Journal of Controlled Release 369 (2024) 25-38

Contents lists available at ScienceDirect = journalof
@ controlled
I

Journal of Controlled Release

ELSEVIER journal homepage: www.elsevier.com/locate/jconrel

Review article 1)
Antimicrobial sensitisers: Gatekeepers to avoid the development of

multidrug-resistant bacteria

Hanfei Wang ?, Yingying Yang“, Simeng Wang °, Sara Badawy ¢, Irma Ares ¢, Marta Martinez °,

Bernardo Lopez-Torres , Maria-Rosa Martinez-Larranaga“, Xu Wang>> ", Arturo Anadén ",
Maria-Aranzazu Martinez °

2 National Reference Laboratory of Veterinary Drug Residues (HZAU) and MAO Key Laboratory for Detection of Veterinary Drug Residues, Huazhong Agricultural
University, Wuhan, Hubei 430070, China

> MAO Laboratory for Risk Assessment of Quality and Safety of Livestock and Poultry Products, Huazhong Agricultural University, Wuhan, Hubei 430070, China

¢ Pathology Department of Animal Medicine, Faculty of Veterinary Medicine, Benha University, Egypt

4 Department of Pharmacology and Toxicology, Faculty of Veterinary Medicine, Universidad Complutense de Madrid (UCM), and Research Institute Hospital, 12 de
Octubre (i+12), 28040 Madrid, Spain

ARTICLE INFO ABSTRACT

Keywords: The resistance of multidrug-resistant bacteria to existing antibiotics forces the continued development of new
Multidrug-resistant bacteria antibiotics and antibacterial agents, but the high costs and long timeframe involved in the development of new
Antibiotic adjuvant agents renders the hope that existing antibiotics may again play a part. The “antibiotic adjuvant” is an indirect

Antimicrobial sensitizer

antibacterial strategy, but its vague concept has, in the past, limited the development speed of related drugs. In
Indirect antibacterial 8Ys 3 P s past, p! D! g

this review article, we put forward an accurate concept of a “non-self-antimicrobial sensitisers (NSAS)”, to
distinguish it from an “antibiotic adjuvant”, and then discuss several scientific methods to restore bacterial
sensitivity to antibiotics, and the sources and action mechanism of existing NSAS, in order to guide the devel-
opment and further research of NSAS.
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Fig. 1. Three ways for a single bacterium to develop antibiotic resistance, and seven ways to increase the sensitivity of the antibiotic to the AMR. The mechanisms of
AMR include: synthesising degrading enzymes, lowering or modifying antibiotics to make antibiotics inactive; changing the binding target of antibiotics so that
antibiotics play a role; changing the permeability of the cell membrane and preventing antibiotics from entering bacterial cells; the antibiotics in the bacterial cells
are discharged from the cells through the efflux pump to reduce the enrichment of antibiotics in the bacterial cells. The sensitisation methods of “NSAS” include: (I)
Changing the permeability of the bacterial cell membrane so that antibiotics can enter the interior of the bacteria; (II) Inhibiting the efflux pump of the bacteria, so
that antibiotics can be enriched in the bacteria; (III) Inhibiting the activity of antibiotic degrading enzymes; (IV) Using externally supplemented carbon sources (such
as glucose) to make bacteria sensitive to antibiotics again by stimulating the metabolic process of bacteria; (V) Inhibiting bacterial defence systems, such as CSE
regulating H,S production; (VI) Inhibiting mutations in antibiotic targets; (VII) Promote the generation of ROS. Abbreviations: AMR, antimicrobial resistance; CSE,
cystathionine y-lyase; H,S, hydrogen sulfide; NSAS, non-self-antimicrobial sensitisers; ROS, reactive oxygen species.

1. Introduction

Table 1
. . . Differences between “Non-self-antimicrobial sensitizer” and “antibiotic

Antimicrobial resistance (AMR) has become a global concern [1]. adjuvants”
Based on the latest report by the United States Centers of Disease Control -
and Prevention in 2019, 35,000 people still die from drug-resistant Comparison Non-self-antimicrobial sensitizer Antibiotic adjuvant
bacteria (DRB) infections every year in the United States [2]. Accord- Core of the Restore the sensitivity of drug- Treatment of infectious
ing to the latest report from the European Centre for Disease Prevention concept resistant bacteria or fungal to diseases.
and Control, the estimated burden of DRB infections in the European . antibiotics or antifungal drugs. .

. i . . i Including It is a compound with a well-defined  All substances with or
Union and the European Economic Area is also considerable, especially composition that may have little o without antibacterial
in the eastern and southern countries or regions of Europe, where in- no antimicrobial activity against a activity.
fections caused by drug-resistant Mycobacterium tuberculosis, Salmonella particular bacterium or fungus.
spp. and Neisseria gonorrhoeae dramatically increases treatment costs Typically, these compounds have a

s 13 . . MIC value greater than or equal to 16
and threatens people’s lives, health and safety [3]. Meanwhile, Asia ug/m.
faces a greater burden of Gram-negative DRB infections, with the Antibiotics
. . . . No Yes
devastation caused by carbapenem-resistant Enterobacteriaceae and included
carbapenem-resistant Acinetobacter baumannii exacerbating the treat- (1) Reduce the MIC values of one or
ment burden in East and Southeast Asia [4]. Antibiotic resistance is not a Mode of E?rgri;t:fffi S;:Eﬁ:gi?i;fs' By combining with one or
new problem. The equilibrium between the development of antibiotics action one or a class of antibiotics or more antibiotics.
and the resistance of bacteria to antibiotics in the past has been dis- antifungal drugs.

rupted as the prevalence of multidrug-resistant (MDR) bacteria has
increased while the development of new antibiotics has declined. The
facts and statistics jointly raise a crucial question: is the “post-antibiotic
era” coming? [5]. Although antibiotics have played a good role over the
past 80 years or so, the rapid evolution of bacteria makes it urgent for us
to find better coping strategies [5].

Bacteria can develop resistance to antibiotics in a variety of ways [6].
Antibiotic resistance can be developed by single bacterial cells using
three main mechanisms [7] (Fig. 1). The first mechanism produces
inactivating enzymes that destroy the molecular structure of the anti-
biotics, making them lose antibacterial activity [8]. The second mech-
anism changes or hides the target-sites of the antibiotics by changing
their conformation, making it difficult for antibiotics to bind, or pro-
ducing special proteins [9]. The third mechanism reduces the accumu-
lation of antibiotics in the bacteria by enhancing the permeability of

Abbreviations: MIC, minimum inhibitory concentration.

their outer membrane (OM) or restraining the active efflux system [10].
The micro mutation of bacteria has a severe effect on the activity of a
class or family of antibiotics, bringing great challenges in the use of
antibiotics, especially single target antibiotics. In addition to the anti-
biotic resistance mechanisms of single bacterium, a colony effect can
also cause bacterial resistance to antibiotics, such as biofilm formation
and quorum sensing/quorum signalling (i.e., the ability to detect and
respond to cell population density by gene regulation), and bacteria can
escape the pursuit of antibiotics by hiding in host cells [7]. There are two
main antibacterial strategies against AMR, one direct and the other in-
direct. The direct antibacterial strategy is a method to develop new and
efficient antibiotics that can directly kill or inhibit bacterial growth.
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However, developing a new and efficient antibacterial drug takes de-
cades and involves extremely high costs. An economical and efficient
indirect antibacterial strategy is to make existing antibiotics play a role
again [11,12]. Although some scientific reports have mentioned the use
of antibiotic adjuvants, the research on indirect antibacterials still lacks
purpose and order [12,13].

