatives 14a and 14b, at concentrations ranging from

0.3 to 9 μM, were inactive against topoisomerase I whereas they

interfered with DNA polymerase and gyrase.

2.4. Aryl-alkyl-lysines

Another class of compounds described for its promising

antibacterial activity against the persister cells is constituted by

the membrane active aryl-alkyl-lysines of type 15 (Figure 11).[60]

All the four compounds 15a-d showed antibacterial good

activity against the planktonic form of three MRSA strains,

including ATCC 33591, R3889 and R3890, with MIC value

ranging from 4.1 to 25.5 μM (Table 4). Importantly, they elicited

no propensity to induce resistance in Gram-positive strains,

since they maintained unchanged the MIC value toward S.

aureus MTCC 737 after 20 treatments at the highest concen-

tration of half of MIC, whereas the MIC of norfloxacin, used as

reference compound, increased by 800 fold. Derivative 15b was

chosen as representative compound of the series for further

studies in order to evaluate the anti-biofilm properties and the

mechanism of action of this class of compounds. Naphthalene

derivative 15b was able to remove the S. aureus persister cells

completely at the concentration of 5xMIC, which is a very

interesting result considering that ampicillin was ineffective

against persister cells at concentrations higher than 500xMIC.

This effect on the dormant cells seemed to be due to the

membrane active properties of the compound, which proved to

be able of strongly depolarizing the membrane within the first

minute of exposure.

At 10xMIC 15b significantly reduced pre-formed MRSA

(ATCC 33591) biofilm leading to a biofilm thickness reduction

from 23 to 2 μm. Since skin infections represent one of the

most relevant problems caused by MRSA in hospital, efficacy of

15b was confirmed in an in vivo mice model of skin infection.

The results indicated higher potency in treating infections

compared to fusidic acid used as reference drug.

2.5. Antibiotics

The susceptibility of the planktonic and the biofilm forms of

MRSA to conventional antibiotics was investigated with the aim

to identify an efficacious combination therapy to treat chronic

biofilm-associated infections. Vancomycin is a glycopeptide

antibiotic extensively used as first-line treatment for serious

MRSA infections, including endocarditis, meningitis, bacteremia

and osteomyelitis. Unfortunately, its extensive use together

with the need to use increasing dosages in an attempt to

Figure 11. Chemical structures of compounds 15a–d.

Table 4. Activity of compounds 15a–d against Staphylococcal planktonic

cells (including clinical isolates).

Compound Minimum Inhibitory Concentration [μM]

S. aureus MTCC

737

MRSA ATCC

33591

MRSA

R3889

MRSA

R3890

15a 10.8�1.7 8.8�2.6 10.8�1.7 7.9�1.0

15b 5.7�0.5 4.1�0.1 4.4�0.3 4.8�0.3

15c 10.9�0.1 25.5�0.2 11.3�1.4 10.2�0.4

15d 5.5�1.1 5.1�0.6 4.5�0.3 �1.1
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penetrate the MRSA biofilm, over time, have led to a significant

increase in the MIC of this antibiotic.[61]

Chopra et al. studied the anti-biofilm properties of clinda-

mycin, vancomycin and minocycline (Figure 12) against two

different strains of MRSA: ATCC 33591 and ATCC 43 300.[62]

The choice of the two strains was made in order to evaluate

the influence of the presence of the intercellular adhesion (ica)-

locus on the bacterial susceptibility to the antibiotics, MRSA

ATCC 33591 is, in fact, an ica-locus positive strain whereas ATCC

43 300 is an ica-locus negative strain. Both are well-known

biofilm producer strains but the composition of the biofilm

matrix is very different.

Ica-locus is involved in the production of the polysaccharide

intercellular adhesin (PIA), which is composed of linear

glucosaminoglycans and plays a key role in the intercellular

adhesion during the biofilm formation.[63] Therefore, the biofilm

matrix of the ica-locus positive strain MRSA ATCC 33591 was

mainly made of PIA. Instead, the main component of the biofilm

matrix in ica-locus negative strain ATCC 43 300 is eDNA. The

biofilm eradication activity of vancomycin and minocycline was

evaluated in both strains in order to compare their effective-

ness.

