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Abstract: Bacterial antibiotic resistance, especially the emergence of multidrug-resistant (MDR)
strains, urgently requires the development of effective treatment strategies. It is always of interest to
delve into the mechanisms of resistance to current antibiotics and target them to promote the efficacy
of existing antibiotics. In recent years, non-antibiotic compounds have played an important auxiliary
role in improving the efficacy of antibiotics and promoting the treatment of drug-resistant bacteria.
The combination of non-antibiotic compounds with antibiotics is considered a promising strategy
against MDR bacteria. In this review, we first briefly summarize the main resistance mechanisms of
current antibiotics. In addition, we propose several strategies to enhance antibiotic action based on
resistance mechanisms. Then, the research progress of non-antibiotic compounds that can promote
antibiotic-resistant bacteria through different mechanisms in recent years is also summarized. Finally,
the development prospects and challenges of these non-antibiotic compounds in combination with
antibiotics are discussed.
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1. Introduction

With the unreasonable use of antibiotics, the problem of bacterial antibiotic resistance
is becoming increasingly serious, which is a serious threat to human public health security.
Antibiotic resistance is now the leading cause of death globally, with 1.27 million deaths
having occurred directly from antibiotic-resistant infections and 4.95 million deaths oc-
curring indirectly in 2019—far more than from other diseases such as acquired immune
deficiency syndrome (AIDS) or malaria [1]. In addition, it is estimated that antibiotic-
resistant bacteria will cause 10 million deaths per year and an economic loss of 100 trillion
USD by 2050 [2]. Worryingly, new horizontal transmission-resistant genes and variants
such as mobile colistin resistance (mcr-1) [3] are still being discovered, which further makes
it difficult to treat and control gram-negative resistant bacteria. If left uncontrolled, the
proliferation of AMR has the potential to render numerous bacterial pathogens significantly
more lethal in the future than in their current state. This necessitates the exploration of
novel alternative strategies to combat resistance.

Currently, strategies employed to combat bacterial antibiotic resistance include re-
searching novel antimicrobial agents, the semisynthetic derivatization of existing antibiotics,
screening for antibiotic alternatives, and prolonging the efficacy of existing antibiotics. De-
spite the recent FDA approval of new antibacterial drugs [4], developing novel antibiotics
with unique targets, particularly against gram-negative bacteria, remains challenging.
Moreover, the pace of new antibacterial drug development lags significantly behind that of
resistant bacterial evolution [5]. Bacteria always develop resistance to any therapy intro-
duced that relies solely on antibacterial mechanisms, and significant resistance can emerge
in as short a period as a few months to a few years after the introduction of a new antibiotic
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into the clinic [6]. In spite of extensive efforts to identify alternatives to antibiotics, there
are few viable options that can fully supplant antibiotics. In clinical practice, the use of
antibiotics remains the primary choice for treating human and animal diseases. Therefore,
considering the current difficulties and challenges, exploring novel approaches to prolong
the efficacy of existing antibiotics could be a promising direction to pursue.

Combination therapies are considered a potentially promising strategy to combat
antibiotic-resistant bacteria [7,8]. The additional stress of the combination may be more
effective than either alone, which is a logic that supports the practice of combination
therapy as a therapeutic strategy against MDR infections [7,8]. These combinations in-
clude antibiotic—antibiotic combinations, non-antibiotic-non-antibiotic combinations, and
antibiotic-non-antibiotic combinations. Combinations of antibiotics and antibiotics have
been used clinically and proven to be effective, such as the combination of trimethoprim
and sulfamethoxazole [9], which was approved for use many years ago. However, the
drawback of this combination lies in its potential to augment exposure to unnecessary
antibiotics during usage, thereby amplifying bacterial resistance [10]. Non-antibiotic-non-
antibiotic combination is an unexplored area. In addition, the therapeutic efficacy of
the two non-antibiotic compounds in vivo, especially in the presence of complex body
fluids, remains an unknown concern [10]. Therefore, antibiotic and non-antibiotic com-
pound combinations are considered to be the most promising strategy [8]. The triumph of
amoxicillin/clavulanate potassium serves as a testament to the feasibility of such a com-
bination [11]. This non-antibiotic preparation showed very weak or even no antibacterial
effect when used alone but could significantly enhance the activity of antibiotics when used
in combination with antibiotics. This approach holds great promise as it has the potential
to curtail antibiotic usage, mitigate resistance development, and, thus, prolong the efficacy
of antibiotics.

In this review, we initially discussed the various mechanisms of bacterial drug re-
sistance. Subsequently, our focus is on describing the situation and mechanism behind
non-antibiotic compounds to enhance antibiotic activity, including plant-derived active
ingredients, antimicrobial peptides (AMPs), metabolites, and phages. Finally, we analyze
the feasibility and challenges associated with these combinations while also providing
practical recommendations.

2. Mechanisms of Antibiotic Resistance in Bacteria

Studies have shown that bacterial resistance to antibiotics is actually the result of
bacterial evolution [12,13]. Resistance genes developed by bacteria to antibiotics were
present before the advent of antibiotics [14,15]. Currently, bacterial resistance to antibiotics
can be chromosome-mediated or extrachromosomal mobile element-mediated. Antibiotic
resistance can be achieved through a variety of mechanisms, including through the modi-
fication and destruction of the antibiotic, changes in target sites, a reduction in antibiotic
intracellular accumulation, and through changing the metabolic state of bacteria (Figure 1).
Understanding the mechanism of bacterial resistance is the premise and key to finding new
ways to inhibit or reverse bacterial resistance.

2.1. Modification and Destruction of the Antibiotic

The production of specific enzymes by bacteria to alter and destroy antibiotics [16] is
the main way for bacteria to cope with antibiotics, making them unable to work properly,
and this is also one of the important mechanisms leading to antibiotic resistance. To date,
a wide variety of resistance enzymes can degrade or modify different classes of antibi-
otics, including 3-lactams, carbapenems, aminoglycosides, fluoroquinolones, tetracyclines,
and macrolides.
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Figure 1. Overview of the molecular mechanisms of antibiotic resistance.

B-lactamase is an important drug-resistance enzyme commonly produced in gram-
negative bacteria. It is composed of serine-p3-lactamase and metal-3-lactamase. 3-lactamases
inactivate 3-lactam antibiotics by disrupting the 3-lactam ring and changing the confor-
mation of the antibiotic [17]. Extended-spectrum beta-lactamases (ESBLs) are one of the
most relevant (3-lactamases at present; they can hydrolyze a variety of antibiotics such
as cefotaxime, ceftazidime, and aztreonam, as well as endow bacteria with resistance to
a variety of 3-lactam antibiotics. Metal-f3-lactamase has a wide substrate spectrum and
widely hydrolyzes all 3-lactam antibiotics except monocyclic 3-lactam antibiotics, and its
activity requires metal ions (Zn) to be mediated, which is not inhibited by existing lactase
inhibitors [18-20]. Moreover, it has a diverse structure and mechanism of action, making
it difficult to overcome its mediated antibiotic resistance. New Delhi metalloproteinase-1
(NDM-1) is a newly discovered metalloenzyme that can render carbapenems and other
-lactam antibiotics such as penicillin ineffective, making bacteria extensively resistant
to most antibiotics, including -lactams, carbapenems, aminoglycosides, macrolides, and
quinolones, and is sensitive only to polymyxin and tigecycline [21,22]. Therefore, NDM-1-
producing bacteria are also called super bacteria. In addition, the NDM-1 gene is located
on bacterial plasmids and is able to transmit horizontally among microorganisms, making
NDM-1 widespread and capable of increasing the difficulty of prevention and control [23].
Of concern, when bacteria co-carry various extended-spectrum (3-lactamases and carbapen-
emases [24,25], it can lead to resistance to almost all 3-lactam antibiotics.