Here, we redefine two concepts, the “non-self-antimicrobial sensi-
tisers (NSAS)” and “antibiotic adjuvant”, in order to make a clearer
distinction in subsequent studies (Table 1). Although NSAS are also used
to treat bacterial or fungal infections, the main research and develop-
ment purpose of these compounds is the restoration of susceptibility of
DRB or fungi to potent antibiotics or antifungal drugs that have lost their
edge. They may have no or low anti-microbial activity but can reduce
the minimum inhibitory concentration (MIC) value of one or more an-
tibiotics or antifungal drugs. In practice, NSAS are only used in combi-
nation with one or a class or family of antibiotics or antifungals.
“Antibiotic adjuvants” are developed to treat infectious diseases and can
therefore include all substances with or without antibacterial activity,
including antibiotics, playing a role in the treatment of infectious dis-
eases by combining with one or more antibiotics. However, due to the
vague concept of the “antibiotic adjuvant”, researchers have often
confused non-drug indirect treatment methods (e.g., faecal trans-
plantation, probiotic substances, and innate immunity with Toll like
receptor agonists, among others) with “antibiotic adjuvants”, lacked a
systematic distinction between the “antibiotic adjuvant” and the NSAS,
and omitted an explanation of the mechanism, making it difficult to
accurately characterise and apply basic and clinical research [12].
Defining NSAS can enable the definitive screening and identification of
this kind of active substance and improve the speed of development of
this type of drug. In this research review, we focus on NSAS for bacteria
and do not discuss NSAS for fungi. We first summarise the methods of
restoring bacterial sensitivity to antibiotics and then introduce several
sources and mechanisms of NSAS. We also highlight the progress of basic
and clinical research involving NSAS and their development prospects.
This review article systematically introduces and summarises NSAS for
the first time, with the intention of providing guidance and suggestions
for their research and development.

2. How to increase the sensitivity of bacteria to antibiotics

From the current scientific research, there are six ways to increase
the sensitivity of DRB to antibiotics: (i) inhibit the activity of the
antibiotic-inactivating enzyme, (ii) reverse the change of antibiotic
targets, (iii) change the accumulation of drugs in bacteria, (iv) attack the
bacterial defence system, (v) stimulate bacterial metabolism, and (vi)
weakening of DRB by reactive oxygen species (ROS). These techniques
may provide inspiration for the development of NSAS.

2.1. Inhibit the activity of the antibiotic-inactivating enzyme

To reduce the effectiveness of antibiotics, some DRBs have evolved to
directly destroy or alter their structure. Enzymatic degradation is one
such means. Hydrolysis by DRB hydrolases has been reported to be
associated with the inactivation of several major classes of antibiotics,
including p-lactams and aminoglycosides [7,8]. p-lactamase is an
enzyme that degrades p-lactam antibiotics, including penicillin’s,
cephalosporins, and carbapenems. It was first identified in Gram-
negative bacteria. The enzyme opens the f-lactam core ring through
serine nucleophilic attack or metal activation of water molecules,
rendering the antibiotic ineffective [7]. p-lactamases can be extended-
spectrum (ESBLs) or narrow-spectrum. ESBLs are of particular concern
due to their ability to hydrolyze multiple p-lactam antibiotics. p-lacta-
mases are classified into four molecular classes, A, B, C and D, based on
their amino acid motifs. There are two main ways to classify them based
on their mode of action. Classes A, C and D share a common mechanism
for substrate hydrolysis through the production of acyl enzymes from
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the serine that serves as the active site. Class B f-lactamases, also known
as metallo-p-lactamases (MBL), are classified as metalloenzymes. At
least one zinc is used as the active site to facilitate hydrolysis of the
p-lactam ring [14]. Recent research studies have shown that a-phenol-
soluble modulins (PSMas), a functional bacterial amyloid secreted by
Staphylococcus aureus, is another protein that catalyses the hydrolysis of
B-lactams in addition to p-lactamases. Specifically, PSMas catalyse the
hydrolysis of the amide bond of the four-membered p-lactam ring of
nitrofen, an antibiotic f-lactam substitute [15].

Another way to aganist antibiotics is through covalent modification
of key structural features, which prevents them from interacting with
drug targets in Gram-negative bacteria. For example, aminoglycoside-
modifying enzymes can alter hydroxyl/amino groups on the antibiotic,
resulting in a significant decrease in its binding to the targets [14].
Aminoglycoside antibiotics are easily modifiable due to the aminocyclic
alcohol nucleus surface attached to the amino sugar, which is rich in
amide and hydroxyl groups, in comparison to other antibiotics. There
are three main classes of aminoglycoside-modifying enzymes that ca-
talyse the modification of different amide or hydroxyl groups of the 2-
deoxystreptamine nucleus or the sugar moiety of cationic: nucleotidyl-
transferases (ANTs), phosphotransferases (APHs), and acetyltransferases
(AACs) [7]. AACs catalyse the acetylation of -amino groups using acetyl
coenzyme A as a donor substrate for the acceptor molecule. ANTs inhibit
the action of aminoglycosides by transferring the adenosine mono-
phosphate molecule from the adenosine triphosphate (ATP) to the -OH
group on the antibiotic. APHs add a phosphate group to the amino-
glycoside, altering the charge distribution of the drug and inhibiting its
interaction with the ribosome [14]. These enzymes disrupt the chemical
structure of aminoglycosides, reducing their affinity for the target site or
preventing binding to the ribosome, rendering the antibiotic ineffective.

Horizontal transmission of antibiotic inactivating enzyme genes and
aminoglycoside modifying enzyme genes between ESKAPE (Entero-
coccus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acineto-
bacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp.)
pathogens has long been widely reported [14]. This acquired antibiotic
resistance can be blocked by inhibitors. However, it is of concern that
some Streptococci and Stenotrophomonas maltophilia carry antibiotic
inactivation genes themselves [16,17]. Their evolution is accelerated
under the stress of an antibiotic-containing environment, making it
difficult to combat infections caused by these pathogens. Hence, there is
an urgent need to develop drugs that target antibiotic-inactivating en-
zymes or intervene in the genes responsible for these enzymes, so that
DRB becomes sensitive to antibiotics again.

2.2. Reverse the change of antibiotic targets

DRB develops resistance to antibiotics by changing the target of the
antibiotics. These changes include: (i) structural changes of the target
protein: for example, mutations in bacterial ribonucleic acid (RNA)
polymerase and deoxyribonucleic acid (DNA) gyrase lead to resistance
to rifamycins and quinolones; (ii) the production of new functional
proteins: when bacteria come into contact with antibiotics, they produce
new functional proteins that are not possessed by the original sensitive
bacteria, which can compensate or replace the original functional pro-
teins that were inhibited by the antibiotics and have low affinity, or even
no affinity, with antibiotics, resulting in high AMR as the antibiotics
cannot be combined with them; (iii) an increase in the number of target-
proteins: even if there are enough target-proteins in the drugs, the
normal function and morphology of bacteria can be maintained, and the
bacteria can continue to grow and reproduce, leading to AMR.

