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Abstract: Antibiotics have always been considered as one of the most relevant discoveries of the
twentieth century. Unfortunately, the dawn of the antibiotic era has sadly corresponded to the rise of
the phenomenon of antimicrobial resistance (AMR), which is a natural process whereby microbes
evolve in such a way to withstand the action of drugs. In this context, the identification of new
potential antimicrobial targets and/or the identification of new chemical entities as antimicrobial
drugs are in great demand. To date, among the many possible approaches used to deal with antibiotic
resistance is the use of antibiotic adjuvants that hit bacterial non-essential targets. In this review, the
author focuses on the discovery of antibiotic adjuvants and on new tools to study and reduce the
prevalence of resistant bacterial infections.
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1. Introduction

Antibiotics have always been considered as one of the most relevant discoveries of the twentieth
century and their widespread use has revolutionized healthcare since their introduction [1]. The dawn
of the modern antibiotic era is associated with the names of Paul Ehrlich and Alexander Fleming. Paul
Ehrlich is credited with the concept of the so-called “magic bullet”, based on target selectivity. Ehrlich
asserted that it was possible to obtain chemical compounds able to exert their pharmacological action
exclusively on the parasite. On the other hand, Fleming is to be credited for the serendipitous discovery
of penicillin, later to be claimed as the miracle drug of the twentieth century. Although the spread
of the antibiotics formally starts with the antibiotic era, in the pre-antibiotic era, numerous remedies
belonging to the traditional medicine have constantly put microorganisms under selective pressure.
Antimicrobial activity seems to be present in a number of herbs and plants and the discovery of active
components from natural sources has not only contributed to build the antibacterial arsenal, but they
still keep fueling the pipeline of antimicrobials used by mainstream medicine. In the past 200 years,
empirical sciences and serendipity have come together to bring over the current state of knowledge
about antimicrobial drugs [2]. Between 1950 and 1970, in the so-called “golden age” of antibacterial
drugs discovery, the empirical screening of microbial natural products’ fermentation provided the
majority of antibacterial classes currently used for the treatment of infections [3].

Over the last 30 years, antibacterial drug discovery has faced a discovery gap, and no new classes
of antibacterials were introduced in the market until 2000, when linezolid, belonging to the class of
oxazolidinones, was approved [4,5].

Unfortunately, the dawn of the antibiotic era has sadly corresponded to the rise of the phenomenon
of antimicrobial resistance. It is widely accepted that, while the use of antimicrobial agents has led
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to the control and even eradication of infectious diseases, their misuse and/or overuse has led to the
development of resistant strains. Based on his early observations, in 1954, Fleming had predicted that
the inconsiderate use of this discovery could lead to the selection and propagation of selected mutants
of bacteria resistant to antibiotics. Indeed, alarming signals of developing resistance were observed
after only a few years of the golden age of antimicrobials [6] (Figure 1).

Figure 1. Antibiotic resistance pipeline. On the top, antibiotic introduced and, on the bottom, antibiotic
resistance identified.

Antimicrobial resistance (AMR) is a natural phenomenon whereby bacteria evolve in such a way
to withstand the action of drugs, making them apparently ineffective. The pressure that antimicrobials
put on the pathogens is responsible for the selection of resistant strains [7]. Although AMR is a
naturally occurring process, and while in the past decades it was believed to be under control, today
it is considered a threat for global health and the expectations for the future are not encouraging [8].
There are three main causes of AMR. The first cause is considered to be the use of antimicrobials, which
has strongly increased in the last few decades. The second cause lies in the fact that in most cases,
the patients are not able to follow the therapy instructions properly. The third cause is due to the
fact that within a given class of antimicrobials, there are very limited numbers of new drugs under
development to replace those rendered ineffective by rising drug resistance. Furthermore, research on
antibiotic pharmacokinetic (PK) and pharmacodynamic (PD) properties that maximize the probability
of a successful outcome is needed. Indeed, it is possible that the patient is exposed to sub-therapeutical
concentration of the drug for reasons that could be ascribed to an inappropriate dosing, alteration
in renal and/or hepatic function, variation in protein binding, or volume of distribution. Resistance
can be divided into two groups: intrinsic resistance or acquired resistance. While intrinsic resistant
bacteria refer to microorganisms that do not have the target for the antibiotic compound, acquired
resistance refers to originally susceptible bacteria that acquire a mechanism that allow them to evade
the action of the antibacterial [9]. Acquired resistance can arise through casual mutations or through
acquisition of external genetic material. Horizontal gene exchange arises through plasmids or through
transposons. Plasmids are a small molecule of DNA on which genes are assembled and reorganized.
The multitude of potentially useful genes allow a bacterial strain to expand its area of viability into
niches that were previously too harsh or too hazardous to survive. In this way, plasmids are allowed
to transfer genetic information to other Gram-positive or Gram-negative bacteria.

There are four mechanisms through which bacteria become resistance to antibiotics [10] (Figure 2):

1. Enzymatic inactivation: An existing bacterial enzyme is modified to interact with an antibiotic in
order to make them inactive towards bacteria. It is due to the transfer of the antibiotic resistance
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gene carried on plasmids. The most significant examples are beta-lactamase enzymes, which
hydrolyze beta-lactams (penicillins, cephalosporins).

2. Drug extrusion by efflux pumps: These proteins, which are able to extrude a wide variety of
compounds (including antibiotics) out of the cell, are overexpressed by the bacteria to extrude the
antibiotic. This is an important mechanism of resistance in P. aeruginosa and Acinetobacter spp.

3. Decreased uptake by changes in the outer membrane permeability or by presence of porins: These
variations interfere with the entrance of antibiotics.

4. Modification of the drug target: These changes impede the binding of the antibiotic and limit
its potency.

Figure 2. Cartoon representation of different mechanisms of antibiotic resistance. Antibiotics as red
and white pills, target proteins in green.

An extensive list of AMR bacteria was recently published by the World Health Organization
(WHO) on the fact sheet of 27 February 2017. Pathogens are classified as critical, high, and medium,
and this classification is based on mortality, level of resistance, and treatability. The situation is highly
critical in infections caused by the Gram-negative ESKAPE: Enterecoccus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumanii, Pseudomonas aeruginosa, and Enterobacter. These bacteria
are resistant to carbapenemes, that are considered as last resort antibiotics. Mycobacterium tuberculosis,
the causative agent of tuberculosis, that has been added to this list, is considered as a top global
health priority. They might cause serious and deadly infections such as bloodstream infections and
pneumonia infections.