In addition to the direct destruction of antibiotics, the modification of antibiotics is
also an important way for bacteria to develop drug resistance [26]. One typical example
is aminoglycoside antibiotics, which contain numerous exposed hydroxyl groups and
amino groups that are easy to modify [27,28]. The weak binding of modified aminoglyco-
side antibiotics to ribosomes weakens the antibacterial effect of antibiotics and promotes
bacterial resistance. Common aminoglycoside-modifying enzymes include acetyltrans-
ferases, phosphorylatases, adenylyases, and nucleosidases [28,29]. The genes responsible
for encoding aminoglycoside-modifying enzymes are usually found in plasmids and
transposons, although they can also be found on chromosomes [27]. Recently, Borde-
leau et al. [30] discovered a new aminoglycoside-modifying enzyme, APMA, which is an
acetyltransferase capable of inactivating ampramycin. It is worrisome that aminoglycoside-
modifying enzymes are often associated with ESBLs, leading to multidrug resistance.
In addition, antibiotic-modifying enzymes have been identified for several antibiotics,
including aminoglycosides, macrolides, rifamycins, streptogramins, lincosamides, and
phenicols [31]. Nucleotidyltransferase encoded by the Inu gene modifies lincomycin by
adding phospho-containing groups to the antibiotic [32]. Erythromycin esterase and
macrolide 2’-phosphotransferase, produced by Enterobacteriaceae, prevent macrolide an-



Int. J. Mol. Sci. 2023, 24, 15493

4 of 31

tibiotics from binding to the 50s ribosome by destroying the lipophilic ring of the tetracyclic
macrolide, leading to bacterial resistance [33].

2.2. Changes in Target Sites

Another way in which bacteria evolve to resist antibiotics is by changing the target
site to develop resistance [34,35]. There are several ways for bacteria to make an antibiotic
unable to bind to the target site so that the antibiotic cannot work on the bacteria and,
therefore, drug resistance, including the mutation of the gene encoding the target, the
change of the target by the enzyme, and the target’s bypass [31,36]. A single point mutation
in the ropB gene in Escherichia coli (E. coli), which encodes the RNA polymerase, can result
in high rifampicin resistance [37,38]. Resistance to fluoroquinolones is caused by mutations
in the genes encoding DNA gyrase and topoisomerase IV, which are essential for DNA
replication. In general, the coexistence of several mutations is more likely to cause a high
degree of drug resistance. For example, four mutations in penicillin-binding protein PBP5
are often found in Enterococcus faecium with high drug resistance, but the mutation of
any one site alone cannot cause a high degree of drug resistance: only the simultaneous
occurrence of four sites can lead to a high degree of drug resistance.

In addition, the modification of the target of antibiotic action reduces antibiotic bind-
ing. Macrolide antibiotics prevent bacterial protein synthesis by reversibly binding the
peptidyl-tRNA binding site of the 50s ribosomal subunit, preventing the translocation
of newly synthesized peptidyl-tRNA molecules from the acceptor site to the donor site.
Ribosomal methylation modification mediated by erm genes is the main way for bacteria to
block the action of macrolides, and several common ERMs include erm(A) and erm(C) in
Staphylococcus and erm(B) in Pneumococcus and Enterococcus [39,40]. At present, the most
widely studied colistin resistance gene, mcr, encodes phosphoethanolamine transferase,
which adds phosphoethanolamine to lipid A, reduces the negative charge of lipopolysac-
charide to reduce the binding of colistin, and mediates bacterial resistance to colistin [3].
In addition, chloramphenicol-florfenicol resistance (CFR) to methyltransferase, which is
encoded by the CFR gene carried by the plasmid, can specifically methylate A2503 in 23S
rRNA, thus giving bacteria resistance to linezolid [41,42].

In addition, target bypass is a strategy employed to make the original target redundant
by generating alternative pathways to bypass antibiotics. The binding of methicillin to the
target PBPS prevents the synthesis of the cell wall to kill bacteria. However, the replacement
protein PBP2a, which is encoded by the mecA gene of Staphylococcus aureus (S. aureus), does
not inhibit the cell wall when methicillin binds to this replacement target, ultimately
leading to the formation of methicillin-resistant S. aureus (MRSA) [43,44]. In E. coli, the
peptidoglycan crosslinking reaction that occurs to form the cell wall is primarily carried out
by penicillin-binding proteins (PBPs), the target of 3-lactam antibiotics, which catalyze D, D-
transpeptidase activity. Recently, Caveney et al. [45] found that an alternative cross-linking
mechanism mediated by L, D-transpeptidase YcbB can lead to a bypass of the PBP-mediated
D, D-transpeptidase action, resulting in bacterial resistance to 3-lactam antibiotics.

2.3. Reduction in Antibiotic Intracellular Accumulation

Some antibiotics have their targets inside the cell or inside the cell membrane, which
they must cross before they can work. In view of this, clever bacteria find ways to reduce
antibiotic target contact, such as biofilm formation, reduced cell membrane permeability,
and enhanced efflux pumps. Due to differences in the composition of the outer membrane,
gram-negative bacteria form a natural permeability barrier; therefore, the permeability
of antibiotics in gram-negative bacteria is lower than that in gram-positive bacteria, es-
pecially for lipophilic antibiotics. However, there are special proteins on the outer mem-
brane of gram-negative bacteria, such as porins [46], which can allow the passage of
some hydrophilic substances or nutrients, such as OmpF and OmpC in E. coli, ompD in
salmonella, OmpK35 and OmpK36 in Klebsiella pneumoniae (K. pneumoniae) [47,48], and OprD
in Pseudomonas aeruginosa (P. aeruginosa). Bacteria are made resistant to these antibiotics
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by down-regulating the expression of these proteins to reduce bacterial permeability. In
addition, the relationship between the loss or down-regulation of porin expression and the
development of drug resistance is complex, and it is often accompanied by the expression
of efflux pumps.

In addition to preventing antibiotics from entering the cell, the efflux of intracellular
antibiotics is also an important way to cause bacterial resistance. The efflux pumps on
the surface of the bacterial cell membrane, which actively expel antibiotics from the cell,
play an essential role in bacterial drug resistance [46,49]. The antimicrobial efflux pumps
in bacteria can be divided into five main superfamilies [50,51]: (O ATP-binding cassette
transporters (ABC family); @) the major facilitator superfamily (MFS family); (3) resistant-
nodulation-division families (RND family); (® small multidrug resistance families (SMR
family); ® multidrug and toxic compound extrusion (MATE) families. Among them,
the RND family is one of the most extensively studied efflux pumps due to the wide
range of substrates found in almost all gram-negative strains [52]. The active efflux pump
in gram-negative bacteria consists of three components: an outer membrane protein, a
membrane fusion protein, and an efflux protein or transporter on the inner membrane.
The RND efflux pump AcrAB-TolC, which is composed of a periplasmic fusion protein
AcrA, a plasma membrane transporter AcrB, and an outer membrane channel protein
TolC, plays an important role in the process of multidrug resistance in E. coli [53]. Before
the drug acts on the intracellular target site, it binds to the plasma membrane transporter
AcrB and is expelled from the cell through AcrA and the outer membrane channel TolC.
AcrB has very low substrate specificity; therefore, many structurally diverse compounds
can act as substrates, which is the reason for its multidrug resistance. More importantly,
AcrAB-TolC plays a central role in the acquisition of acquired drug resistance conferred
by the resistant plasmid, which facilitates and conditions the spread of genes that encode
multidrug-resistant efflux pumps [53].