Different types of bacteria modify antibiotic targets in different ways.
Since many types of antibiotics target the ribosome, such as amino-
glycosides, chloramphenicol and tetracyclines, DRB can use methyl-
transferases to methylate ribosomal proteins to defend against antibiotic
attack [7]. Amino acid substitutions in quinolone-resistant bacteria
caused by mutations in chromosomal genes encoding DNA rotamase
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and/or topoisomerase 1V, resulting in a progressive increase in quino-
lone MIC value with accumulation of mutations, have been observed in
isolates of Gram-positive and Gram-negative pathogens of human and
animal origin. Determinants of plasmid-mediated quinolone resistance
(PMQR) have been described: AAC(6')-Ib-cr, Qnr, QepA, OgxAB and
CrpP. Although PMQR determinants result in low levels of resistance,
they have been shown to reduce ciprofloxacin activity in models of
urinary and respiratory tract infections [18]. In addition, DRBs can
produce alternative targets that mimic the target of the antibiotic,
thereby interfering with the binding of the antibiotic to the target. For
example, methicillin-resistant Staphylococcus aureus (MRSA) carries the
mecA gene, which encodes penicillin-binding protein 2a (PBP2a), an
alternative trans-peptidase with low binding affinity for most p-lactam
antibiotics. As a result, it is resistant not only to methicillin but to all
B-lactam antibiotics [19]. In conclusion, recognising the strategies of
DRBs to modify antibiotic targets may help in the development of drugs
against these new targets.

2.3. Change the accumulation of drugs in bacteria

The reduced accumulation of antibacterial drugs in bacteria is an
important mechanism of AMR and is considered to be one of the most
common reasons for bacterial AMR. The decrease in drug accumulation
is related to the efflux pump system of the bacteria and the cell mem-
brane permeability.

Gram-negative bacteria have a thick extracellular membrane, which
can provide a natural barrier for bacteria and prevent hydrophobic
extracellular substances from entering the cell, such as detergents, dyes
and antibiotics, among others.

This is why drug-resistant Gram-negative bacteria are difficult to kill.
Gram-negative bacteria have two cell membranes, of which remodelling
of the OM is an important antibiotic resistance process observed in
several Gram-negative bacteria, reducing the influx of antibiotics and
leading to their survival. OM remodelling is a process by which bacteria
regulate or remove specific membrane components, such as lipids and
proteins, to adapt to a new environment. During this process, new
proteins, such as porins, can integrate into the cell membrane and
degrade existing proteins. This mechanism has recently been shown to
have a major impact on the rate of AMR, a bacterial trait that urgently
requires further research and targeted therapy [20]. Bacterial OM pore
proteins are the main conduits for antibiotic influx. A number of regu-
latory proteins are responsible for the transcriptional and post-
transcriptional regulation of genes encoding different pore proteins.
These proteins include the two-component signalling systems CpxR and
OmpR and small non-coding RNA proteins (e.g. micF, micA and micC).
These two-component signalling systems, such as the EnvZ-OmpR reg-
ulatory system, are able to detect changes in osmolality or the presence
of various antimicrobial drugs in the external environment. In this way,
the protein composition of the OM can undergo ‘remodelling’ changes.
In addition, CpxR and other proteins in the Cpx coat can also detect
external changes in osmolarity and antimicrobial drugs that trigger OM
remodelling. This system works in conjunction with the small non-
coding RNA protein micC, which is upregulated in the presence of
antimicrobial drugs, particularly p-lactams, to initiate OM remodelling
[20].

These complex transporter proteins are normally found in the inner
membrane and OM of gram-negative bacteria and are responsible for
extruding harmful substances, such as antibiotics, from the cell wall.
This results in a lower concentration of antibiotics inside the cell,
meaning that the bacteria can tolerate high concentrations of antibi-
otics. There are six structural families of drug efflux pumps in MDR
bacteria, including (i) small multidrug-resistance family; (ii) major
facilitator superfamily; (iii) resistance nodule dissection family; (iv) ATP
binding cassette superfamily; (v) multidrug and toxic compound extru-
sion family; and (vi) the proteobacterial antimicrobial compound efflux
family [14]. These active efflux systems play a critical role in generating
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resistance to a wide range of chemical antibiotics and antimicrobial
agents, and their occurrence in clinical and environmental bacterial
strains is rapidly increasing. Importantly, these systems are virtually
ubiquitous in all bacterial communities, not just Gram-negative bacte-
ria, and generate antibiotic resistance through common resistance
mechanisms [21]. Overall, efflux pumps can be divided into two cate-
gories based on their energy source, one using ATP (i.e. primary efflux
pumps) and the other using proton motive force (i.e. secondary efflux
pumps). In summary, inhibition of efflux pumps can effectively promote
the increase of antibiotic concentration in bacteria, and only when the
antibiotic reaches a certain concentration in the bacteria, it can effec-
tively kill the bacteria.

2.4. Attack the bacterial defence system

Nitric oxide (NO) and hydrogen sulfide (H,S), which have long been
considered as secondary metabolites of bacteria, have also now been
found to be two key factors of the bacterial defence system. It has been
confirmed that endogenous HjS can protect the growth of bacteria, its
production being regulated by three enzymes, cysteine sulphide cys-
tathionine p-synthase, cystathionine y-lyase (CSE) and 3-mercaptopyru-
vate sulfurtransferase [22]. Recently, Shatalin et al. found that the
ability of Staphylococcus aureus and Pseudomonas aeruginosa to produce
H,S decreased when the CSE gene was knocked out, and the therapeutic
effect of gentamicin on Staphylococcus aureus and Pseudomonas aerugi-
nosa improved, although the therapeutic effect of gentamicin was
minimised after exogenous compensation of HyS. This evidence in-
dicates that CSE is involved in the endogenous production of HsS and
that HyS has protective effects on bacteria under antibiotic treatment
[23]. Shatalin et al. designed CSE-targeted drugs based on structure-
activity relationships (SARs), significantly enhancing the therapeutic
effects of various antibiotics (gentamicin, norfloxacin, and vancomycin)
on Staphylococcus aureus and Pseudomonas aeruginosa in the presence of
these antibiotic drugs [23]. This research study provides new insight
into increasing bacterial sensitivity: it is also possible to restore the
sensitivity of MDR bacteria to antibiotics by inhibiting the bacterial
defence system. Recent research studies have shown that NO synthase,
the key protein of endogenous NO produced by bacteria, plays a key role
in the electron transfer and colonisation of Staphylococcus aureus, sug-
gesting that NO synthase has great potential as a target for the devel-
opment of antibiotics or NSAS [24,25]. To summarise, the targets
related to the production of bacterial endogenous NO and H,S can be
used as the sensitisation targets of DRB. We can look forward to the
discovery of more targets related to bacterial defence systems and the
development of drugs to attack bacterial defence systems to restore the
sensitivity of DRB to antibiotics.

2.5. Stimulate bacterial metabolism

In addition to AMR, drug tolerance (also called phenotypic AMR) [6]
is also a major cause of antibiotic treatment failure and repeated
infection [26]. AMR is characterised as a change of the MIC value, while
antibiotic tolerance is characterised as a change of the killing kinetics
and the existence of time-dependent biphasic killing [27]. The emer-
gence of antibiotic tolerance is due to the fact that sensitive bacterial
subsets survive by sacrificing at the metabolic level and avoiding
antibiotic-induced death under a lethal dose of antibiotics, especially in
high-density bacteria. New therapeutic strategies are urgently required
for combating antibiotic tolerance [28]. Tolerance is considered to be a
physiological state that promotes the development of AMR [26,29]. The
formation of bacterial tolerance is attributed to impaired drug uptake
and can therefore be reversed by metabolic stimulation [30].