These bacteria are resistant to many antibiotic drugs of the current pipeline, including carbapenems
and third generation cephalosporins—the most efficacious antibiotics for treating multi-drug-resistant
bacteria. That resistance is associated with high mortality due to the absence of new antimicrobials in
the pipeline. This priority list of pathogens is to be considered as an indicator for the prioritization
of incentives and funding for Research and Development (R&D) aimed at discovering new effective
antibacterial drugs [11].

Presently, multi-drug-resistant (MDR) bacteria cause about 25,000 deaths in Europe each year [12]
and have an economic burden of about €1.5 billion annually. In the USA, the scenario is similar, with
MDR bacteria causing the death of 23,000 people among the 2 million infected annually. For this reason,
AMR is considered by WHO as one of the three most important public health threats of the twenty first
century [13,14].
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As the protection of antibiotic therapy is diminishing, it is important to preserve its efficacy and
to reinforce our current arsenal of antibacterial drugs. In addition, an improvement in antibiotic
compliance [15] is important. Therefore, improvements can be made by (i) providing new drugs to
replace those made obsolete or (ii) prolonging the lifetime of current antibiotics.

The first objective is hard to reach without significant government financing, and in the last few
years, we have experienced a cut in investment by pharmaceutical companies for the discovery of
new antibiotic drugs [16]. The reasons for this reduction in funding are both economic and scientific
obstacles. From an economic point of view, new antibiotics have a poor profitable return on investment
compared to drugs targeting chronic diseases, due to the fact that antibiotic therapies are shorter
in duration and are often curative. Furthermore, antibiotics will always become ineffective toward
resistant bacteria, and this fact reduces profitability [17]. There are also scientific challenges, they
consist in the fact that only two new antibiotic classes have been introduced to the clinic since the
“golden age”. The antibiotics that are in development are derivatives of already approved drugs,
against which, many bacteria already possess resistance mechanisms [18].

Taken together, it is crucial to look for new and more potent anti-infective drugs and to develop
antibiotics with different scaffolds and with new mechanisms of action. Large efforts are being made,
particularly in academia, to investigate the potential of an exploited essential process in bacteria and
to develop new molecules that target them, as well as to study the biochemical basis of these targets.
In addition, promising success has been achieved with those approaches that are focused on targeting
non-essential pathways in order to minimize the impact of resistance to antibiotics by the use of an
antibiotic “adjuvant” in combination with an antibiotic [19].

It has already been proven that synergy and drug combinations are a winning strategy in fighting
MDR bacteria and might help in protecting the already existing drugs through the use of antibiotic
adjuvants. The most known and successful example is the combination of Amoxicillin and clavulanic
acid. Amoxicillin is a potent beta-lactam that is inactivated by beta-lactamases, and clavulanic acid
is an inhibitor of beta-lactamases endowed with a weak antibacterial activity. This association, of
an antibiotic molecule together with an antibiotic adjuvant, has led to Augmentin, which was the
best-selling drug in 2001. Antibiotic adjuvants are molecules with weak or absent antimicrobial activity
but that are able to enhance the activity of antibiotics, minimizing or blocking resistance. Antibiotic
adjuvants can also suppress intrinsic resistance and this has led to an expansion of the activity spectrum
of antibiotics. As a matter of fact, in the literature, there are examples reporting the use of Gram-positive
selective antibiotics to treat infections caused by Gram-negative. This is also a good strategy with
the antibiotics for which the toxicity is a problem, such as colistin. In this case, antibiotic adjuvants
that increase bacterial susceptibility to antibiotics, would allow them to be efficacious at lower doses,
thereby mitigating potential side effects [20].

To date, three main types of antibiotic adjuvants have been developed to block the aforementioned
mechanisms of antibiotic resistance: (a) beta-lactamase inhibitors, (b) efflux pumps inhibitors, and (c)
outer membrane permeabilizers. In Table 1 are reported a list of antibiotic adjuvants that are discussed
in this review.

In addition, to enhance the antimicrobial action of drugs, new potential inhibitors are designed
to target pathogenicity, in other words, the capacity of the bacterium to cause an infection [21]. This
approach involves the identification of proteins, genes, and other biomacromolecules, responsible for
bacterial virulence, whose inhibition would reduce bacteria fitness, making them more susceptible
to the immune system’s attack and to antibiotics. Indeed, it has been proposed that such targets,
although not critical for survival per se, are less likely to generate mutations. Besides, to expand drug
targets, small molecules that target these “non-essential” genes can be combined with pre-existing
antibiotics [22].

In this review, the author provides an overview of the antibiotic adjuvant strategies.
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Table 1. Antibiotic adjuvants classes and their inhibitors reported in this review.

Antibiotiv Adjuvant Class Compound Name Bacterium

Efflux Pump Inhibitors

Phenotiazines,
Phenylalanine-arginine-β-naphtylamide

(PaβN),
Arylpiperazine,

Quinolines,
Thioridazine (TZ) derivatives

Gram-positive
Gram-negative

β-Lactamase inhibitors

Clavulanic acid,
Sulbactam,

Tazobactam,
Diazabicyclooctane (DBO)

Boronic acids

Gram-positive
Gram-negative

Membrane Permeabilizers

Polimixyn B
Colistin

Aminoglycosides
Polycationic/cationic antimicrobial

peptides
Glycine basic peptide (GBP)

Caragenins
Menadione

Gram-positive
Gram-negative

Antivirulence
Compounds

Reductive Sulfur
Assimilation pathway

OASS-inhibitors,
SAT-inhibitors,
Cys-inhibitors

Gram-positive
Gram-negative

Quorum Sensing PqsD transition state analogues

Biofilm
physical-mechanical approach

antibiotics or antimicrobials on a matrix
peptide 1018

2. Targeting Efflux Pumps

Efflux pumps (EPs) are among the most well-known examples of bacterial mechanisms that confer
cross-resistance to different antibiotics [23]. This type of resistance mechanism involves the antibiotics
that exert their antibacterial activity inside the bacterial cell, in particular, macrolides, fluoroquinolones,
and tetracyclines [24]. The efflux systems are able to actively extrude conventional antibiotics, leading
to an increase of their minimum inhibitory concentration (MIC) or, in some cases, the loss of their
antimicrobial activity. These systems are not only able to extrude antibiotics but also non-antibiotic
substrates such as detergents and heavy metals, among others [25–27]. These membrane-spanning
proteins are ubiquitously expressed in almost all living organisms including humans. Depending
on their sequence similarity, substrate specificity, structural fold, and energy source, efflux pumps
are classified in five families, namely: (i) the adenosine triphosphate (ATP)-binding cassette (ABC)
superfamily, (ii) the resistance-nodulation-division (RND) family, (iii) the small multi-drug resistance
(SMR) family, (iv) the major facilitator superfamily (MFS), and (v) the multi-drug and toxic compound
extrusion (MATE) family [28].