The overexpression of a drug efflux pump is an important mechanism of multidrug
resistance in Acinetobacter baumannii (A. baumannii). AdeABC is the first reported and most
studied RND efflux pump in A. baumannii. AdeABC is associated with aminoglycoside
resistance and has a certain efflux effect on quinolones and tetracyclines. In addition, Ade-
ABC can work with carbapenemases or outer membrane proteins to mediate carbapenem
resistance. In addition, efflux pumps also play an important role in the resistance of
P. aeruginosa to antibiotics. For example, MexE-MexF-OprN is associated with the efflux of
carbapenems, fluoroquinolones, and chloramphenicol antibiotics [54,55].

In addition, bacterial biofilm is also a natural barrier that restricts the entry of antibi-
otics into bacteria. The formation of bacterial biofilm not only acts as a barrier but also
assists some enzymes, such as (3-lactamase, in destroying antibiotics, thereby increasing
bacterial resistance. In addition, because some of the substances that form biofilms are
positively charged, it can add a charge barrier to some positively charged antibiotics, such
as aminoglycosides.

2.4. Change the Metabolic State of Bacteria

A large body of evidence suggests that bacterial metabolism is closely related to an-
tibiotic potency [56]. Bactericidal antibiotic treatment disrupts cell homeostasis and results
in increased ATP demand, increased metabolic burden, and then, gradually, increased
toxic metabolic by-products, thus inducing cellular death [57,58]. Bacteria with reduced
metabolism are resistant or tolerant to many classes of antibiotics, and increased drug
sensitivity is associated with enhanced metabolism [58,59]. Lopatkin et al. found that
genes associated with central carbon and energy metabolism are associated with antibiotic
resistance. These metabolic alterations result in lower basal respiration and thus prevent
the induction of antibiotic-mediated tricarboxylic acid cycle (TCA cycle) activity, thereby
evading metabolic toxicity and minimizing drug lethality [60]. Genetically increasing the
basal respiration rate of E. coli increases the efficiency of bactericidal antibiotics against
wild-type cells [61]. In addition, quiescent or auxotrophic bacteria can exhibit resistance to
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a variety of antibiotics. Studies have shown that E. coli under starvation conditions will
lead to an excessive production of guanosine tetraphosphate ppGpp, which hinders the
synthesis of peptidoglycans and phospholipids and leads to bacterial resistance to penicillin
antibiotics [62]. The development of metabolomics has provided a useful technique for
studying the metabolic state of drug-resistant bacteria. Through metabolomics studies
on MDR bacteria, it was found that changes in the glucose metabolism and amino acid
metabolism of bacteria can disturb the central metabolic pathway TCA cycle and affect
the electron transfer in the respiratory chain, which can affect the sensitivity of bacteria to
antibiotics and cause bacterial tolerance or drug resistance [63,64]. Peng et al. [65] compared
the metabolomics of kanamycin-resistant Edwardes fluminata and sensitive E. dwardes and
found that the MDR bacteria had defects in the central metabolic pathways, especially in
glucose metabolism and amino acid metabolism, which was the same as the previous find-
ings in resistant Stenotrophomonas maltophilia [66] and P. aeruginosa [67]. Furthermore, the
exogenous addition of glucose and alanine, in combination with antibiotics, could restore
the kanamycin sensitivity of the resistant bacteria. This emphasizes that the metabolic
status of bacteria is closely related to its resistance to antibiotics. In summary, the physiolog-
ical metabolism of bacteria can affect their sensitivity to antibiotics, but the physiological
metabolic process of bacteria is extremely complex and affected by many factors. There-
fore, it is necessary to further study the mechanism of the relationship between bacterial
physiological metabolism and antibiotic sensitivity.

3. Strategies to Enhance the Action of Antibiotics against Resistant Bacteria

Therefore, we propose that it is theoretically feasible to reverse the antibiotic re-
sistance of bacteria by inhibiting the activity of drug-resistant enzymes, increasing the
intracellular accumulation of antibiotics, activating the metabolic state, and enhancing host
immunity (Figure 2).
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Figure 2. Strategies to enhance the efficacy of antibiotics against resistant bacteria.

3.1. Inhibition of Drug-Resistant Enzymes

Bacteria produce specific enzymes to alter and destroy antibiotics or change the target
of antibiotics, which is one of the important mechanisms leading to antibiotic resistance.
Therefore, the antibiotic sensitivity of resistant bacteria will be restored by inhibiting the
action of these enzymes. At present, the most widely studied and only clinically available
ones are (3-lactamase inhibitors. A well-known example is amoxicillin clavulanate potas-
sium, the first FDA-approved combination of an antibiotic and a non-antibiotic substance
for clinical use. The irreversible inactivation of serine 3-lactamase by clavulanic acid has
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greatly enhanced the action of 3-lactam antibiotics [68,69], making them the drug of choice
for the treatment of most bacterial diseases. With the successful marketing of combina-
tion drugs such as clavulanate potassium and amoxicillin, more and more 3-lactamase
inhibitors have been discovered or approved for application, including diazabicyclooctanes
(DABCOs) [70], boronic acid vaborbactam [71], and ETX2514 [72]. Nonetheless, the fact
that no metallo-f3-lactamase-antibiotic combinations have been approved for clinical use
is concerning, given the wide variety of 3-lactamases and, in particular, the prevalence
of pathogens with metallo-f-lactamases with extremely high and rapid incidence. To
combat these, there is an urgent need to explore novel inhibitors of metallo-f3-lactamase.
Fortunately, a fungal natural product, aspergilomycin A, was screened and found to be
an NDM-1 inhibitor and showed significant effects in vitro and in vivo when combined
with meropenem [73]. Subsequently, numerous metallo-(3-lactamase inhibitors were dis-
covered, including isoliquiritin [74], sulfamoyl heteroarylcarboxylic acids [75], fisetin [76],
and ANT2681 [77].

In addition, some enzymes inactivate antibiotics by modifying them. Thus, the in-
hibition or inactivation of these modifying enzymes is important. Zhu et al. [78] used
the method of UPLC-QTOF MS to determine that pyrimidinyl indole derivatives have
inhibitory effects on both aminoglycoside phosphotransferase and aminoglycoside acetyl-
transferase, which are effective inhibitors of aminoglycoside resistance enzymes.
Boehr et al. [79] found that the cationic peptide-bovine antimicrobial peptide indolicidin
and its synthetic analogues have inhibitory effects on both aminoglycoside phosphotrans-
ferase and aminoglycoside acetyltransferase, which are effective broad-spectrum inhibitors
of aminoglycoside-resistant enzymes.

3.2. Increased Intracellular Accumulation of Antibiotics

For some intracellular-acting antibiotics, a certain dose of intracellular concentration
is required to exert an effect; therefore, it is important to enhance the accumulation of
antibiotics in bacterial cells. Especially for gram-negative bacteria, the complex outer
membrane structure and various mechanisms that reduce the accumulation of intracellular
antibiotics seriously hinder the passage of some antibiotics and reduce their potency. There-
fore, promoting intracellular antibiotic concentrations is important to increase antibiotic
potency. The intracellular accumulation of antibiotics can be improved through several
pathways, including reducing drug efflux, improving cell membrane permeability, and
reducing biofilm formation.