Density dependent persistence is the main reason for the failure of
quinolone treatment. For high-density bacteria exposed to quinolones,
with the failure of metabolites, some bacteria enter a dormant state [27].
On the other hand, quinolones kill bacteria by destroying their DNA, but
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ylic acid.

DNA damage activates a Salt Overly Sensitive gene network (a complex
network consisting of 40 genes) that results in the production of repair
proteins and the formation of bacterial tolerance [31]. Gutierrez et al.
successfully re-sensitised high-density populations of Escherichia coli,
Staphylococcus aureus and Mycobacterium smegmatis to quinolones by
adding stationary phase cultures, glucose, and a suitable terminal elec-
tron acceptor to stimulate respiratory metabolism [27]. Similarly, the
activity of amino glycoside antibiotics can be enhanced by metabolic
stimulation [30,32]. Fumarate can stimulate tricarboxylic acid (TCA)
cycles to generate proton energy, activate cell respiration and improve
the sensitivity of Pseudomonas aeruginosa to aminoglycoside antibiotic
tobramycin [30]. Exogenous glucose or alanine promotes the TCA cycle
by substrate activation, which in turn increases the production of NADH
and proton energy, stimulating the absorption of antibiotics and
restoring the sensitivity of MDR to aminoglycoside antibiotic kanamycin
[32]. The concept of bacterial tolerance shows that the bacterial growth
environment can be used as a vital target for antibiotic sensitisation
[26]. By supplementing carbon sources to stimulate bacterial meta-
bolism, high-density non-mitotic DRB are sensitised to antibiotics again,
thus achieving the therapeutic purpose (Fig. 2).

2.6. Reactive oxygen species attack

Reactive oxygen species (ROS) are by-products of oxygen meta-
bolism and play an important role in cell signalling and homeostasis in
the body. They include peroxides, superoxides, hydroxyl radicals,
monoclinic oxygen and alpha-oxygen. Due to their powerful oxidative
capacity, ROS cause genetic and structural damage to bacteria and
biofilms, making it difficult for them to develop drug resistance and
playing a crucial role in the body’s defence against pathogen invasion.
ROS-based antimicrobial strategies have been extensively studied in
recent years and represent a different therapeutic strategy from antibi-
otics. Unlike antibiotics, which target specific bacterial targets, ROS
attack leads to the overall weakening of bacteria, resulting in damage to
the bacterial periplasm, cell membrane and other structures, as well as
metabolic imbalance, which greatly mitigates the emergence of
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bacterial drug resistance [33]. For example, the nanomaterials mimic
vanadium chloride peroxidase, which catalyses a reaction that produces
abundant monovalent oxygen and hypochlorous acid to carry out the
destruction of bacteria and biofilms when halide ions and hydrogen
peroxide (H203) coexist [34]. The ROS produced by catalyzed HyO» can
effectively degrade the protein, polysaccharide and nucleic acid com-
ponents of bacterial biofilms. There are research studies on the
decomposition of HyO5 by the catalase-like active component of iron
tetraoxide metal nanoparticles for cleaning and disinfection [35].
However, relatively high doses of ROS can cause unwanted damage.
Therefore, in one study, glucose oxidase (GOx) was encapsulated in a
carrier material. GOx produces gluconic acid by consuming glucose in
the wound, and GOx regulates the pH microenvironment suitable for the
antibacterial activity of the nanoenzymes to achieve a glucose-H30o-
hydroxyl radical cascade catalytic reaction [34]. Current studies have
focused on the direct bactericidal production of materials via ROS, and
there have been few studies of ROS synergising with antibiotics. We
believe that the potential of ROS to damage bacterial cell membranes
can greatly enhance the accumulation of antibiotics in bacterial cells and
the re-sensitisation of DRB to antibiotics.

3. Sources of non-self-antimicrobial sensitisers and their
mechanism of action

3.1. Natural small molecule compounds

Natural small molecule compounds are not only the source of most
antibiotics, including bactrim, penicillin, hygromycin among others, but
also the main source of non-self-antimicrobial sensitisers (NSAS).
Among them, plants and micro-organisms are the biggest treasure trove
of natural small molecule NSAS, which mainly include terpenoids, ste-
roids, flavonoids and polyphenols. They can act synergistically with
antibiotics to reduce the MIC values of antibiotics against DRBs, and
their mechanisms of action mainly include (i) inhibiting the activity of
antibiotic inactivating enzymes, (ii) inhibiting the modification of
antibiotic targets, and (iii) promoting the accumulation of antibiotics in
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bacteria (Fig. 3) [36].

Microbes are the largest source of antibiotics, and almost all natural
antibiotics are secondary metabolites of microorganisms [37]. However,
the standard methods for finding these natural antibiotics focus on
single molecules and often ignore natural products with low antibacte-
rial activity, even though these natural products can improve the anti-
bacterial activity of antibiotics, i.e., they are “NSAS”. King et al. found a
natural product from fungi called aspergillomarasmine A, which
inhibited various bacterial MBL and fully restoring the susceptibility of
Enterobacteriaceae, Acinetobacter spp. and Pseudomonas spp. genera,
which are resistant to f-lactam antibiotics, to meropenem, reducing the
MIC values of meropenem to 2 pg/mL [38]. More famous f-lactam
antibiotic is clavulanic acid (CA), which was first discovered in 1976
from Streptomyces clavuligerus (ATCC27064) fermentation broth [37].
CA is also a f-lactamase inhibitor, although its antibacterial activity is
very weak (CA inhibits most Gram-negative and Gram-positive bacteria
at a concentration greater than 30 pg/mL), and it can irreversibly bind to
fB-lactamases, especially those produced by Staphylococcus aureus, Kleb-
siella aerogenes and Proteus mirabilis, thereby inhibiting the p-lactamase
from decomposing p-lactam antibiotics and restoring the sensitivity of
DRB to penicillin and cephalosporin antibiotics [39]. Small molecule
compounds of plant origin are also known to have antibiotic-
inactivating enzyme inhibitory activity. Baicalin, a flavonoid found in
Scutellaria amoena, also inhibits the enzyme p-lactamase and is therefore
an interesting compound for inhibiting antibiotic resistance. This natu-
ral compound, if studied, could play a key role in the fight against in-
fectious diseases caused by bacteria [40]. These researches prove the
value of a continuous investment in antibiotic-inactivating enzyme in-
hibitors and the importance of finding NSAS as partners of known an-
tibiotics, in order to expand the use of antibiotics [41,42].