MFS, ABC, SMR, and MATE families are expressed in both Gram-positive and Gram-negative
bacteria, while the RND one is characteristic of the Gram-negative bacteria [29]. The ABC family
utilizes ATP hydrolysis as an energy source to actively extrude the substrate, while the other ones use
the proton gradient as an energy source.

It is widely believed that they usually confer a moderate level of resistance and the consequences
of antibiotic active efflux can be summarized as follows:

1. Apparent poor antibiotics permeability: in some bacteria, it can be related to the expression of
efflux pumps, which confers a resistance [23]. The best example is Pseudomonas aeruginosa, in which
the knocking-down of the mexB gene produces mutants which are more susceptible to different
classes of antibiotic (e.g., chloramphenicol, fluoroquinolones, tetracyclines, or beta-lactams) [30].
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2. Cross-resistance to unrelated antibiotic classes: Cross-resistance comprises evolutionary events
of the adaptation of antibiotics, or any other antimicrobial drug, which decreases the organism’s
sensitivity to multiple drugs. This can be due, generally, to a high exposure to a given antibiotic.

3. Wide spectrum resistance can be observed in bacteria in which active efflux functions
synergistically with other mechanisms of resistance, for example, in the E. coli strain that expresses
both beta-lactamases and efflux pumps, and which is also insensitive to beta-lactams [31]. Thus,
it has been found that the combination of these two mechanisms of resistance (efflux pumps and
beta-lactamases) increases the level of resistance to quinolones [32].

4. Mutations can be favored in bacteria overexpressing efflux pumps. Indeed, in that condition,
antibiotic targets become exposed to subinhibitory concentrations and can mutate to inhibit the
effect of antibiotics [33], eventually conferring high-level resistance.

The active efflux of antibiotics was described for the first time 30 years ago. At that time, the
presence of plasmid-encoded proteins able to extrude tetracycline and confer resistance to this antibiotic
in E. coli [34] was studied by McMurry and colleagues. Since then, several classes of efflux pumps,
both in Gram-positive and Gram-negative pathogens, have been characterized.

Nowadays, efflux pumps can be considered as potential antibacterial targets, due to their role in
antibiotic resistance, and the development of inhibitors could improve the therapeutic arsenal against
resistant pathogens. In the context of antibiotic combination therapy, efflux pumps are different from
other mechanisms of resistance (such as beta-lactamases) that work on a specific family of antibiotics.
Indeed, a single efflux pump can extrude a wide range of different families of antibiotics and, for this
reason, their inhibition will increase the bacterial susceptibility and their combination could work with
several antimicrobials.

There are several ways for inhibiting efflux pumps: (i) interfering with efflux gene expression,
(ii) adding functional groups to the drug substrate to hamper recognition, (iii) interfering with the
assembly of channel proteins, (iv) developing small-molecules as substrate analogues able to block the
efflux pump activity, or (v) able to disjoin the energy transfer mechanism of the pump, or (vi) able to
obstruct the channel [35,36].

Therefore, it is possible to corroborate that inhibition of efflux might lead to a variety of positive
effects: (i) increasing the activity of the antibacterial drugs subject to efflux, (ii) keeping the concentration
of the drug at the therapeutic dose, and (iii) shortening the duration of treatment by reducing multi-drug
tolerance [37,38].

The most widely exploited strategy is the development of efflux pump inhibitors (EPIs), which
are intended for combination therapy with specific antibiotics.

EPIs are small molecules that are able to bind efflux pumps and block their extrusion activity.
EPIs, usually, do not have intrinsic antibacterial activity. For this reason, these compounds are
further tested for synergy with different concentrations of antibiotics against a single concentration
of inhibitor in bacterial strains containing efflux pumps. Inhibitors showing an eight-fold or more
synergistic reduction in MIC are further evaluated by using the fractional inhibitory concentration
(FIC) method [39].

One of the inconveniences in targeting these pumps is linked to the variety of physiological
functions they are involved in, which can cause related toxicities when they are blocked, especially for
the EPIs derived for a drug repurposing approach. Indeed, the main issue in such combination therapy
is related to the need to use EPIs at high doses, underlying potential on- and off-targets side effects.
In this context, research is focused on finding compounds that selectively inhibit pumps working
only in prokaryotic cells [40]. Given this need, a large number of studies have been carried out to
identify the substrates and inhibitors of these pumps. The first EPIs were serendipitously discovered
from existing drugs. The most popular one is reserpine (1, Figure 3), that was shown to inhibit
multi-drug transporters like NorA [41], increasing the intracellular concentration of fluoroquinolones,
thus lowering MICs.
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Figure 3. (A) Chemical structures of the efflux pump inhibitors (EPIs) discussed in this review and (B)
efflux pumps expressed in Gram-positives and Gram-negatives bacteria and their respectively inhibitors.

Similar effects were described with the phenothiazines, calcium channel antagonists, selective
inhibitors of serotonin reuptake, or proton pump inhibitors. Derivatives lacking the pharmacological
activity of the cognate compound are now developed, as described for inhibitors of serotonin reuptake
or of omeprazole. To date, the only documented inhibitor is currently MP-601 (2, Figure 3) administered
as an aerosol in patients with ventilator-associated pneumonia or cystic fibrosis [40,42].
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Among the many strategies by which it is possible to inhibit efflux pumps’ activity, there are
compounds able to compete with the antibiotics for their extrusion. The EPI lead compound is a
dipeptide amide, named phenylalanine-arginine-β-naphthylamide (PaβN, 3, Figure 3), which inhibits
several but not all RND efflux pumps. It has been found to improve or restore the activity of different
classes of antibiotics, including 4-fluoroquinolones, macrolides, and chloramphenicol in a wide range of
pathogens [43]. This molecule shows a competitive mechanism of action consisting of its binding to the
targeted transporter at the same site used by the efflux pump to bind the antibiotic that it extrudes [44].
However, this molecule and its derivatives are too toxic to be used in therapy [45]. Other molecules
with efflux pumps’ inhibition activity are the phenothiazine derivatives (4–7, Figure 3), and there have
been many efforts to optimize them for therapeutic use. It was reported that phenothiazines improved
the activity of different classes of antibiotics, including erythromycin, levofloxacin, and azithromycin.
The mechanism of action of this class of EPIs is linked to interference with the proton gradient at the
inner membrane of the bacteria [46]. Chlorpromazine also inhibits AcrB in salmonella enterica, but
not by directly inhibiting efflux pumps but by exerting their synergistic activity by modulating the
expression of the acrB gene [47].