As previously described, the RND efflux pump is an MDR efflux pump that effluxes a
variety of antibiotics, causing multidrug resistance in Enterobacteriaceae and P. aeruginosa.
Recently, Ple et al. [80] identified a series of pyridine-piperazine-based RND efflux pump
inhibitors that sensitize E. coli to antibiotics by binding to unique locations on the trans-
membrane domain of the AcrB transporter, thereby inhibiting antibiotic efflux. Given that
proton motive force (PMF) powers the efflux pump [81], the inhibition of PMF in bacteria
to block the energy source of the efflux pump can also be achieved to inhibit the efflux
pump, thereby enhancing the effect of antibiotic action. Cationic AMPs have the potential
to disperse transmembrane PMF. C12(w7)K-312 [82] is a small cationic lipopeptide that
can enhance the activity of tetracycline and erythromycin against E. coli by removing the
proton driving force required for the active efflux of bacteria through transient membrane
depolarization. In addition, some substances can compete with antibiotics to bind to the
active site of the bacterial efflux pump, resulting in the retention of the antibiotic in the cell,
which, in turn, increases the antibiotic effect. Phenylalanine-arginine beta-naphthylamide
(PABN), as a competitive inhibitor, prevents the efflux of the bacterial efflux pump by
binding to the substrate-binding pocket of the efflux pump to block the efflux of antibiotics,
resulting in the potentiation of their activity [83—-86]. Alternatively, due to the close position
of the binding site, efflux pump inhibitor binding may also create a steric hindrance that
impairs antibiotic binding at its affinity site. Currently, PABN has been studied in a variety
of gram-negative bacteria, including E. coli, K. pneumoniae, A. baumannii, S. enterica, and
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P. aeruginosa, and it has been shown to potentiate the activity of different antibiotics by
acting on the various efflux pumps [84,87,88].

For gram-negative bacteria, the presence of a complex structure of the outer membrane
causes the bacteria to become intrinsically resistant to many antibiotics. More seriously,
high levels of multidrug resistance, formed by the dual holding effect of the diminished per-
meability of the outer membrane and efflux of drugs from the efflux pump, are even more
damaging. Therefore, increasing the permeability of the outer membrane helps to improve
the sensitivity of gram-negative bacteria to various antibiotics. Divalent cations cross-link
LPS molecules by forming ionic bridges with the negatively charged phosphate groups of
lipid A and are indispensable for the integrity of the outer membrane of gram-negative
bacteria [89], suggesting that the disruption of these structures to increase outer mem-
brane permeability contributes to the susceptibility of gram-negative bacteria to several
antibiotics. Various molecules can disrupt the physical structure of the outer membrane of
gram-negative bacteria by removing or competing with divalent ions, thereby breaking the
cross-linking structure between the divalent cation and the LPS molecule. Such molecules
include charge-containing small-molecular-weight drugs [90], cationic AMPs [91], chelating
agents, and cationic polymers [92]. Stokes et al. [90] screened 1440 approved drugs and
found that pentamidine could increase the susceptibility of E. coli and A. baumannii to
novobiocin and rifampicin by increasing the permeability of the outer membrane through
the disrupted cationic bridges of the maintaining LPS molecules. As for AMPs, the prime
example is colistin [93], which binds to LPS much more strongly than divalent magnesium
or calcium ions; therefore, it competitively displaces these divalent ions, weakening and re-
leasing the LPS molecules to form permeable pores in the outer membrane, which not only
fights the bacteria but also works synergistically with other antibiotics, such as carbapen-
ems. In addition, a cation-blocking [3-peptide (PAS8-b-PDM12) reported by Si et al. [94] was
found to reverse the resistance of carbapenem-resistant, gram-negative bacteria to a variety
of antibiotics through two different mechanisms of action: destroying the integrity of the
bacterial outer membrane and dissipating the transmembrane electrochemical potential to
disable the efflux pump system.

In addition, biofilms with bacterial-secreted polysaccharides and proteins, which pro-
vide a physical barrier, an altered chemical microenvironment, and a dormant metabolic
state for bacteria, greatly increase the odds of antibiotic resistance. Thus, the inhibition
or disruption of biofilm formation contributes to the action of antibiotics. Several of the
non-antibiotic anti-biofilm compounds identified are mainly derived from natural products,
synthetic compounds, chelating agents, metabolites, and AMPs [95-97]. Quorum sensing
(QS) is a process whereby the expression of certain genes in bacteria is regulated by signal-
ing molecules associated with the density of the population; moreover, it plays a crucial
role in regulating the formation of the bacterial biofilm [98]. In addition, c-di-GMP has
also been proven to be closely associated with the formation of the gram-negative bacterial
biofilm. It has been shown that high levels of c-di-GMP promote biofilm formation by
promoting polysaccharide biosynthesis, while low levels of c-di-GMP cause biofilm disper-
sion by enhancing flagellar formation and bacterial dispersion [99]. Thus, QS modulation
and c-di-GMP modification became targets for anti-biofilm formation. Chen et al. [100]
identified a quorum sensing inhibitor (QSI), norharmane, that strongly inhibits the biofilm
formation of MDR P. aeruginosa. Moreover, norharmane is synergistic with polymyxin
B. Norharmane improves the activity of polymyxin B against MDR P. aeruginosa in vitro
and in vivo. Recently, it has been shown that ebselen inhibits ESBL-E. coli resistance to
(-lactam antibiotics by inhibiting the diguanylate cyclase DgcM and modulating c-di-GMP
levels [101]. In conclusion, these examples demonstrate that the increased intracellular
accumulation of antibiotics enhances the effect of antibiotics against MDR bacteria. Cer-
tainly, it would be better to explore substances that simultaneously inhibit the efflux pump,
increase permeability, and inhibit biofilm formation than those that have only a single effect.
For example, baicalein [102] can bind to phospholipids on the cytoplasmic membrane and
lipopolysaccharide on the outer membrane of gram-negative bacteria to cause membrane
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rupture and enhance bacterial permeability. It can also inhibit the activity of the multidrug
efflux pump and the formation of biofilm, thereby enhancing the efficacy of doxycycline.

3.3. Activation of the Bacterial Metabolic State

The metabolic state of bacteria can affect the efficacy of antibiotics, suggesting that
metabolic regulation can improve the efficacy of antibiotics [59]. The resistant bacteria with
weak metabolisms can reverse their sensitivity to antibiotics by using exogenous substances
to improve their metabolism. The activation of bacterial metabolism can improve the sensi-
tivity of drug-resistant bacteria to antibiotics by promoting the intracellular accumulation
of antibiotics. For example, Peng et al. [65] showed that exogenous alanine and glucose
restored the sensitivity of drug-resistant bacteria to kanamycin by promoting the uptake
of antibiotics by bacteria by promoting the TCA cycle and increasing the production of
Nicotinamide adenine dinucleotide (NADH) and PMF. In addition, Allison et al. [103]
found that adding different metabolites (glucose, mannitol, fructose, and pyruvate) to the
medium enhanced the effect of gentamicin on S. aureus and E. coli. Further studies have
shown that these four carbon sources stimulate the production of PMF in the respiratory
chain through catabolism to produce NADH, thus promoting the uptake of aminoglyco-
side antibiotics by cells and enhancing the killing effect of antibiotics [103], which further
support the aforementioned point of view. Reactive oxygen species (ROS) production
is a general mechanism by which bactericidal antibiotics kill bacteria [104-108]. In brief,
the interaction of antibiotics with specific targets activates the TCA cycle and the electron
transport chain, leading to the generation of free radicals that damage bacterial DNA, lipids,
and proteins [109]. In view of this, increasing ROS production by regulating metabolic
networks may enhance antibiotic activity [106]. Recently, Wu et al. [110] found that L-serine
is an ROS enhancer that can produce synergistic killing effects against macrolide-resistant
Streptococcus suis in vitro and in vivo when combined with macrolide antibiotics. Further
studies found that L-serine inhibited the production of intracellular H,S, reduced the pro-
duction of Fe-S clusters, and restored the intracellular Fenton reaction, which, eventually,
caused an increase in the level of bacterial endogenous reactive oxygen species, leading to
intracellular DNA damage and bacterial death. Bacterial respiration is a potential source
of ROS, suggesting that the modulation of cellular respiration is also very important for
increasing the potency of antibiotics. Previous studies have shown that the inhibition of
cellular respiration can increase tolerance or resistance to antibiotics; meanwhile, increasing
cellular respiration can restore sensitivity to antibiotics [111]. For example, Liu et al. found
that cysteine [112] and thymine [113] enhanced the activity of antimicrobial antibiotics by
up-regulating the bacterial TCA cycle, respiration, and oxidative damage. Su et al. revealed
that exogenous glutamate reversed the phenotype of antibiotic resistance in bacteria by
stimulating pyruvate cycle (P cycle) metabolic flux and enhancing energy production in
resistant bacteria, emphasizing the role of cellular respiration and energy production in
reversing bacterial antibiotic resistance [114]. Interestingly, the strategy of activating bacte-
rial metabolism against drug-resistant bacteria is not only effective in vitro but also in vivo,
suggesting that this strategy holds promise for clinical application. For example, glutamine
was inhibited in multidrug-resistant uropathogenic E. coli. The exogenous addition of
glutamine promotes the killing of multidrug-resistant uropathogenic E. coli through several
antibiotics in vitro, and, in vivo, it not only inhibits biofilm formation in these bacteria
but also increases the antibiotic inhibition of systemic infections caused by these bacte-
ria in mice [115]. Together, these studies suggest that the activation of metabolism can
enhance the killing effect of antibiotics against tolerant or resistant bacteria in different
physiological states.
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3.4. Enhancement of Host Immunity