A number of natural small molecules of plant origin show activity in
inhibiting antibiotic target modification in bacteria. Alternative PBP2a
binds to B-lactam antibiotics, reducing their affinity for the bacteria and
rendering DRB resistant to antibiotics. Corilagin, a tannin isolated from
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Arctostaphylos uva-ursi, has an MIC value of 128 pg/mL. However, when
a lower concentration of corilagin (16 pg/mL) was used in combination
with oxacillin and other p-lactams against MRSA, the MIC values were
reduced by 100-2000 folds. No significant reduction in MICs was
observed for methicillin-sensitive Staphylococcus aureus strains. The MIC
values of the other antibiotics used (fosfomycin, erythromycin, vanco-
mycin) were also unaffected. This suggests that corilagin may have
increased the susceptibility of MRSA to p-lactams via inhibiting of the
target PBP2a. A compound, tellimagrandin I, was isolated from red rose
(Rosa canina) and its synergistic activity with oxacillin and other f-lac-
tam antibiotics was investigated. Tellimagrandin I reduced the MIC
value of p-lactam antibiotics by 128-512 fold. The fractional inhibitory
concentration index was 0.39, indicating a good synergistic effect [40].
The flavonoid myricetin increases the sensitivity of Pseudomonas aeru-
ginosa to sulfamethoxazole, which may be related to its ability to inhibit
DNA gyrase [36].

The bacterial efflux pump can affect the enrichment of antibiotics in
bacterial cells, thus greatly reducing the activity of antibiotics. Epi-
gallocatechin gallate enhances the sensitivity of drug-resistant Staphy-
lococcus to tetracycline by impairing the tetracycline efflux pump and
increasing the intracellular retention of the antibiotic drug [43]. Pen-
taerythritol (a simple five-carbon tetraol used in the fabrication of
resins, alkylated resins, varnishes, polyvinyl chloride stabilisers, tall oil
esters and olefin antioxidants) can increase the accumulation of anti-
biotics in bacteria by inhibiting NorA efflux pumps [44]. The combined
application of patchouli alcohol (a sesquiterpene alcohol found in
patchouli oil) and clarithromycin (macrolide antibiotic) promotes the
inhibition and sterilisation of Helicobacter pylori, which may be related
to the fact that patchouli alcohol can inhibit the expression of efflux
pump genes (namely hp0605, hp1327 and hp1489) of Helicobacter pylori,
reducing the drug-resistance of Helicobacter pylori [45]. 4-Hydroxyben-
zaldehyde, a natural compound derived from Gastrodia elata B1
(Orchidaceae), was originally found to have antioxidant and neuro-
modulatory activities in rat brain studies, and shows a synergistic effect
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when combined with antibiotics, including chloramphenicol, thiam-
phenicol and gentamicin [46,47]. The MIC values of chloramphenicol,
thiamphenicol, gentamicin and rifampicin were reduced 4, 8, 4 and 4
fold, respectively by 4-hydroxybenzaldehyde using Acinetobacter bau-
mannii as indicator bacteria. 4-Hydroxybenzaldehyde does not support
the growth of Acinetobacter baumannii, but can promote the influx of
chloramphenicol by up-regulating PCA metabolism-related genes (pca
genes) and osmotic stress (bet genes) [47]. 4-Hydroxybenzaldehyde has
an LD50 value of 3980 mg/kg bw in rats and is regarded as safe and not
toxic and is used as a food flavouring agent in Europe [48]. Although the
antibacterial effect of small molecule compounds in these plants is weak,
the “synergistic antibacterial effect” between small molecule com-
pounds ensures that plants will not be infected by bacteria.

3.2. Synthetic small molecule compounds

Synthetic small molecular compounds have also occupied half of the
history of antibiotic development, typically such as quinolone antibi-
otics, sulfonamides and some chloramphenicol-like, among others.
However, most current research focuses on these small molecules for
direct antibacterial activity, which can be abandoned if the antibacterial
effect is poor. However, most of the current research studies focus on the
direct antibacterial effect of these synthetic small molecules, which may
be abandoned if the antibacterial effect is very poor, while ignoring a
large number of potential NSAS [49,50]. The mechanisms of antibac-
terial sensitisation of synthetic small molecule NSAS under study are: (i)
inhibition of antibiotic inactivating enzyme activity; (ii) promotion of
antibiotic accumulation in bacteria.

Among the synthetic small molecule compounds the development of
antibiotic inactivating enzyme inhibitors is of the highest interest.
Bicyclic boronates has been developed early on as a p-lactamase inhib-
itor and has considerable clinical potential [51]. One such compound,
the (predominantly) monocyclic boronic acid vaborbactam is approved
for the treatment of complicated urinary tract infections in co-
administration with meropenem [52]. The bicyclic boronates are pro-
posed to work by binding in a manner analogous to that of the tetra-
hedral intermediate(s) likely involved in p-lactam catalyzed hydrolysis
by both serine-f-lactamases (SBL) and MBL. Taniborbactam (TAN,
formerly VNRX-5133) has passed phase 1 clinical testing and is currently
in phase 3 clinical testing in combination with cefepime. TAN has been
shown to successfully inhibit SBLs and MBLs in vitro, and to restore
cefepime’s activity in vivo against a class A SBL (CTX-M-14) producing
strain of Klebsiella pneumoniae in a neutropenic lung model of infection
as well as CTX-M-15 expressing Escherichia coli in ascending urinary
tract infections in mice [53,54].

Some synthetic small molecule compounds also promote antibiotic
accumulation in bacteria and reduce DRB resistance to antibiotics. The
anti-protozoal drug pentamidine is a bacterial OM permeabilising agent
that exerts effective synergistic effects with rifampicin, novobiocin and
erythromycin [55]. In a mouse model of colistin-susceptible Acineto-
bacter baumannii infection, 10 mg/kg bw pentamidine and 5 mg/kg bw
novobiocin affected 100% survival, while in a model of colistin-resistant
Acinetobacter baumannii, 10 mg/kg bw pentamidine and 50 mg/kg bw
novobiocin rescued 90% of mice [55]. Pentamidine caused a 40 nm
fluctuation on the surface of treated Escherichia coli cells, bound purified
lipid a with high affinity (dissociation constant Kd ~ 120 nm) in vitro,
led to enhanced lipopolysaccharide (LPS) release similar to polymyxin,
and its activity was hindered by exogenous LPS and Mg?*, all of which
suggest a direct correlation with LPS [55]. Nevertheless, pentamidine is
plagued by adverseeffects, including nephrotoxicity, hypotension and
hypoglycaemia, limiting its clinical potential [56].

The diamidine MD-124 is a derivative developed by Yu et al. in the
study of the antimicrobial sensitizer MD-100, a scaffold identified from a
screening of cationic compounds for rifampicin potentiation in Escher-
ichia coli [57]. MD-124 sensitised Escherichia coli, Acinetobacter bau-
mannii and Klebsiella pneumoniae to rifampicin and clarithromycin with
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strain-specific activity. MD-124 was able to sensitize Escherichia coli to
rifampicin 512-fold at 5 pg/mL (~10 pM), reducing the MIC value of
rifampicin from 10 pg/mL to 0.02 pg/mL [57]. At the same concentra-
tion, MD-124 itself had no effect on bacterial growth. MD-124 bound to
the hydrophilic portion of LPS and was more selective for bacterial LPS
than eukaryotic phospholipids. In addition, MD-124 exhibited low
cytotoxicity against human embryonic kidney HEK293 and embryonic
mouse fibroblast NIH3T3 cells [57].