All the three antibiotics proved to be active against the

tested MRSA strains in planktonic growth with similar potency

against the two strains (Table 5), substantial differences were

indeed observed regarding the anti-biofilm effect against the

two strains. In particular, vancomycin showed a good biofilm-

eradicating activity against the ica-locus negative strain on

mature biofilm with MIC and MBC values of 11-22 μM,

respectively. On the contrary, the same antibiotic showed no

effect in eradicating ica-positive MRSA biofilm eliciting MBC

value higher than 700 μM. These so different results were

probably due to the different composition of the biofilm matrix

in the two strains: the presence of PIA in the matrix confers a

greater density to the biofilm structure, which becomes difficult

the penetration of the vancomycin.

Differently, the tetracycline minocycline proved to be quite

active in eradicating both ica-negative and ica-positive MRSA

mature biofilm with MBC values of 4.3 and 34 μM, respectively.

Moreover, only minocycline showed also a significant

inhibition of biofilm formation in the two strains. Probably, the

effect against ica-negative biofilm was due to the suppression

of Alt (major autolysin), which is involved in the initial bacterial

adhesion to the surface and in the lysis of bacterial cells that

determines the eDNA release in the biofilm matrix.[64] The

results highlighted the correlation between the anti-biofilm

efficacy of vancomycin and minocyclin with the biochemical

composition of MRSA biofilm.

Figure 12. Chemical structure of clindamycin, vancomycin, minocycline, fosfomycin and dalbavacin.
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Considering the genetic heterogeneity of the resistant

bacterial cells inside the biofilm and the growing loss of activity

of vancomycin toward MRSA infections, the effectiveness of

combinations of vancomycin with other antibiotics in inhibiting

MRSA biofilm were evaluated.

Shi et al. reported an in vivo study on the synergistic

bactericidal effect of the association vancomycin-fosfomycin on

chronic biofilm-associated MRSA infection.[65] The in vitro effi-

cacy of this antibiotics combination against planktonic and

biofilm forms of S. aureus and different MRSA strains were

previously described.[66,67]

Vancomycin and fosfomycin elicited, when used alone, MIC

values against MRSA KZ306 and ATCC43300 of 1.3 and 14.5 μM,

respectively, but bacterial regrowth was observed after 24 h.

Lasting and long-term bactericidal effect on MRSA was recorded

in presence of higher concentrations, approximately 8-fold the

MIC value. Combination therapy of the two antibiotics provided

better results, showing a complete antibacterial effectiveness at

significant lower concentrations (MIC vancomycin+ 1=2 MIC

fosfomycin).

The synergistic antibacterial activity of the two antibiotics

was also evaluated against the biofilm. It is known that the

association of antibiotics with different mechanisms of action

can give good results in biofilm eradication for the theory of

the mutant selection window.[68] For this theory, in fact, the

simultaneous use of antibiotics with different bactericidal effect,

prevent mutant selection and decrease the side effects. In the

case of the association vancomycin-fosfomycin, for example, a

significant reduction of the renal toxicity of vancomycin was

observed, thus providing an important advantage for antibacte-

rial therapy in patients with renal failure.

Furthermore, the synergistic effect of the two antibiotics

was evaluated in vivo in a carboxymethyl cellulose (CMC)-pouch

biofilm model in rats. The CMC pouch was made through an

injection, in the animals, of a mixture of 5 mL of CMC and 5 mL

of 1×107 CFU/mL of MRSA KZ306 or ATCC43300.

Nine days after the inoculation of the bacteria, which is the

time required to obtain a mature biofilm, vancomycin and

fosfomycin were administered intraperitoneally, alone or in

combination, at the dosage of 100 mg/Kg and 200 mg/Kg,

respectively.

For both strains the combination therapy proved to be

significantly more potent than the mono-administration in

eradicating mature biofilm. The in vivo model was employed

not only to evaluate the ability of the antibiotics in killing

bacterial inside the biofilm, but also to study the structural

modification and the inflammatory response of the biofilm. The

histological analysis of MRSA biofilm tissue showed a marked

loss of the biofilm structure and a notable reduction of the

necrosis process. After 9 days of treatment with the combina-

tion therapy, the animals elicited a remarkable decrease in

white blood cells, in C-reactive protein in blood samples and in

exudate colonies. Results confirmed in vivo the synergic bacter-

icidal activity of vancomycin and fosfomycin in the treatment of

chronic MRSA infections.