Quinolines have shown inhibition of antibiotic efflux in isolates of the multi-drug-resistant bacteria.
Indeed, it was shown that a number of quinoline derivatives are capable of potentiating activity of
antibiotics through the inactivation of the AcrAB-ToIC (RND family) efflux transporters [48]. Studies on
this class of compound showed that they were able to act synergistically with tetracycline, norfloxacin,
and chloramphenicol in isolates of Gram-negatives, K. pneumoniae and E. aerogenes [49].

Another group of EPIs are the N-heterocyclic compounds, in particular the arylpiperazine
derivatives (8–10, Figure 3), that have shown activity against both AcrAB and AcrEF efflux pumps in
E. coli [50]. The leading compound of this class, 1-(1-Naphtylmethyl)-piperazine (NMP, 8, Figure 3),
has shown very good EPI activity. Its action consists of reversing drug resistance in E. coli clinical
isolates, making them susceptible to fluoroquinolones [51]. Regarding the mechanism of action of this
class of EPIs, it has been suggested that NMP inhibits the AcrB efflux pump by interfering with its
functional assembly that plays an important role in the extrusion of several substrates. The biggest
disadvantage in using arylpiperazines is due to their relatively low potency and their similarity with
serotonin agonists [40].

Alternatively, the extrusion of the antibiotic can be hampered, modifying its structure in order to
reduce the efflux pump’s affinity. In this context, in the tetracycline and macrolide class of derivatives,
the new compounds belonging to the glycylglycine and ketolide classes differ from their parent
compounds because they have lower affinities for specific efflux pumps [43]. Tigecycline (11, Figure 3)
is not significantly extruded by both Gram-negatives and Gram-positives [52] MFS efflux pumps, while
telithromycin (12, Figure 3) shows increased activity toward bacterial strains characterized by elevated
macrolide efflux [53].

EPIs have also been reported to inhibit the activity of some M. tuberculosis efflux pumps, both
in vitro and in vivo [54].

In this context, in a recent study conducted by Pieroni et al. it was evaluated and demonstrated
how compounds interfering with bacterial energy metabolism might be combined with the current
therapy since their ability to affect drugs’ efflux. Indeed, in M. tuberculosis, one of the most relevant
drug resistance mechanisms is associated with the ability of the pathogens to develop several efflux
systems endowed with the ability to extrude different antibiotic classes.

This study analyzed the synthesis of several Thioridazine (TZ) derivatives (14–17, Figure 3), and
their biological activity as efflux inhibitors together with the synergistic effect when administered
with already known anti-tuberculosis drugs, both in vitro and on infected human monocyte-derived
macrophages. The aim of this work was to modify TZ (13, Figure 3) in order to develop a compound
with improved antibiotic adjuvant properties while decreasing the side effects, especially at the central
nervous system (CNS) level.
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Thirteen small molecules were rationally synthesized and their activities were compared with
TZ. Such newly synthetized compounds resulted as less toxic toward human macrophages, while
preserving high synergistic activity when administrated in combination with the first-line (isoniazid,
rifampicin) drugs currently used for the treatment of tuberculosis [55].

3. Targeting β-Lactamases

The production of enzymes able to deactivate antibiotics is one of the resistance mechanisms used
by bacteria to withstand the effect of antibiotic drugs [56].

β-lactam antibiotics, the first natural antibacterial compounds successfully developed, and
subsequently modified, still represent a very important class of antibiotics thanks to their antibacterial
activity and selectivity. However, their introduction to the market has been rapidly followed by the
spreading of resistant strains on a global scale. In Gram-positive bacteria, hydrolysis of the first
commercial penicillin by β-lactamases was the first reported resistance mechanism to β-lactams.

The mechanism of action through which these antibiotics work involves the inactivation of
transpeptidases that are required for the last step of bacterial cell wall biosynthesis. Bacterial strains
produce β-lactamases, which destroy the β-lactam ring, leading to a loss of efficacy of antibiotics
containing this functional group.

Theβ-lactam ring is the key element responsible for antibiotic activity because of its electrophilicity,
through which it irreversibly acylates the penicillin-binding proteins (PBPs). PBPs are responsible
for the synthesis of peptidoglycan that is responsible for the structural integrity of the bacterial
cell wall. To preserve the cell wall, the β-lactamases synthesized by bacteria are able to hydrolyze
β-lactams-based antibiotics through the generation of an inactive open cycle, and the degree and
the extent of hydrolysis depends on the type (and quantity) of beta-lactamases produced by the
microorganisms. Gram-negative release β-lactamases in the periplasmatic space to prevent the
antibiotic from reaching its target in the cytoplasmatic membrane [10], while Gram-positive bacteria
release these enzymes in the extracellular space.

Nowadays, hundreds of β-lactamases have been discovered to be endowed with the same general
mechanism of action. They differ from each other for the amino acid sequences and this has led to
a different affinity for different substrates. In general, β-lactamases are classified in two different
methods: One is Ambler classification and is based on a structural characterization, the other one is
Bush and Jacoby classification and is based on a functional characterization [10,57].

The huge amount of β-lactams antibiotics used in therapy has promoted the synthesis of a
particular class of β-lactamases, called extended-spectrum β-lactamases (ESBL), which are able to
hydrolyze most β-lactam antibiotics, and these are characterized especially in Enterobacteriaceae, such
as E. coli, K. pneumoniae, and P. mirabilis [58,59]. Carbapenemases represent the most versatile family of
β-lactamases, with a broader spectrum if compared to other β-lactam-hydrolyzing enzymes. Many of
these enzymes recognize almost all hydrolyzable β-lactams, and most are resistant to inhibition by all
commercially viable β-lactamase inhibitors [60].

In this context, due to the growing increase in newly discovered β-lactamases, there is an urgent
need of new and effective β-lactamases inhibitors as antibiotic adjuvants in antibiotic therapy [56].

Two strategies are pursued to overcome β-lactamase-mediated resistance to β-lactams: (i) The
development of β-lactamase-stable antibiotics, for example cephalosporins and carbapenems, that
are stable to hydrolysis by β-lactamases, and (ii) the development of selective β-lactamase inhibitors
(BLIs) to be used in co-administration with a β-lactam antibiotic.

The selection of the inhibitor that can be combined with a specific β-lactam antibiotic is a complex
step that takes into consideration different requirements: a) The ability of the inhibitors to protect the
antibiotic against enzymatic hydrolysis, b) the dose of inhibitor required to ensure this protection, and
c) the viability and stability of the combination.

In this scenario, the discovery of clavulanic acid (18, Figure 4), a Streptomyces clavuligerus
secondary metabolite, accounted for an important step in the field of antibacterial discovery. This
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β-lactam is capable to inactivate most of the β-lactamases, showing good antibacterial activity.
This led to the development of the first β-lactam-β-lactamase inhibitor combination, Augmentin
(amoxycillin/clavulanic acid) [61]. This combination of an antibiotic molecule with an antibiotic
adjuvant received great commercial success and was followed by the introduction of other combinations.