There have been countless compounds studied and developed, and it
is worth considering how to efficiently screen effective chemical syn-
thetic NSAS. Structure-based ligand screening may be a highly feasible
method. Effective NSAS can be found by screening compounds that
target drug resistance genes or bacterial efflux pumps [58,59]. One
example found through high-throughput screening is the p-lactamase
inhibitor Ofl (a tricyclic indoline), which can significantly inhibit
p-lactamase activity and restore the sensitivity of MRSA to f-lactam
antibiotics, but has no effect on methicillin-sensitive Staphylococcus
aureus [60]. The method of targeted screening as a strategy to find new
uses for old antibiotic drugs not only shortens the development time but
also reduces the high cost of drug research and development. Many joint
studies are in progress to identify chemical agents that can improve the
efficiency of antibiotics and reduce their toxicity and adverse/side ef-
fects [47].

3.3. Antimicrobial peptides

While plants and microorganisms have been described as the main
sources of small molecule NSAS, there is also a class of NSAS in animals
that are antimicrobial peptides (AMPs). Of the 3940 AMPs identified to
date, more than 60% are of animal origin (data from the Antimicrobial
Peptide Database, https://aps.unmc.edu/) [61,62]. With the exception
of a few short peptides that act on internal bacterial targets, most AMPs
interfere with the permeability of bacterial cell membranes through
their unique amphiphilicity and interesting charge arrangements [63].
Some AMPs are potent antibacterial agents in their own right, while
others, although weakly antibacterial, alter the permeability of bacterial
cell membranes, increasing the accumulation of antibiotics inside the
bacteria and achieving a sensitizing effect. For example, AMP glycine
leucine amide (PGLA) used in combination with antibiotics produces up
to 30-fold decrease in the antibiotic resistance level of resistant bacteria,
which may be related to the fact that PGLA alters the cell membrane
permeability of the DRB and facilitates the accumulation of antibiotics
within the bacterial cell, and it is thought that PGLA can be used to
eradicate DRB and inhibit the evolution of resistance from scratch [64].
The proline hinge peptide KL-L9P (sequence Ac-KLLKLLKKPLKLLK-
NH;) reduced the MIC of linezolid, rifampicin and clarithromycin
against MDR Escherichia coli by more than 32-fold and is active in a
murine model of cutaneous Acinetobacter baumannii infection. KL-L9P
does not compromise the OM integrity, but causes morphological
changes in the OM, resulting in a surface substantial increase in
roughness and mobility. The authors suggested that KL-L9P binds to
lipid A as a hinge helix and produces a stiff gel-like LPS structural
domain that affects the arrangement of OM [65].

In addition to natural AMPs, peptide derivatives are also very
promising attempts as NSAS. The polymyxin derivatives, polymyxin B
nonapeptide, deacylpolymyxin B, deacylcolistin, polymyxin B octapep-
tide, polymyxin B heptapeptide, guanidylated-colistin, guanidylated-
polymyxin B among others, all retain the membrane permeability of
polymyxin and greatly improved the susceptibility of resistant bacteria
to polyantibiotics [66]. NAB7061 (linear portion of the peptide,
threonyl-aminobutyryl) and NAB739 (a cyclic peptide portion identical
to that of polymyxin B), in which the diaminobutyryl residue of the
linear portion of polymyxins was replaced by a neutral aminobutyryl or
D-Ser residue, respectively, both of which synergised effectively with
rifampicin, clarithromycin and vancomycin [67]. SPR741, previously
known as NAB741, carries three positive charges and has an acetyl
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Table 2
Antimicrobial peptides used in clinical trials as anti-infective therapies.
Peptide Clinical application Target and mechanism Route of Developmental Company Reference
of action administration stage (decision)
Human lactoferrin- Phase 1
derived peptide LPS-mediated diseases and fungal infections DNA-binding Intravenous AM-Pharma
(completed)
hLF1-11
Histatin-1 and 3, P- . . . . . .
1; 1331?his:lariin Chr().n{c. Pseudornor.ms aerugm.osa infections, Reac'tlve oxyge? Topical (gel Phase 1, Phase 2.3 Demgen
L gingivitis, and periodontal diseases species generation mouthwash)
derivatives)
Uncomplicated Gram-positive skin infections.
Methicillin-resistant Staphyl d Memb:
Lytixar (LTX-109) N 1c1 ?n resm‘ z.m ApIy0COCCUS aureus an em rar?g . Topical Phase 2 Lytix Biopharma
methicillin-sensitive Staphylococcus aureus nasal permeabilization
carriage
Opeb; BPI21, . . . Memb: Phase 2
pebacan (¢ Meningococcal wound, and burn infections em rar?g . Intravenous ase Xoma
neuprex) permeabilization (completed) [75]
b: BPI121 Memb:
Opebacan r ’ Post-traumatic infections em rar}e' . Intravenous Phase 2 (failed) Xoma
neuprex) permeabilization
Omiganan
(MB1-226, MX- Catheter-associated infection Membrar}g . Topical Phase 3 Migenix
permeabilization (completed)
594AN)
Phase 2 E tial
EA-230 Sepsis, endotoxemia Immunomodulation Intravenous ase~ . ).cponen 1?
(recruiting) Biotherapies
Dusquetide . . . Phase 3 Inimex
1 t I dulat T 1
(IMX942) Oral mucositis mmunomoduiation opica (recruiting) Pharmaceuticals
Brilacidin (PMX- Acute bacterial skin infections Membrar}e. ) Intr.avenous or Phase 2 Innovation .
30063) permeabilization topical Pharmaceuticals

Abbreviations: DNA, deoxyribonucleic acid; LPS, lipopolysaccharide.

32



H. Wang et al.

group substituted for a hydrophobic octanoyl residue. SPR741 was
initially reported to sensitize Escherichia coli, Klebsiella pneumoniae,
Enterobacter cloacae and Acinetobacter baumannii. The combination of 4
pg/mL SPR741 and 1 pg/mL rifampicin inhibited 27 broadly resistant
clinical isolates of Acinetobacter baumannii [68]. SPR741 act primarily
on OM and has little depolarising effect on Escherichia coli cytoplasmic
membrane, while causing fluctuations of 10-15 nm at the cell surface,
enough to allow antibiotics that are rejected by OM to pass through the
cell membrane, and it is the DRB that is re-sensitised to these antibiotics.
SPR741 entered phase 1 clinical trials in 2016 but was discontinued in
January 2020 and replaced by SPR206 (a different polymyxin analog
from the potentiator platform). While SPR741 was developed as an
antibiotic adjuvant, SPR206 has antibacterial activity as a standalone
therapy and boasts potentially superior safety and efficacy profiles to
those of SPR741 [69-71].

Peptide-based modified analogues, synthetic mimics of AMPs, have
also attracted great interest from researchers in the field of antimicrobial
sensitization. Moon et al. performed SARs analysis on 17 linear lip-
opeptide paenipeptin identified analogues 9 and 16, which retained
strong Pseudomonas aeruginosa-specific antibacterial activity. When
combined analogues 9 and 16 at 4 pg/mL with clarithromycin, eryth-
romycin and vancomycin a more than 64-fold increase in their activity
against Acinetobacter baumannii and Klebsiella pneumoniae, with biofilm
eradication potential and non-haemolytic properties [72]. The mimetic
peptide H-[NLys-tBuAla]G-NHg (CEP-136) sensitised laboratory strains
and clinical isolates of Escherichia coli, Klebsiella pneumoniae, Acineto-
bacter baumannii and Pseudomonas aeruginosa to rifampicin, clari-
thromycin and azithromycin, and showed an enhanced effect on
rifampicin and azithromycin treatment in a murine model of peritonitis.
Although sensitizing activity was reduced in LPS-deficient Escherichia
coli, the MIC of CEP-136 was unaffected, suggesting that the compound
does not bind LPS. The synergistic effect of CEP-136 with antibiotics was
particularly strong in ArfaG mutants without an outer core sugar, sug-
gesting that CEP-136 promotes antibiotic uptake through core insta-
bility within LPS. CEP-136 has a low cytotoxicity and safety profile and
could be used to further develop effective adjuvants for repurposing
antibiotics for use against MDR Gram-negative infections [73].