The host’s innate immune system is an important defense line against bacterial infec-
tion, suggesting that the regulation of the host immune system may be an important way
to enhance the effect of antibiotics on MDR bacterial infection. Although some substances
have no direct antibacterial effect, they have been shown to have immunomodulatory
effects, which can produce synergistic effects when combined with antibiotics to increase
their potency. In a previous study, Chen et al. [116] used metabolomics to screen L-valine, a
metabolic marker, in mice that survived infection with K. pneumoniae. Furthermore, L-valine
was found to enhance the clearance of K. pneumoniae and E. coli by activating the p13k/aktl
pathway to increase macrophage phagocytosis and NO production. Jiang et al. [117] used
metabolomics to screen maltose, a metabolic differential marker of zebrafish infected with
levofloxacin-sensitive or levofloxacin-resistant Vibrio alginolyticus (V. alginolyticus). Further
research showed that exogenous maltose enhanced the immune response of zebrafish to
levofloxacin-resistant V. alginolyticus by increasing the production of host lysozyme, thereby
improving the clearance of bacterial infection. Some AMPs affect the host immune system
in various ways, including suppressing inflammation to prevent infection from triggering
an excessive immune response leading to sepsis and inducing host cell-based antimicrobial
activities such as increased phagocytosis. The (TPFI-2)-derived EDC34 peptide [118] has
a strong immunomodulatory effect and can reduce the excessive inflammatory response
caused by bacterial endotoxin. The peptide alone could not rescue the mice with sepsis
caused by P. aeruginosa; however, when used in combination with ceftazidime, it could
promote the formation of anaphylactotoxin C3a in the host, enhance the effect of antibiotics,
and reduce the mortality of the model mice. In addition, some plant-derived active ingre-
dients can also enhance the host’s immune system to promote the clearance of pathogen
infections (Figure 2). For example, the synergistic antibacterial effect of the citrus flavonoid
rutin and florfenicol on Aeromonas hydrophila (A. hydrophila) in vitro and in vivo [119]. The
mechanism is that the rutin/florfenicol synergistic combination treatment of tilapia against
A. hydrophila infection is achieved by improving blood cell count and anti-protease and
lysozyme activities, as well as by reducing oxidative stress and pathological changes in
tilapia to enhance host immunity. These examples suggest that, through the dual action
of enhancing body immunity and antibiotic intervention, drug-resistant bacteria can be
better cleared.

4. Combination Antibiotics and Non-Antibiotic Compounds
4.1. Combination Antibiotics and Plant-Derived Active Ingredients

Chinese herbs have a long history of being widely used in traditional medicine to treat
infectious diseases. Active monomeric compounds from natural plants have the advantages
of being less toxic, having fewer side effects, having more targets, and having less resistance.
Its antibacterial effect is relatively weak compared with that of antibiotics. However, an
increasing number of studies have shown that the active ingredients of natural plants can
enhance the efficacy of antibiotics through a variety of different mechanisms, including
the inhibition of biofilm formation, disruption of cell membranes, inhibition of the efflux
pump, and inhibition of DNA, protein, and lipid synthesis (Figure 3). The pluripotency of
phytochemicals can stimulate the antimicrobial activity of aminoglycosides, quinolones,
macrolides, and tetracyclines [120]. Studies have shown that the combination of active
compounds from natural plants and antibiotics often shows synergistic effects against
MDR bacteria, including 3-lactams, quinolones, aminoglycosides, tetracyclines, and gly-
copeptides [121]. These plant derivatives mainly include flavonoids, alkaloids, terpenoids,
and phenols, as shown in Table 1 below. These plant active ingredients can interfere with
membrane structure through the modification of bacterial cell membranes, which increases
cell permeability and cellular leakage, resulting in a loss in ATP, the disruption of DNA, the
inhibition of protein synthesis, DNA gyrase, QS, and biofilm formation [2,120,121]. Further-
more, Catteau et al. [122] found that ursolic acid /oleanolic acid extracted from the leaves of
shea trees have a synergistic antibacterial effect when combined with ampicillin/oxacillin
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against MRSA by delocalizing PBP2 from the septal division site and interfering with pep-
tidoglycan synthesis. Recently, Zhong et al. [123] screened three plant-derived flavonoids
(catechol-type flavonoid-7,8-dihydroxyflavone, myricetin, and luteolin) and showed the
synergistic effects they displayed when combined with colistin against MDR bacteria. The
mechanism suggests that these flavonoids disrupt bacterial iron homeostasis by converting
iron trivalent to ferrous forms and promoting colistin binding and membrane damage,
which, in turn, promote the action of colistin against resistant bacteria. In addition, es-
sential oils (EOs), a class of volatile small-molecule mixtures derived from plants, have
been shown to possess potent antimicrobial activity. The composition of EOs is extremely
complex, including terpene hydrocarbons, aromatic hydrocarbons, alcohols, aldehydes,
ketones, ethers, esters, and phenols [124,125]. Due to the diverse and complex nature of
their components, EOs can simultaneously exhibit activity against different bacterial targets.
This multi-targeting property has a great advantage against multidrug-resistant bacteria
compared to the single target of traditional antibiotics [126,127]. Based on this, plant EOs
may have less potential for the development of microbial resistance [128,129]. In addition,
in vitro and in vivo experiments have demonstrated synergistic effects between combina-
tions of EOs and antibiotics [124,126,127]. The combination of EOs and antibiotics not only
exerts multi-targeted antimicrobial activity but also effectively reduces or reverses microbial
resistance, which may be an effective strategy to combat microbial resistance [124,130].
Studies have shown that the mechanisms of synergism between plant EOs and antibiotics
mainly include increasing outer membrane permeability, inhibiting bacterial efflux pumps,
and resisting group-sensing abilities. In addition, EOs have anti-inflammatory, antioxidant,
and immunomodulatory effects, which suggests that EOs play an important role in promot-
ing the treatment of multidrug-resistant bacterial infections [128]. These studies indicate
that the combination of antibiotics with active compounds from natural plants provides a
promising approach to combating drug-resistant bacteria.
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Figure 3. The synergistic action between plant-active ingredients and antibiotics: (D inhibit biofilm
information; ) disrupt cell membrane; 3 inhibit efflux pumps; @—©® inhibit the synthesis of DNA,
proteins, and lipids.
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Table 1. Representative synergistic combinations between plant-derived active ingredients and antibiotics against drug-resistant bacteria.