Figure 4. Chemical structures of β-lactamases inhibitors discussed in this review.

Indeed, following the discovery of clavulanic acid, a medicinal chemistry campaign was started
aiming at the synthesis of several penicillanic acid sulfones endowed withβ-lactamase inhibitory activity.
Among these, sulbactam and tazobactam (19 and 20, Figure 4) were successfully commercialized. Both
had a similar spectrum of activity as clavulanic acid. Sulbactam is combined with ampicillin for global
use and with cefoperazone to afford, in addition, a synergistic activity against anaerobic bacteria [62].
Tazobactam is combined with piperacillin and, recently, with cefoperazone and ceftolozane for
nosocomial infections, including those caused by MDR P. aeruginosa [63]. In general, these compounds
do not show an antibacterial activity if administered alone, but there are several exceptions. It has
been demonstrated that clavulanic acid alone has a MIC as low as 1 µg/mL against N. gonorrhoeae [64].
Sulbactam has a low activity against wild-type Acinetobacter spp. and Burkholderia cepacian, with MIC
values <8 and 10 µg/mL, respectively, but does not show activity against strains with multiple resistance
mechanisms [65].

The first discoveries of β-lactamase inhibitors were followed by a gap of two decades. Then,
a class of non-β-lactam β-lactamase inhibitors, based on the diazabicyclooctane (DBO) scaffold,
arose. Avibactam is the first inhibitor of this class. It has a larger spectrum of activity compared to
clavulanic acid. Avibactam (21, Figure 4) has been approved for its use in therapy in combination with
ceftazidime, and the development of other combinations is ongoing, such as ceftaroline-avibactam or
aztreonam-avibactam combinations [66–68]. Other DBOs under development include Nacubactam
(RG6080, 22 Figure 4) and relebactam (MK7655, 23, Figure 4), in combination with imipenem. The
spectrum of relebactam is similar to the spectrum of activity of avibactam. RG6080 (formerly OP0565)
is a DBO endowed with an inhibitory spectrum similar to the other DBOs but it exhibits some intrinsic
antibacterial activity against enteric bacteria [69].

Another new class of synthetic non β-lactam β-lactamase inhibitors are made up of boronic
acids [70]. Among these, RPX7009 (24, Figure 4) is developed in combination with meropenem to
target pathogens that synthesize carbapenemases [71].

Resistance to β-lactams continues to spread, especially in Gram-negative organisms [72,73].
Nowadays, the most pursued challenge in this field is to deal with resistance developing new
β-lactamase inhibitors that will provide protection for the most used antibiotics in clinical therapies, at
least for the present time.
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4. Targeting Outer Membrane

Generally, the antibiotics used in therapy exert their antibacterial action, hitting the respective
targets inside the cell. This requires the antibiotics to cross the bacterial membrane(s), to be able to
reach their target(s). To withstand the permeation of antibiotics, Gram-negative are protected by the
presence of a further level of defense, which is the outer membrane [74].

Indeed, the Gram-negative’s outer membrane, which is mainly composed of polyanionic
lipopolysaccharides and porins, limits the entrance of xenobiotic such as antibiotics. As a consequence,
some antibacterials show reduced efficacy in treating Gram-negative infections because of the complex
architecture of their wall.

As a matter of fact, the complex architecture and composition of the membrane wall heavily
affects the bacterium vulnerability toward the antibiotic. It is not surprising, therefore, that most of the
occurring resistant strains usually adopt protein mutations, at the outer membrane level, in order to
overcome the action of some antibacterial drugs.

For penetration across the bacterial wall, antibiotics use two different strategies, depending on the
chemical nature of the small-molecule:

a. Hydrophobic compound (such as macrolides and rifampicin) cross the lipid bilayer through
passive transport mechanisms.

b. Hydrophilic molecules (such as β-lactams, fluoroquinolones, and phenicol antibiotics) diffuse
through active transport mechanisms, taking advantage of their ability to interact with peculiar
porins [74,75].

In this context, the bacterial outer membrane represents a potential target able to deal with
bacterial resistance, and a better knowledge of its structure will surely increase our ability to develop
new classes of antibiotics, endowed with a peculiar mechanism of actions [76].

The use of antibiotic adjuvants to increase the membrane permeability propensity (e.g.,
permeabilizer) proved to be a good strategy to improve the entrance of antibiotics. In general,
permeabilizers are cationic and amphiphilic molecules or chelators that, by interacting with polyanionic
lipopolysaccharides or by capturing outer layer cations, destabilize the membrane wall. Consequently,
the outer membrane becomes more prone to being crossed by xenobiotic. Examples of outer
membrane permeabilizers are polymyxins, such as polymyxin B (25, Figure 5), colistin (26, Figure 5),
aminoglycosides, cationic peptides, cationic cholic acid derivatives, or polyamines [77,78].

Figure 5. Chemical structures of membrane permeabilizers discussed in this review.

Alternative strategies to design or to identify new small molecules that could facilitate the diffusion
of antibiotics, increasing their intracellular concentration, are of great demand [79]. In this scenario,
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several chemosensitizers able to disrupt membrane protein activities (e.g., porins and membrane
channels) have been proposed (e.g., detergents, surfactants, antimicrobial peptides, etc.) [80,81]. Such
classes of adjuvants have been administrated in combination with classical antibiotics to fight with
resistant strains [82,83].

Recently, it has been reported that a glycine basic peptide (GBP) exerts its antibacterial activity on
the membrane of E. coli with a concentration-dependent mechanism of action. This study demonstrated
that the use of GBP leads to a cell with fragmentation at a high concentration. This cationic peptide
works by disrupting the membrane barrier and the E. coli ion-channel. The result is a loss of ions Ca2+,
K+, and Mg2+. The use of GBP had improved the sensitivity of E. coli to erythromycin and rifampicin.
Indeed, the aforementioned drugs resulted as unable to penetrate the intact outer membrane of
Gram-negative bacteria. On the contrary, when the membrane is damaged (e.g., by the use of GBP)
they are capable of getting inside the bacterial cell, engaging the target(s) for which they were originally
designed. These observations support the notion that GBP works as permeabilizers, increasing the
membrane permeability, and in turn, facilitating the penetration of antibiotics [84].

Another study was conducted regarding the evaluation of menadione (27, Figure 5) and its
effect on the membrane permeability of MDR strains of S. aureus, P. aeruginosa, and E. coli. At the
intestinal level, menadione is converted to vitamin K2, being characterized by antibacterial activity
only against the P. aeruginosa strain. Surprisingly, menadione, in combination with antibiotics from the
aminoglycoside family, provided a reduction of the inhibitory concentration of these antibiotics and
suggested a synergistic effect in combination therapy [85].