Recently, the in vitro efficacy of the novel lipoglycopeptide

dalbavancin against MRSA-biofilm associated infections was

investigated.[69] Compared to vancomycin, dalbavancin proved

to be more advantageous in terms of both dosage, which was

weekly, and efficacy in patients with catheter-related blood-

stream infections.[70] Dalbavancin was able to reduce biofilm

with MBC values in the range 1-4 mg/mL (0.5-2.2 μM) in ten

MRSA isolates.

2.5.1. Human kinase inhibitors

The strategy to repurpose drugs, which have been discovered

for the treatment of a particular disorder, to counteract another

disease, can be extremely advantageous since their safety

profiles are well known and they can be easily obtained for

clinical trials.[71]

A screening of a library of commercial kinase inhibitors for

their antibacterial activity against S. aureus and MRSA led to the

identification of the anticancer drug sorafenib 17 (Figure 13) as

a potent antimicrobial compound effective against MSSA

(methicillin-sensitive S. aureus).[72]

Derivative 17 was able to inhibit the bacterial growth of S.

aureus NCTC 8325 and ATCC 12598 with MIC values of 7.6 μM,

eliciting, indeed, no effect on MRSA tested strains ATCC 33592,

ATCC 49476 and SCCmec VT.

In order to obtain more potent antibacterial compounds,

effective also against MRSA, a library of analogs of compound

16 (Figure 13) was synthesized and tested in vitro and in vivo

against S. aureus and MRSA infections. Among the new

compounds, two derivatives 17 and 18 (Figure 13) showed

increased potency against MRSA compared to the lead 16.[72,73]

Compounds 17 and 18 showed against the tested 100

clinical MRSA isolates MIC values in the low micromolar range.

Results highlighted the importance of the 4-chloro-3-

(trifluoromethyl) phenyl moiety for the antibacterial activity, in

Table 5. Antibiotic susceptibility of three antibiotics against MRSA biofilms

in different phases of biofilm formation.

Clindamycin

[μM]

Vancomycin

[μM]

Minocyclin

[μM]

Mode of

growth

Initial bac-

terial den-

sity

[CFU mL�1]

MIC MBC MIC MBC MIC MBC

ica-nega-

tive MRSA

Log plank-

tonic

1.2×105 150 301 5.5 11 0.5 2.1

Stationary

planktonic

1.1×107 – >2409 – 11 – 8.7

Mature

biofilm

1.3×10�7 >2409 >2409 11 22 1 4.3

ica-posi-

tive MRSA

Log plank-

tonic

3.4×105 301 602 5.5 44 1 4.3

Stationary

planktonic

3.5×108 – 1204 – 176 – 17

Mature

biofilm

3.2×108 >2409 >2409 353 >706 17 34
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fact, its replacement with different aliphatic or aromatic groups

led to inactive compounds. On the contrary, the aryl heteroaryl

ether group was found the portion of the molecule that can be

optimized to enhance the antibacterial properties of this class

of compounds. In particular, its replacement with the 2,2-

difluoro-1,3-benzodioxole gave derivative 16 with significantly

enhanced MRSA potency (MIC=3 μM). This nucleus proved to

play a key role in the anti-MRSA activity, as small structural

modifications, including the removal of the fluorine atoms or

opening the acetal group, caused the complete loss of the

activity. Importantly, compound 16 showed potent biofilm-

eradicating activity against the staphylococcal strains killing the

persister cells in a concentration- and time-dependent manner

eliciting a BEC50 against pre-formed S. aureus ATCC 29213

biofilm of 3.13 μM (Figure 14).

The tendency of 18 to induce bacterial antibiotic resistance

was also assayed treating the bacterial cells with different

compound concentrations, ranging from 0.25 to 4-fold MIC, for

27 days. Interestingly, unlike from compound 16 and ofloxacin

used as reference antibiotic, which showed rapidly a significant

decrease of the activity, compound 18 maintained the same

antibacterial activity during all the treatment. In order to

identify the mechanism of action, chemical proteomics studies

for the identification of the target were carried out and

demethylmenaquinone methyltransferase (MenG), which catal-

yses the synthesis of the vitamin menaquinone, was recognized

as the strongest hit. Inhibition of menaquinone determined the

bacterial death since it is involved in the bacterial respiration

and energy metabolism.