Phytochemical Combination with Antibiotic Antibiotic-Resistance Bacteria Mechanism of Action Reference
Flavonoids
Lo . . Inhibited multidrug efflux pumps and biofilm
Baicalein Doxycycline MDR gram-negative pathogens formation and disrupted the membrane [102]
Catechol-type . . . . .
flavonoids-7,8-dihydroxyflavone, myricetin, Colistin Colistin-resistant bacteria Disrupted iron homeostasis and interfered with [123]
. pmrA/pmrB system
and luteolin
Hibifolin Cefotaxime MRSA Inhibited Sortase A (SrtA) activity [131]
Hinokiflavone Vancomycin MRSA Inhibited Caseinolytic protease P (ClpP) activity [132]
Scutellarin Vancomycin MRSA Dual inhibition of SrtA and ClpP [133]
. Carbapenem-resistant o
Quercetin Meropenem gram-negative bacteria Inhibited carbapenemase and efflux pumps [134]
Baicalein Colistin Colistin-resistant Salmonella -—- [135]
a-mangostin and isobavachalcone Colistin Colistin-resistant gram-negative pathogens  Dissipation of PMF and metabolic perturbations [136]
Quercetin Tetracvcline MDR E. coli carrying mcr-1 and Disrupted the bacterial cell envelope resulting in [137]
Y tet resistance genes increased permeability and cell lysis
Rhamnetin
_O-(R_ _R_- s
3-0-(6"-galloyl)-B-D glucopyranosu:le, Methicillin MRSA Remodeling metabolism [138]
quercetin
3-O-(6"-galloyl)-p-D-glucopyranoside
Naringenin Colistin MDR K. preumoniae Inhibited mcr gene activity and repression of [139]
two-component system
Phloretin Colistin E. coli ZJ478 or Salmonella sp. stain HYM2 -—- [140]
Isoliquiritin Isoliquiritin NDM-1-positive Enterobacteriaceae Inhibited NDM-1 enzyme activity [74]
Kaempferol Colistin Colistin-resistant gram-negative bacteria Reduced the number of bacteria in the biofilm [141]
. Ceftazidime, Levofloxacin, o
Ceragenin Co-Trimoxazole, and Colistin Stenotrophomonas maltophilia - [142]
Alkaloids
. - o, Undermined PMF and efflux pumps; inhibited )
Tetrandrine Colistin MCR-positive salmonella the expression of MCR-1 [143]
Tetrandrine Colistin MCR-positive E. coli Inhibited MCR-1 from binding to its substrates [144]
Budmunchiamines Chloramphenicol Chloramphenicol-resistant bacteria Inhibit acrB efflux pump [145]
Berberine hydrochloride Tigecycline, Sul.bactam, Meropenem, MDR A. baumannii Boosted AdeB gene expression anc! bound to the [146]
and Ciprofloxacin adeb transporter protein
1,4-naphthoquinone Imipenem, Cefuroxime, and Cefotaxime MRSA - [147]
Chanoclavine Tetracycline MDR E. coli Inhibited ATPase-dependent efflux pumps [148]
Berberine chloride Vancomycin Clostridioides difficile - [149]
Terpenes
Pogostone Colistin MCR-1-positive bacteria Inhibited the binding of MCR-1 to substrates [150]
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Table 1. Cont.

Phytochemical Combination with Antibiotic Antibiotic-Resistance Bacteria Mechanism of Action Reference
Carvacrol and Thymol Norfloxacin S. aureus SA-1199B Inhibit NorA [151]
Celastrol Vancomycin Vancomycin-resistant enterococci Inhibited bacterial cell-division protein FtsZ [152]
Cryptotanshinone Fosfomycin Fosfomycin-resistant S. aureus - [153]
Monoterpene Tetracycline, Erythromycin S. aureus Inhibited efflux pumps [154]
Dihydroartemisinin Colistin MCR-1-positive, gram-negative bacteria Inhibited mer-1 activity; disrupted [155]
energy metabolism
. . KPC-2-positive strain, E. coli BL21(DE3) . -
Corosolic Acid Carbapenems (pet28a-KPC-2) Inhibited 3-lactamase KPC-2 activity [156]
Isoalantolactone Penicillin G -Lactamase-positive S. aureus Inactivated p-lactamase [157]
Cannabidiol Polymyxin MDR polymyxm—remst.ant Dlsrgpted the DNA and RNA [158]
gram-negative bacteria biosynthetic pathways
Phenols
g B-Lactam antibiotics B-lactam-resistant Enterobacteriaceae and o } ..
Proanthocyanidins (cefotaxime; meropenem) staphylococci (E. coli, Klebsiella, MRSA) Inhibited B-lactamase activity [159]
Salicylate, curcumin Colistin Carbapenem resistant Enterobacteriaceae Inhibited MraR expression and the efflux pump [160]
Honokiol Colistin MCR-1-positive Enterobacteriaceae Reduced MCR-1 activity [161]
Resveratrol Colistin Colistin-resistant P. aeruginosa Increased membrane permeability [162]
- Gram-negative b;.icterla, 1nc.lud1ng Damaged bacterial outer membrane and
Thymol Colistin nonfermenting bacteria . - [163]
. increased permeability
and Enterobacteriaceae.
Other
.. B-Lactam antibiotics (oxacillin, cefazolin E o Inhibited SarA expression and
Hypericin and nafcillin) B-lactam-resistant MRSA reduced biofilm formation [164]
Verbascoside Vancomycin, Ceftazidime MDR S. aura'ts 5A-596, MDR Cell membrane dysfunction; biofilm eradication [165]
P. aeruginosa PA-69
. . . Inhibited biofilm formation
6-gingerol analog Tobramycin P. aeruginosa and RhIR inactivation [166]
. " . " . Inhibited the activity of monooxygenases;
Plumbagin Tet(X3)/tet(X4)-positive bacteria Tet(X3)/tet(X4)-positive bacteria increased oxidative stress and metabolism [167]
Nordihydroguaiaretic acid Colistin MCR-1-positive E. coli Z]487 Directly inhibited MCR-1 activity and injured the [168]

bacterial cell membrane
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4.2. Combination Antibiotics and Metabolites

It is a new idea to repair metabolic deficiency through an exogenous increase in
metabolites, but its combination with antibiotics can indeed increase the sensitivity of
drug-resistant bacteria to antibiotics and prolong the life span of antibiotics. Numerous
studies [169] have confirmed that the exogenous addition of metabolites such as those in
the TCA cycle, amino acids, and nucleotides can increase the sensitivity of drug-resistant
bacteria to antibiotics through different mechanisms (Figure 4). Additional examples are
summarized in Table S1.
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Figure 4. The synergistic action between bacterial metabolites and antibiotics: the combination
of metabolites and antibiotics enhances the efficacy of antibiotics because exogenous metabolites
stimulate the bacterial TCA cycle and P cycle, resulting in increased bacterial cell respiration, PMF,
and ROS.