Although there are examples of bacterial resistance to AMPs, inter-
estingly, bacterial resistance to antibiotics increases the collateral
sensitivity to AMPs such as cationic antimicrobial peptide 18 kDa
[64,74]. Lazar et al. found that the inhibitory effect of multiple anti-
biotic resistance activator (marA) in Gram-negative MDR bacteria
decreased significantly after multiple antibiotic resistance regulators
(marR) gene mutation, resulting in the up-regulation of the acridine
resistance proteins A and B coupled to the outer membrane channel TolC
(AcrAB-ToLC) efflux pump, thus increasing the AMR to a variety of
antibiotics. On the other hand, marA also promotes the up-regulation of
lipopolysaccharide core heptose (II) kinase (waaY), a kinase responsible
for LPS core phosphorylation, which can increase the net negative
charge of the bacterial OM [64]. This in turn enhances the sensitivity to
cationic AMPs interacting with the membrane (Fig. 4). Compared with
traditional antibiotics, antibacterial peptides have slower drug resis-
tance, broad-spectrum antibacterial membrane activity and can regulate
the host immune response [64,75]. So far, there are few AMPs used as
drugs for clinical infectious diseases (Table 2), which may be due to the
obstacles in clinical application, including poor antibacterial activity,
high toxicity and high production costs [76-78]. However, as a kind of
NSAS, AMPs have great development and utilisation value [79-81].

3.4. Metal ions

Metal ions such as iron, gallium, zinc, copper and silver have long
been found to have antimicrobial activity, but the cytotoxicity associ-
ated with these metal ions limits their use, but the preparation of these
metal ions into materials that can be used as NSAS is very promising
[82,83]. The main mechanisms of antimicrobial sensitisation by metal
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ions include (i) inhibition of bacterial efflux pumps and promotion of
antibiotic enrichment within bacteria; (ii) inhibition of biofilm forma-
tion to inhibit pathogens; (iii) promotes the production of ROS; (iv)
inhibition of antibiotic-inactivating enzyme activity [84]. For example,
a ferrous ion-based material, iron-hexacyanocobaltate (FeHCC) can
cause an imbalance of the bacterial membrane potential, increasing the
permeability of the bacterial cell membrane, as well as promoting the
production of ROS by bacteria, resulting in the growth inhibition of
Escherichia coli and Staphylococcus aureus and also restores the suscep-
tibility of DRB to antibiotics. Due to its high stability, FeHCC has the
potential to be used on self-cleaning surfaces or food packaging [85].
The oxidation of metal ions or combination with nanotechnology can
not only reduce the cytotoxicity of these metal ions but can also enable
them to play the role of NSAS [84,85]. For example, iron oxide and zinc
oxide nanoparticles improve the therapeutic effect of antibiotics on DRB
by combining them with antibiotics [84]. Because of the iron-based and
zinc-based materials promote local accumulation of antibiotics while
inhibiting the function of bacterial efflux pumps, resulting in a signifi-
cant increase in the concentration of antibiotics in the bacterial cell. In
addition, some iron-based or zinc-based materials also promote the
production of large amounts of ROS by bacteria, which reduces the vi-
tality of the DRB [86]. A copper coordination complex can increase the
sensitivity of MDR Escherichia coli to p-lactam antibiotics ertapenem (the
first of a new group of carbapenems) and meropenem, this is due to its
ability to inhibit the activity of the New Delhi metallo-p-lactamase 1
(NDM-1), which restores the sensitivity of f-lactam-resistant antibiotics
to p-lactam antibiotics [87]. As a kind of NSAS, metal ions also have
great application potential in specific fields because of their wide source.

3.5. Gene technology

Gene technology can also be applied to sensitize MDR bacteria, the
principle being to use targeted complementary antisense oligonucleo-
tides to target messenger ribonucleic acid (mRNA) or DNA, to silence
essential genes or antibiotic resistance genes and restore the sensitivity
of MDR bacteria to antibiotics. In infectious diseases, ribonucleic acid
interference (RNAIi), peptide phosphodiamide morpholine oligomers
(PPMOs) and clustered regularly interspaced short palindromic repeat/
CRISPR-associated 9 (CRISPR/Cas9) are all widely applied technologies
(Fig. 5).
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3.5.1. RNA:i silences resistance genes in drug-resistant bacteria

RNAI can silence the drug resistance genes of MDR bacteria [88]. It is
a process in which double stranded RNA silences target genes by inter-
fering with the expression of target RNA at the translation level [89].
After double stranded CRISPR RNA (crRNA) enters the bacteria, it
cleaves the target mRNA at two clear sites, starting from the 3" end of
prokaryotes by binding to the repeat-associated mysterious protein
module (or Cmr) complex [90]. For example, Pyrococcus furiouses
cleaves target RNA through two different sites of crRNA, to resist the
invasion of viruses and foreign particles [90]. The crRNA degradation
process of target mRNA is also reported in Sulfolobus solfataricus and
Synechocystis sp. [91,92]. This characteristic of crRNA can also be used
for the drug resistance gene silencing of MDR bacteria, such as the
fB-lactamase gene. A crRNA consisting of 37 nucleotides complementary
guide sequences and 5'-tags was designed for cleavage of B-lactamase
mRNA. The cleavage product showed that p-lactamase was cleaved at 14
nucleotides downstream of the 3" end of the engineered crRNA [93].
However, at present, all clinical trials of RNAi treatment, such as human
immunodeficiency virus treatment and viral immunity, focus on trans-
ferring transgene expression to the target cells. RNAi has not received
extensive attention regarding antibiotic treatment, particularly
regarding the infection of MDR bacteria [94].

3.5.2. Peptide phosphodiamide morpholine oligomers inhibit the expression
of related proteins in drug-resistant bacteria

The synthetic peptide phosphodiamide morpholine oligomers
(PPMOs) are usually designed to inhibit the expression of specific genes
in Gram-negative bacteria, such as acyl carrier protein (acpP), filamen-
tous temperature-sensitive protein Z (ftsZ) and 30S ribosomal protein
S10 (rpsJ) genes in Acinetobacter baylyi [95]. PPMOs are synthetic olig-
omers simulating the structure of nucleic acid and have four bases,
similar to DNA, where the ends are connected with membrane pene-
trating peptides. Therefore, PPMOs can pass through the OM of Gram-
negative bacteria [95]. For MDR, PPMOs can also target drug-resistant
genes to restore the sensitivity of bacteria to antibiotics. A peptide-
conjugated phosphorodiamidate morpholino oligomer (PPMO)
designed by Sully et al. to inhibit NDM-1 restored the sensitivity of drug-
resistant Escherichia coli and Acinetobacter baumannii to the p-lactam
antibiotic meropenem and improved the survival rate of mice infected
with DRB in Escherichia coli sepsis models [96]. The PPMO studied by
Sturge et al. targeted the efflux pump gene of Gram-negative bacteria
and inhibited the efflux pump activity by inhibiting the expression of acr
in the AcrAB-TolC complex, enhancing the antibacterial effect of levo-
floxacin (a third-generation quinolone) and azithromycin (an advanced-
generation macrolide, highly concentrated within polymorphonuclear
leucocytes, which gravitate to sites of infection by chemotactic mecha-
nisms) on clinical Enterobacteriaceae strains [97]. In addition, the inhi-
bition of mobile colistin resistance gene (mcr1) by PPMO was able to
restore the sensitivity of Escherichia coli to polymyxin [98]. However, a
report that bacteria gradually develop resistance to PPMO is worrisome:
Puckett et al. reported that a strain of Escherichia coli resistant to
(RFF)3RXB-AcpP (a PPMO, where R is arginine, F, phenylalanine, X is 6-
aminohexanoic acid, B is p-alanine, and AcpP is acyl carrier protein) was
isolated from Escherichia coli mutants, and research studies have shown
that the drug resistance may be related to the peptide fragment of PPMO
[99]. Nevertheless, the emergence rate of PPMOs resistance is slower
than that of antibiotics, and it has great potential as an NSAS.