Based on the high potency and the absence of resistance

development, the pharmaceutical profile of derivative 18 was

deepened in in vivo studies. To identify the therapeutic window

for the in vivo treatment of MRSA infection, was first calculated

the ratio between the cytotoxicity against human cell lines (IC50)

and the antibacterial activity (MIC), which it was found between

23 to 52 μM. Additionally, 18 did not induce haemolysis of red

blood cells and showed excellent plasma stability.

The in vivo antibacterial efficacy was evaluated in neutro-

penic mouse model infected with MRSA strain ATCC33591 and

treated with 20 mg/Kg of 18 orally administered. A significant

reduction in colony-forming unit (c.f.u./g), up to ten-fold, was

observed in comparison the vehicle-treated mice. No toxic

effects were revealed for orally and intravenously administra-

tions at dosages of 20 mg/Kg and 10 mg/Kg, respectively.

Moreover, an oral bioavailability of 63% was found for

derivative 18.

3. Conclusions

It was established that more than 80% of the bacterial

infections are biofilm-mediated.

The growing knowledge of the staphylococcal biofilm

genetics has certainly helped us in the understanding of the

complex process of biofilm formation, and have also pointed to

potential new therapeutic strategies for serious device-associ-

ated infection.[74]

However, despite important progresses have been made in

this field, many gaps in knowledge are till uncovered due,

principally, to the lack of in vivo studies and explanations on

Figure 13. Chemical structure of compounds 16–18.

Figure 14. Eradication of S. aureus ATCC 29213 biofilm after treatment (24 h)

with different concentrations of compound 18.
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the mechanisms of action. The individuation of the bacterial

target responsible of the anti-biofilm properties of a class of

compounds, as well as their validation in a valid in vivo model,

were crucial steps for the development of new valuable

therapeutic strategies in the struggle against MRSA chronic

infections.

The applications of the various anti-biofilm agents change

according to the biofilm formation phase on which they

interfere. Compounds able to interfere with the biofilm

formation should be useful in the prophylaxis to avoid skin or

implants biofilm-associated infections caused by MRSA contam-

ination. Dispersal agents could be administered, instead, in

association with an antibiotic since they act disrupting the

biofilm architecture and then freeing the bacterial cells in their

planktonic form.

Eradicating agents represent a valuable strategy to treat

established biofilm-associated infections; therefore, they have

the potential to become the first-line treatment of chronic

MRSA diseases.

Key roles in MRSA biofilm formation were recognized for

MSCRAMMs, the major autolysin and eDNA.

Since eDNA is the most common component in MRSA

biofilms, whereas PIA is important for a small number of

isolates, eDNA can be considered one of the primary target for

developing eradication strategies against MRSA biofilms.

Many compounds with interesting anti-biofilm properties

and good toxicity profiles were described in the last decade.

Nevertheless, the identification of new synthetic small mole-

cules able to eradicate mature MRSA biofilm and to kill persister

cells without affecting mammalian cell growth remains an

important challenge.

Among them, HPs showed in many cases potent eradication

activity against pre-formed MRSA associated with a low toxicity

against human cells. HP 7-9 proved to be able to eradicate

MRSA biofilms through a non-hemolytic metal(II)-dependent

eradicating mechanism of action which demonstrated to be

selective towards bacterial cells over mammalian cells. For these

features HP scaffold deserves further studies in order to identify

the bacterial target and to confirm the anti-biofilm properties in

in vivo models.

Noteworthy, the 1-[4-chloro-3-(trifluoromethyl)phenyl]-3-

(2,2-difluoro-1,3-benzodioxol-5-yl)urea 18 exhibited very inter-

esting results against both planktonic and biofilm forms of

MRSA. Interestingly its antibacterial efficacy and its low toxicity

were confirmed in in vivo assays. Additionally, compound 18 is

one of the few anti-MRSA biofilm agents for which the

mechanism of action has been identified.

Since there are no approved drugs specifically effective

against MRSA biofilms in clinical trials to date, further efforts

should be made to identify more efficient therapeutic ap-

proaches that hopefully target MRSA communities and to

deepen the main mechanisms of action as well as the in vivo

efficacy.
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