The TCA cycle is the central link of cellular energy metabolism, which is the hub
of carbohydrate, fat, and amino acid metabolism. Numerous studies have shown that
promoting the TCA cycle can change the metabolic state of bacteria, thereby improving
the efficiency of antibiotics. Peng et al. found significant metabolic differences between
kanamycin-resistant and -susceptible Edwardella tard (E. tard), with glucose and alanine
abundances being suppressed in resistant strains. The combination of exogenous alanine
or glucose with kanamycin restores susceptibility to kanamycin in MDR E. tarda. Further
mechanistic studies showed that exogenous glucose or alanine promoted the TCA cycle
by activating substrates, which, in turn, increased the production of NADH and PMF
and then stimulated the uptake of antibiotics [65]. A similar mechanism was found in
later studies, wherein exogenous low-abundance TCA metabolites were able to restore
tobramycin sensitivity in P. aeruginosa [170]. In a later study, Su et al. further revealed that
glutamate, another suppressed metabolite, could enhance the efficacy of aminoglycoside
antibiotics, but the mechanism was not the same, indicating that exogenous glutamate
could provide energy for bacterial respiration by regulating the flux of the P cycle, thereby
reversing the sensitivity of E. tarda and E. coli to kanamycin [114].

In addition, nucleotide metabolism is an important metabolic process in organisms
and has a variety of biological functions, including energy storage and metabolic and
physiological regulation. Antibiotics are often able to destroy the nucleotide pool and
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affect nucleic acid metabolic pathways during the process of killing bacteria. Numerous
studies have shown that nucleotides combined with antibiotics can enhance the sensitiv-
ity of bacteria to antibiotics [171]. Yang et al. [57] designed a “white box” biochemical
screening, network modeling, and machine learning approach to screen different metabo-
lites for the action of bactericidal antibiotics in E. coli, and the results showed that purine
biosynthesis was involved in the lethal action of antibiotics. Further studies have shown
that antibiotic-induced adenine limitation increases ATP demand, which improves central
carbon metabolic activity and oxygen consumption, thereby enhancing the killing activ-
ity of antibiotics [172]. In addition, studies have shown that thymidine can enhance the
killing effect of antibiotics on a variety of gram-negative bacteria by up-regulating bacterial
metabolism, including increasing the TCA cycle and respiration, thereby promoting the
production of ATP and ROS [113].

In addition, some evidence suggests that the combination of amino acids with an-
tibiotics can enhance the activity of antibiotics by increasing PMF, up-regulating the P
cycle, stimulating bacterial respiration, producing ROS, or stimulating the host immune
response. For example, exogenous L-lysine can enhance PMF and stimulate the uptake
of aminoglycosides by promoting the transmembrane proton gradient, which increases
the sensitivity of gram-negative bacteria A. baumannii, E. coli, and K. pneumoniae, as well as
gram-positive bacteria Mycobacterium smeggy to aminoglycosides [173]. L-leucine increases
the sensitivity of drug-resistant Salmonella to salafloxacin by stimulating central carbon
metabolism and increasing the levels of intracellular reactive oxygen species [174].

Interestingly, in vivo experiments [175-177] have shown that exogenous metabolites
can regulate various physiological processes, including the immune response, antioxidant
capacity, and inflammatory response, indicating that host metabolites may also play an
important role in improving the efficacy of antibiotics [58,178]. For example, these different
mechanisms indicate that adding exogenous metabolites to restore metabolic defects pro-
vides an attractive method to treat drug-resistant pathogens in combination with otherwise
ineffective antibiotics [179]. Taken together, these studies suggest that the strategy of repro-
gramming metabolic pathways in resistant bacteria using metabolite molecules opens a
promising avenue for extending the lifespan of antibiotics as well as for the development
of novel antimicrobial therapies.

4.3. Combination Antibiotics and AMPs

AMPs are a class of short, cationic, and amphiphilic peptides that can be isolated from
a variety of organisms and obtained using chemical synthesis. They exhibit broad-spectrum
antimicrobial activity and immunomodulatory activity [180-182]. The main mechanism
of action of antibacterial peptides is the rapid destruction of bacterial cell membrane
structure. Several commonly accepted hypothetical models have been proposed to explain
how AMPs damage cell membranes, including the carpet model, bucket plate model,
annular hole model, and aggregation model (Figure 5 (D-®)) [183,184]. Both antibiotics
and AMPs have antibacterial activity. However, antibiotics work primarily by interacting
with specific molecular targets (e.g., cell wall synthesis, cell membrane, protein synthesis,
and nucleic acid transcription and replication), which is different from the mode of action
of AMPs. Given that two sufficiently different selection pressures are likely to be more
effective than either alone and that antibiotics and antibacterials have the same purpose,
it is possible that they work together to enhance each other’s effectiveness [183,184]. A
growing number of AMPs were found to have synergistic effects with multiple antibiotics
against MDR bacteria in vitro and in vivo (Table S2). The synergy mechanisms of AMPs
and antibiotics (Figure 5): (1) Improve the uptake of antibiotics. When used in combination
with antibiotics, AMPs can increase membrane permeability, enabling antibiotics that were
blocked outside the cell to enter the cell and bind to the target [185]. In addition, AMPs can
also increase antibiotics’ efficacy by blocking the efflux pump and reducing the pumping
out of intracellular antibiotics. (2). Promote the binding of AMPs to the cell membrane;
the increase in cell membrane permeability caused by AMP alone was quite slow, but
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the process of membrane disruption was quite rapid in the presence of certain antibiotics
(e.g., gentamicin) [186]. These antibiotics enhance AMP selectivity by participating in the
processes of lipid aggregation and membrane perturbation, thereby accelerating AMP
integration into the lipid bilayer and/or its aggregation [186,187]. (3). Disturb bacterial
metabolism. Some AMPs and antibiotics can affect bacterial metabolism by inhibiting
protein synthesis, inhibiting nucleic acid (DNA and/or RNA) synthesis, and inhibiting
enzyme activity, subsequently promoting their synergistic activity [184].
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Figure 5. The underlying synergy mechanisms between AMPs and antibiotics: AMPs change
membrane permeability through four membrane destruction mechanisms, including (D aggregate
model; @ toroidal pore model; (3) barrel-stave model; @ carpet model, which induces antibiotics to
penetrate into cells, allowing them to reach and interact with targets in bacterial cells. In addition,
AMPs block bacterial efflux pumps and increase intracellular antibiotic concentrations, thereby
significantly improving the efficacy of conventional antibiotics.

Therefore, combinations of antibiotics and AMPs are also potential therapeutic strate-
gies for overcoming antibiotic resistance, improving bacteria-killing effects, and reducing
toxicity and side effects [185]. This strategy can help reduce side effects and increase the
selectivity of compounds while enhancing the permeability of bacterial membranes and
reducing the efflux of antibiotic drugs, thereby inhibiting bacterial survival [188].