Another class of interesting molecules endowed with antibiotic adjuvant potential is represented
by endogenous antimicrobial peptides (AMPs), which are factors secreted by host cells and organs (e.g.,
neutrophils, exocrine glands, etc.) representing the so-called defensive line in innate immunity against
pathogens. The mechanism of action of AMPs is based on their ability to destabilize the outer cell
membrane of prokaryotes by the formation of an amphipathic α-helix or short β-sheet structures [86],
which act through fast and specific membrane dysfunction [87]. Nevertheless, their therapeutic use
remains uncertain due to the high costs of their production, metabolic liability, and the consequent
development of mechanisms of resistance by the bacteria. Indeed, the proteases secreted by bacteria
have been shown to neutralize AMP’s activity [88,89].

In order to overcome the aforementioned issues linked to the use of AMPs, a new class of adjuvant,
namely “Caragenins”, was developed. Caragenins are cationic steroidal antibiotics (CSA), in which
the alkoxy groups of the sterol core structure is substituted by an aminoalkyl function. This structural
modification makes “Caragenins” resistant to the action of proteases since they do not present peptidic
bonds in their structure and they can be produced in large amounts. Moreover, CSA are able to
stably incorporate into membranes, having the ability to form complexes with phospholipids [90,91].
On the contrary, CAS being positively charged assure their electrostatic attraction to the negatively
charged membranes (bacteria, viruses, fungi, and protozoa), leading to cell death through disruption
of the membrane [92]. Caragenins CSA-13 (28, Figure 5) and CSA-8 (29, Figure 5) were synthesized to
mimic the cationic structural physico-chemical properties of AMPs, sharing a similar mechanism of
action with them, based on (i) induction of a rapid depolarization of the bacterial membrane and (ii)
increased permeabilization of the outer membranes of Gram-negative bacteria. In such a way, CSA-13
(28, Figure 5) and CSA-8 make the microorganisms more susceptible to hydrophobic antibiotics Indeed,
the MIC of erythromycin used alone against a resistant strain of K. pneumoniae is 70 µg/mL, while
the use of erythromycin in combination with compound CSA-8 leads to the reduction of its MIC to
1 µg/mL. It was also analyzed the anti-bactericidal activity of CSA-13 on 60 carbapenem-resistant
strains. In this study, the authors demonstrated that by combining CSA-13 with antibiotics, synergy
was achieved with colistin (55%) and tobramycin (35%), while no antagonism was observed [88,89].
It is worth mentioning that the development of this class of antibiotic adjuvants requires extensive
research to improve the absorption, distribution, metabolism, and extrection (ADME) profile of such
molecules, allowing them to enter clinical trials and in turn, to reach the market.
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5. Targeting Antivirulence Factors

On the route to the identification of novel antibiotics active against drug-resistant strains, the
motivation to consider alternative cellular pathways as a source of targets for the development of new
antibacterial adjuvant classes represent an interesting alternative to classical approaches.

The resistance to antibiotics often causes latent and persistent infections that are very challenging
to deal with. During persistence inside the host, pathogens face extremely hostile environments, thus
requiring an extensive re-programming of the bacterial metabolism functions, in order to survive such
adverse conditions. Therefore, to target key metabolic functions that are relevant for the pathogens to
survive in such conditions, could result in better antibiotic treatments and increase susceptibility to
traditional antibiotics.

In this context, the main factor for the degeneration of a patient’s health during a bacterial
infection is bacterial virulence. Over the last decade, a new approach has emerged, designed to
hit bacterial virulence, or pathogenicity [21,93–95]. In contrast to traditional antimicrobial drugs,
which act by killing bacteria or blocking bacterial growth, antivirulence drugs hit specific targets
called virulence factors that are expressed in bacteria only during infection. They are non-essential
for the basal bacterial cell-cycle, but they are essential for pathogenesis and their pharmacological
inactivation results in bacteria not being able to cause pathological infections in the host. In this context,
the host immune system can promptly and easily work more successfully against less virulent [96]
pathogens. In addition, antivirulence inhibitors do not target essential factors for the pathogen’s
life cycle, it is assumed that in this context, the selection pressure for resistant mutants will be less
relevant [97]. Among others, examples of pathways enriched with non-essential targets include the
sulfur assimilation pathway, quorum sensing, and biofilms [98].

5.1. Targeting Cysteine Biosynthesis

The rationale behind the exploitation of amino acid biosynthesis as a target for antimicrobial
adjuvant development is the observation that some pathogens spend part of their life cycle in extremely
harsh conditions, such as macrophages or the gastric mucosa, where survival and proliferation require
powerful adaptation mechanisms involving metabolic pathways [99,100]. In such conditions, interfering
with pathogen adaptation strategies may lead to an increase in the susceptibility to antibiotics.

Among the possible new drug targets are the enzymes involved in the cysteine biosynthesis.
It has been observed that the importance of cysteine biosynthetic enzymes varies within the life cycle

of pathogens: their activity can be dispensable during growth in vitro or acute infections but becomes
indispensable during the persistence phase [101,102]. Molecules developed to target biosynthetic
pathways like cysteine biosynthesis may have the potential advantage of fighting persistence inside
the host more effectively than traditional antibiotics do, contributing to the prevention of resistance
development that takes place during clinical latency [103,104].

Many studies on the response of microorganisms to environmental stress (such as nutrient
starvation, hypoxia, oxidative stress) point to an upregulation of many genes of the cysteine regulon.

Thus, a role for cysteine biosynthesis in the development of antibiotic resistance has recently
been pointed out [105,106]. Investigations on deletion mutants of the cysteine biosynthetic pathway
in S. typhimurium led to the conclusion that an unpaired oxidative stress response, due to inhibition
of cysteine biosynthesis, causes a decrease in antibiotic resistance, in both vegetative and swarm cell
populations. Antibiotic-induced oxidative stress, which is widely recognized as a general mechanism
of action of many antibacterials [107], could explain the reduced resistance rate observed in bacteria
with impaired cysteine biosynthesis. These findings suggest that inhibitors of cysteine biosynthesis
could thus enhance the efficacy of antibiotic treatment and decrease the spreading of resistance [101].

Most bacteria and plants carry out cysteine biosynthesis by the reductive sulfate assimilation
pathway (RSAP), a multistep reduction of sulfate that culminates in the incorporation of bisulfide into
cysteine using an activated form of serine [108].
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RSAP begins with the transportation of sulfate inside the cell, followed by its reduction to bisulfide.
This process is highly energy-consuming and is tuned to cellular needs. Bacteria find sulfur in the
form of sulfate in the environment and actively transport it through plasma membrane.