3.5.3. Clustered regularly interspaced short palindromic repeat/CRISPR-
associated 9 (CRISPR/Cas9) cleave drug resistance genes in multidrug-
resistant bacteria

As one of the landmark technologies of this century, CRISPR/cas9
was proposed for the treatment of infections caused by MDR bacteria
[100-104]. Cas9 is a double stranded DNA nuclease that can program-
matically cut almost any DNA sequence [105,106]. In 2014, two
research groups published their studies almost at the same time,
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removing the drug resistance genes in MDR bacteria using CRISPR/cas9
technology to treat MDR Staphylococcus aureus [107] and Escherichia coli
[108], respectively. In Bikard’s et al. research, the plasmid of Staphy-
lococcus aureus was destroyed using CRISPR/cas9 to target antibiotic
resistance genes, immunised with non-toxic Staphylococcus using a
plasmid, so as to prevent the transmission of drug-resistant genes carried
by the plasmid and achieve good therapeutic effects on the in vivo
infection models [107]. Citorik et al. used the same method to remove
carbapenem-resistant Enterobacteriaceae and enterohemorrhagic
Escherichia coli NDM-1 and SHV-18 genes to eliminate these DRB [108].
Yosef et al. adopted a more far-reaching strategy to selectively eliminate
DRB by combining CRISPR/cas9 technology and lytic phase selection of
antibiotic sensitive bacteria [109]. This review study has reversed the
current situation of antibiotic resistance, so that existing antibiotics can
still play a role. However, there are too many drug-resistance gene
mutations, and the clinical value of a single drug-resistance gene mu-
tation is limited. Kim et al. found a conserved sequence in all mutants
using the CRISPR/cas9 system, which not only made MDR re-sensitive,
but also reduced drug resistance to other antibiotics [110].

It is undeniable that CRISPR/cas9 has great potential for the treat-
ment of human genetic diseases [111]. However, there are still many
hurdles to be overcome in the clinical application of CRISPR/cas9, such
as off-target effects, homology-directed repair efficacy, efficiency and
specificity, translatability of the in vivo drug delivery methods, the
immunogenicity of drug delivery carriers and cas9 peptides, and the
applicability of editing cells [112]. Zohra et al. evaluated the challenges
faced by the application of CRISPR/cas9 technology in MDR bacteria
[113]. The advantage of the CRISPR/cas9 system is that it can target
different antibiotic resistance genes at the same time, but the disad-
vantage is that it is impossible to determine whether the phage still has
activity and the optimal dose when it reaches the intestine [113]. On the
other hand, in addition to the targeting effect and low efficiency, we
believe that the CRISPR/cas9 system is more likely to accelerate the
formation of “superbacteria” (superbugs) in the treatment of AMR.
When CRISPR/cas9 is used to remove drug-resistant genes, bacteria will
also fight it by hiding target genes or mutating new drug resistance genes
[7]. Fortunately, CRISPR/cas9 has not been widely used in DRB. With
new antibiotics being developed, the combination of CRISPR/cas9 and
antibiotics can inhibit the formation of AMR to a certain extent.

4. Conclusions and future directions

Antibiotics are among the most important tools of modern medicine,
but their efficacy is threatened by the evolution of resistance [114].
However, the cost of redeveloping a new antibiotic is prohibitively high,
and it takes about 10-15 years for a new drug to go from basic research
to clinical use [115]. In addition, the increasingly strict control of an-
tibiotics adds to the development cost and risk, making it impossible for
many pharmaceutical companies to choose to continue to develop new
antibiotics [116]. Newly developed antibiotics are often introduced into
the infectious disease clinic, and AMR also soon appears [117]. DRB
resistance to antibiotics can be divided into two main modes. One is
classic ‘selective’ resistance to antibiotics, which includes inactivation of
antibiotic degradation, modification of antibiotic targets and resistance
to antibiotic accumulation in the cell. The other type of resistance is non-
selective, the way bacteria naturally survive in response to external
environmental stresses. These modes are passively activated or
enhanced by external antibiotic coercion to resist antibiotic attack. To
address these two modes of bacterial resistance, we summarise and
provide two types of ‘sensitisation’ strategies: the first is to restore the
original efficacy of the antibiotic, such as inhibiting antibiotic inacti-
vating enzymes, reversing changes in antibiotic targets and altering the
permeability to enhance antibiotic accumulation. The second class is to
weaken the viability of DRB and indirectly increase the susceptibility of
DRB to antibiotics. For instance, attacking the defence system of the
DRB, metabolic stimulation to reverse the ‘tolerant’ state of the bacteria,
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Fig. 6. Challenges of antibiotic substitution strategies. Abbreviations: R & D, antibiotic research and development.

and ROS attack to accelerate bacterial weakening. In conclusion, these
strategies represent a promising and feasible direction for reversing
bacterial resistance [118].

In the “post-antibiotic era”, we still don’t know how long the life of
antibiotics will last. The unified understanding is that the era of
completely relying on antibiotics is now gone. New alternative strate-
gies, such as intestinal microbial therapy, predatory bacteria and bac-
terial virulence factor inhibitors, have great application potential, but it
will take time to achieve large-scale clinical application in infectious
diseases (Fig. 6) [119,120]. How to slowly withdraw antibiotics from the
centre of the historical stage and undertake new alternative treatments
is an urgent problem to be considered. NSAS can play a critical role in
this process, NSAS offer the opportunity to reverse the selective domi-
nance of AMR and the development of antibiotic resistance; they are the
“gatekeepers” that prevent the development of AMR. The combined use
of NSAS and antibiotics can minimise the development of bacterial
resistance and buy time for the development of new antibiotics and
other alternative strategies [121-123]. NSAS come from a variety of
sources and have received increasing attention from researchers over the
past four years. In the future, NSAS will need to be used wisely and
monitored effectively. Although the development of NSAS can effec-
tively delay the development of AMR, the rational and wise use of an-
tibiotics can limit the selection pressure of antibiotics on DRB, and strict
health measures can prevent the spread of DRB [117]. By limiting the
application field of antibiotics and increasing their cost, it is possible to
ensure that antibiotics are used properly and that the right patients
receive the right medications at the right time [124]. Finally, we look
forward to a more in-depth study of NSAS.
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