After the reduction of sulfate to bisulfide, a toxic compound whose concentration inside the cell is
kept between 20 and 160 µM, the latter is incorporated into cysteine by a member of a large enzyme
family, known as cysteine synthase complex (CSC). The CSC is composed by the enzyme serine acetyl
transferase (SAT) and O-acetylserine sulfydrylase (OASS), which catalyzes the last step of cysteine
biosynthesis [109].

SAT is catalytically active in the complex and produces O-acetyl-l-serine (OAS), the activated
form of serine, a cysteine precursor where the β-hydroxyl group of the amino acid is acetylated or
phosphorylated to generate a better living group in the β-elimination reaction.

OAS is unstable and spontaneously converts to N-acetylserine (NAS), the natural inducer of the
cysteine regulon signaling. SAT catalyzes the reaction by which an acetyl group from acetyl-CoA
is transferred to the hydroxyl one of l-serine to form OAS and CoA. The C-terminus tail of SAT is
fundamental for function and regulation, being responsible for an intrasteric inhibition in the presence
of cysteine by binding to OASS for the formation of CSC [110].

Depending on the organism and growth conditions, the last step of cysteine biosynthesis is
catalyzed by different sulfydrylases, that share high homology but also show some functional
and structural differences. The first identified OASS isoform (OASS-A) was firstly isolated and
characterized from Salmonella typhimurium. Later it was observed how many pathogens possess two
isoforms of the enzyme: O-acetylserine sulfydrylase (OASS-A encoded by cysK) and O-phosphoserine
sulfydrylase (OASS-B, encoded by cysM), which differ for peculiar functional and structural properties.
In S. typhimurium, both OASS-A and B isoforms use O-acetylserine (OAS) as a substrate and S2− as a
primary sulfur source. The OASS isoenzymes are differently expressed depending on the environment
conditions (OASS-A in aerobic conditions, while OASS_B in an anaerobic environment) [109]. They are
both PLP-dependent enzymes, belonging to the fold type II sub-family of the PLP-enzyme superfamily.
They also share the same Bi-Bi ping pong-type reaction mechanism, where the first half-reaction
is the generation of the α-aminoacrylate intermediate Schiff base through the β-elimination of the
β-substituted l-serine external aldimine. In the second half-reaction, the sulfur source attacks the
α-aminoacrylate in order to give l-Cys [111]. Since its discovery, OASS was thought to be involved
in plural functions, such as swarming motility in Proteus mirabilis [112], transcriptional regulation
in some bacteria and nematodes [113], toxin activation in E. coli [114], and antibiotic resistance in
S. typhimurium [105,106] (Figure 6).

According to these facts, and taking into account that the concomitant inhibition of both enzymes
is required to block the biosynthesis of l-Cys [110], the identification of small-molecules able to inhibit
both OASS isoforms is valuable to investigate and support the physiological role of these enzymes in
bacteria’s life cycle.

In 2016, Pieroni et al. [115,116], starting from the evidence that SAT competitively inhibits
OASS-A, developed a rational design of the first sulfydrylase inhibitors based on the structural features
of the OASS–SAT interaction. Taking into account the data from their previous studies [117], and
combining computational [118,119] and spectroscopic approaches, such as saturation transfer difference
(STD) and nuclear magnetic resonance (NMR), they rationally designed and synthesized a series
of 2-phenylcyclopropane carboxylic acid derivatives tested against both isoforms of St-OASS [120].
Indeed, they demonstrated that the compounds binding to the enzyme active sites efficiently inhibit
both OASS-A and B isoforms by competing with SAT. These findings provide a proof of principle,
supporting the notion that it is possible to develop small molecules able to inhibit both OASS enzymes
and paving the way to develop pharmacological tools enabling the investigation of such enzymes as
pharmaceutical targets to deal with bacterial virulence and drug resistance (Figure 7A).
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Figure 6. Schematic representation of the Cysteine-synthase-complex (CSC) within bacterial cell; RSAP
begins with the transportation of sulfate inside the cell, followed by its reduction to bisulfide. This
process is highly energy-consuming and is tuned to cellular needs. Bacteria find sulfur in the form of
sulfate in the environment and actively transport it through plasma membrane. After the reduction of
sulfate to bisulfide, the latter is incorporated into cysteine by a member of a large enzyme family, known
as cysteine synthase complex (CSC). The CSC is composed by the enzyme serine acetyl transferase
(SAT) and O-acetylserine sulfydrylase (OASS), which catalyzes the last step of cysteine biosynthesis.

Figure 7. O-Acetylserine sulfhydrilase (OASS) inhibitors discussed in this review. (A) schematic
representation of the rational design of the first sulfhydrylase inhibitors based on the structural features
of the OASS–SAT interaction; (B) chemical scaffold of potent inhibitors of CysM, enzyme in cysteine
biosynthesis during mycobacterium dormancy; (C) chemical scaffold of fluoroalanine derivatives
endowed with the ability to irreversibly inhibit both OASS-A and B isozymes.

In this context, in 2016, Brunner et al. [121] reported the identification and characterization of
potent inhibitors of CysM, a critical enzyme in cysteine biosynthesis during mycobacterium dormancy.
In their work, Brunner at al. screened 17,312 compounds in order to identify CysM inhibitors, disclosing
urea derivatives able to bind to the CysM active site in the µM range. The hit identified by such an
approach bind CysM with an affinity of 300 nM, also resulting as selective against the homologous
CysK1 and CysK2. Finally, two inhibitors turned out to be active in a nutrient-starvation model of
dormancy of M. tuberculosis, with little or no cytotoxicity toward mammalian cells (Figure 7B).

In 2018, Franko et al. [122] investigated fluoroalanine derivatives for their ability to irreversibly
inhibit both OASS-A and B isozymes. The starting hypothesis was based on the observation



Int. J. Mol. Sci. 2019, 20, 5844 16 of 25

that mono-, di-, and tri-alogenenated alanines have already been reported as mechanism-based
inhibitors of PLP-dependent enzymes, such as γ-cystathionase [123,124], alanine racemase [125],
tryptophan synthase and tryptophanase [123,126], 8-amino 7-oxonononatote synthase [127], ornithine
decarboxylase [128], aspartate aminotransferase [129], and kynurenine transaminase [130]. Following
spectra changes, the authors demonstrated that monofluoroalanine reacts with the OASS-A and OASS-B,
forming both stable and metastable α-aminoacrylate Schiff’s base. As previously demonstrated for
other β-halogenalanine derivatives, these findings support the notion that monofluoroalanine works
as a substrate analogue. For both OASS isoforms, trifluoroalanine derivative induced spectral changes
and a biphasic behavior of the time course of enzyme inactivation associated with an irreversible
inhibition mechanism.

The authors concluded that monofluoralanine is a weak substrate analogue for both OASS-A
and B, on the contrary, trifluoroalanine acts as an irreversible inhibitor, although it is poorly efficient
(Figure 7C).

5.2. Targeting Quorum Sensing

In many bacterial pathogens, the population growth is under the control of quorum sensing
(QS), which is a cell–cell communication mechanism controlling phenotype manifestations, such as
virulence [131]. This system is employed by bacteria to communicate with each other in a given
population [132]. It consists of a constant secretion of signal molecules (called autoinducers) by each
individual bacterium, and the QS-controlled process is activated when a defined concentration of this
molecular messenger reaches a threshold. Several virulence aspects are influenced by QS, and for
this reason, the identification of small molecules able to interfere with such mechanisms of cell–cell is
currently a field of great interest.

QS has been identified in a broad range of both Gram-negative and Gram-positive bacteria.
It has a great importance in many pathogenic species and has been shown to also play a role in
biofilm formation [133]. In Gram-positive bacteria, the signal molecules consisted in peptides, while
Gram-negative bacteria use N-acylhomoserine lactones (AHLs) that differ from each other with subtle
differences in chemical structure, as well as other autoinducers. Due to these similarities, through this
mechanism, bacteria can communicate between species, and this is useful for the bacterial co-infections.
Often, in one species, multiple communication systems exist, that are interconnected and influence
each other [134]. In the literature, several reviews, describing various quorum sensing systems, are
reported [135,136].

Azithromycin, which does not have a bactericidal effect on pseudomonas aeruginosa and interferes
with its QS pathways, was studied in clinical trials [137]. In their study, Kohler et al. showed that
azithromycin reduces the presence of QS signals in vitro and in vivo. Thus, it may help in acute
infections to reduce virulence.

Several approaches for developing quorum sensing inhibitors start by mimicking the chemical
structure of quorum sensing signal molecules. In this context, the pseudomonas quinolone signal (PQS)
system of P. aeruginosa can be considered a potential target. The biosynthesis of the PQS signal 30
requires the action of a set of enzymes PqsABCDEH and its autocatalytic receptor PqsR (MvfR). It has
been demonstrated that compound 31 acts as PqsD transition state analogues and reduces bacterial
biofilm formation. Later, it was shown that numerous compounds, such as 32, 33, 34, and 35 (Figure 8),
inhibited the QS system and biofilm formation in infection models [138,139].
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Figure 8. Chemical structures of Quorum sensing (QS) inhibitors discussed in this review.

5.3. Targeting Biofilms

In almost 65% of infections, bacteria grow as biofilms, which are communities of microorganisms
growing on a surface. In the growth phase, under infection conditions, bacteria became 10- to 1000-fold
more resistant to antibiotics.

Current biofilm-targeting approaches can be divided into two groups: the first is a
physical-mechanical approach that is aimed at disrupting and removing the biofilms and the second
approach is consisted in the use of antibiotics or antimicrobials on a matrix for biofilm prevention [140].

As a result, peptide 1018 can be used as a new class of antibiotic adjuvants that not only have
broad spectrum activity [141], but can also be synergized with commonly used antibiotics, such as
tobramycin, ceftazidime, imipenem, and ciprofloxacin [142].

However, the biofilm-targeting therapeutics field is quickly growing, and nowadays, it includes
different strategies aimed at interfering with such bacterial cell to cell communication mechanisms.
The topic is largely and deeply discussed in other interesting and recent reviews that are listed
subsequently. These reviews focus on the challenges in the development of anti-biofilm strategies and
on the identification of the role of dormant persister cells in antibiotic tolerance. They also focus on
technologies with an efficacy profile in preclinical trials, or in robust animal or human cell infection
models [143–147].

Future research will be focused on reaching a good efficacy and specificity together with low
toxicity to develop low-cost and practical formulations for clinical use.

6. Conclusions

For a number of human and animal pathogens, AMR is considered as one of the most serious
current threats for global health. Infections caused by resistant microorganisms are difficult to treat,
often requiring costly and sometimes toxic alternatives to common therapeutic strategies. Problems
related to AMR are expected to become more dramatic unless worldwide efforts are undertaken in
order to preserve and/or increase the currently available antimicrobial drugs arsenal.

Among many strategies explored to date, one solution to the emerging AMR phenomenon is
represented by combination therapies of existing antibiotics and smart antibiotic adjuvants. In such
a case, via a multi-targeted approach, an old ineffective antibiotic agent becomes efficacious again
against the resistant strain of interest.

A well-known example is represented by the class of β-lactamase inhibitors, that resulted to be
efficacious in expanding the spectrum of the existing β-lactam antibiotics.
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Another emerging class of drug-targets that recently received significant attention is the efflux
pump family. Indeed, efflux pumps are ubiquitously expressed in different pathogens and they
are largely involved in resistance to many different antibiotic classes in both Gram-positive and
Gram-negative bacteria, making them an attractive class of drug-targets. Several efflux pump inhibitors
have been disclosed so far; nevertheless, additional work needs to be done in order to improve the
safety profile of such a class of antibiotic adjuvants.

The new classes of amphipathic molecules provide the opportunity to target bacterial membranes
through both hydrophilic substituents (polyamines), which are able to interact with negative charges
present in the surface of the membrane, and hydrophobic substituents, which interact with and disrupt
the lipid chains of the bacterial membrane. Through the antibiotic adjuvant strategy, a polypharmacy
approach on bacteria can be performed, not only by providing the entrance of the antibiotics inside the
cell but also by de-energizing the efflux pumps used by the bacteria to escape antibiotic action.

The identification of molecules that inhibit sulfur metabolism, as they are expected to strongly
decrease bacterial fitness at infection loci, is a promising strategy to increase the efficacy of existing
antibiotics acting as potential antibiotic adjuvants, thus providing a new life to old molecules.

It is important to note that the list of antibiotic adjuvant approaches described in this review is
not complete, indeed, (i) among the known pathways there are many undrugged targets, which still
require the development of a probe in order to be validated and in turn, represent new pharmaceutical
targets. (ii) In the advent of the “omic” era, there are undiscovered pathways that could be targeted.

In conclusion, in the near future, AMR will continue to be one of the main threats for global
health, which will require continuous and significant efforts at different social levels. Therefore, the
identification of new strategies to limit or to overcome the occurrence of resistance strains will be a
long journey, where antibiotic adjuvants counteracting antibiotic resistances will cover a significant
area of the AMR fields.
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