4.4. Combination Antibiotics and Metal-Based NPs

Metals and metal oxides are known to possess antimicrobial activity, and these mech-
anisms of action include impaired membrane function, the generation of ROS, loss in
enzyme activity, and protein dysfunction, as well as the release of toxic ions, which can
be effective in eliminating drug-resistant bacteria [189-191]. The antimicrobial activity of
these compounds is related to their particle size, stability, drug concentration, and specific
surface area in contact with microorganisms [192,193]. Thus, a greater antimicrobial effect
can be exerted when used in smaller sizes (e.g., nanoparticles (NPs)) because they have
a larger surface area in contact with pathogens. Metallic nanoparticles are characterized
by their small particle size, which can penetrate bacterial membranes and block important
molecular pathways, leading to bacterial lysis [194], which shows unique antibacterial
properties and could be of interest for the treatment of drug-resistant bacterial infections.
Silver (Ag) has strong antibacterial potential and is an effective inhibitor of a wide range
of gram-positive and gram-negative pathogens [195]. AgNPs are capable of resensitiz-
ing aminoglycoside and p-lactam antibiotics, as well as of expanding the spectrum of
action of glycopeptides [195,196]. In addition, these metallic NPs include gold nanoparti-
cles (AuNDPs), zinc nanoparticles (ZnNPs), copper nanoparticles (CuNPs), and aluminum
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nanoparticles (AINPs), among others [189]. Like metal nanoparticles, certain metal oxide
nanoparticles have been found to have antimicrobial efficacy, including zinc oxide nanopar-
ticles (ZnONPs), copper oxide nanoparticles (CuONDPs), titanium dioxide nanoparticles
(TiO, NPs), magnesium oxide nanoparticles (MgONPs), and aluminum oxide nanoparticles
(Al,O3NPs). Although metal or metal oxide nanoparticles have good antimicrobial effects
in their own right, their application is limited by their own toxic effects, and the combined
use of nanomaterials and antibiotics has proven to reduce the amount of nanomaterials,
thereby reducing the toxic effects of the drugs on the cells [197] and exerting excellent
synergistic antimicrobial effects. Currently, the potentially synergistic mechanisms of an-
tibiotics combined with metal nanoparticles include the disruption of membrane structure,
disruption of the electron transport chain, ROS generation, and disruption of intracellular
structures (nucleic acids, proteins, and enzymes) [189,198] (Figure 6). Dove et al. [199] con-
firmed the synergistic effect of silver nanoparticles and aminoglycoside antibiotics against
MDR Enterococcus feacium, with AgNPs lowering the minimal inhibitory concentration of
aminoglycoside antibiotics by approximately 22-fold at a safe dose. In addition, Adeniji
et al. [200] demonstrated a synergistic effect of ZnONPs in combination with vancomycin,
as well as ampicillin against MDR Enterococcus feacium. In addition, nanoparticles are
suitable for binding or carrying antibiotics, which can be used as drug carriers to improve
the pharmacokinetics of antibiotics and promote the accumulation of antibiotics, thereby
improving the therapeutic effect of antibiotics [201-203]. For example, Wang et al. [204]
successfully developed a mesoporous silica nanocarrier (Ag@MSNs@LEVO) loaded with
levofloxacin (LEVO) and embedded in a silver core, which can treat drug-resistant bac-
terial infections in vitro and in vivo. In a mouse model of acute peritonitis, treatment
with Ag@MSNs@LEVO reduced the number of resistant E. coli GN102 by nearly three
orders of magnitude.
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Figure 6. The synergistic action between metal-based NPs and antibiotics. This potential mecha-
nism includes the disruption of the membrane structure, disruption of the electron transport chain,
generation of ROS, and disruption of intracellular structures (nucleic acid, proteins, and enzymes).

Interestingly, in recent years, nanoenzymes, a class of mimetic enzymes that have
both the unique properties of nanomaterials and catalytic functions, have received much
attention in the fight against MDR pathogens. Nanoenzymes are diverse but most of
them mediate catalytic reactions (mainly redox reactions) [205]. The redox-catalyzed ac-
tivity of nanoenzymes generates a free radical storm that breaks the ROS balance, thus
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destroying the integrity of cell membranes, degrading a wide range of molecules, includ-
ing nucleic acids, proteins, polysaccharides, and lipids, and destroying the morphology
of bacteria, thereby killing MDR bacteria [206-209]. Yao et al. [210] reported the use of
pathogen-targeting bimetallic BiPt nanozymes exhibiting dual-enzymatic activities, in-
cluding peroxidase-mimic and oxidase-mimic activities, for the nanocatalytic treatment
of an MDR pathogen. Further wrapping with platelet-bacterial hybrid membranes allows
for a more precise and efficient clearance of carbapenem-resistant Enterobacteriaceae and
MRSA in an osteomyelitis rat model, muscle-infected mice model, and pneumonia mice
model. In addition, recent studies [211] have shown that Ag-Fe;0,@MoS;-magnetic NP
nanocomposites loaded with DNase and vancomycin can exhibit stronger biofilm destruc-
tion and bacterial killing. Overall, these studies support the notion that the combination of
antibiotics with metals and metal oxides is effective in fighting multidrug-resistant bacteria.

4.5. Combination Antibiotics and Phages

Phage is a bacterial virus that widely exists in nature and can infect and kill bacte-
ria. Compared with antibiotics, its unique advantages in the treatment of MDR bacteria
have attracted widespread attention in recent years. These advantages include high host
specificity [212,213], low dose requirement, low cost [214,215], high safety, anti-biofilm
activity [216,217], and poor ability to produce resistance. Phage therapy alone has indeed
made some outstanding advances against VRE, -lactam-resistant Enterobacteriaceae, and
MRSA, suggesting that phage therapy may be an alternative to antibiotics for the treatment
of antibiotic-resistant bacteria [218]. However, more and more studies (Table S3) have
shown that the combination of phage and antibiotics seems to have advantages over phage
therapy alone [219-221]. Oechslin et al. [222] found a highly synergistic effect of a single
dose of phage combined with ciprofloxacin in the treatment of experimental peritoneal
endocarditis caused by P. aeruginosa through in vivo experiments in mice. The combination
treatment killed >6 log CFU per gram of tissues, which is twice as many as for each of the
single-agent treatments. Shlezinger et al. [223] found that the combination of vancomycin
and phage EFLK1 significantly improved the efficacy of vancomycin-resistant enterococci
compared with a single-drug treatment. More interestingly, Chan et al. [224] demonstrated
that the selective pressure exerted by the OMKO1 phage on the MDR P. aeruginosa popula-
tion led to the selection of an efflux pump porin OprM mutant with significantly increased
antibiotic sensitivity, which, in turn, restored the antibiotic sensitivity of the resistant
bacteria. In 2007, Comeau et al. [225] proposed for the first time that phage-antibiotic
synergy (PAS), that is, sublethal concentrations of antibiotics, can greatly increase the
yield of bacterial lytic phages. This traditional concept of PAS has been expanded with
the discovery of additional mechanisms by which synergism occurs between phages and
antibiotics (Figure 7). Previous studies have employed different experimental models to
determine the synergistic effects of different types of phages with antibiotics, including
plaque assessment, the elimination of resistant or phage bacteria, a reduction in the number
of bacteria embedded in biofilms, and in vivo assessment [226]. The phage-antibiotic com-
bination has shown possible advantages such as enhanced bacterial inhibition, significantly
affecting the rate of phage adsorption and the incubation period during infection [227,228],
as well as more efficient penetration into biofilms [220,229] and the reduced ability of
bacteria to develop phage and/or antibiotic resistance [230]. Interestingly, when phages
and antibiotics are combined, an “ordering” effect may occur so that the maximum killing
effect can be achieved using phage treatment before antibiotics, and the administration
time of combined therapy is optimized to enhance its efficacy [220,231]. In addition, phage
infection pressure on Vibrio cholerae induces mutations that encode the outer membrane
porin OmpU, resulting in at least a 100-fold attenuated virulence of the bacterium [232].
These findings suggest that phages combined with antibiotics have synergistic effects on
host bacteria and alter the expression of bacterial virulence factors, antibiotic resistance,
and growth factor activity, leading to increased antibiotic sensitivity or the inhibition of
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bacterial growth. Therefore, the combination of phages and antibiotics is considered to be a
promising therapeutic strategy against MDR bacterial infections.
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Figure 7. The synergistic action between phages and antibiotics: (D) antibiotic-induced phage pro-
duction; @ phage-induced penetration of antibiotics into biofilm; (3) phages inhibit efflux pumps to
reduce efflux of intracellular antibiotics; @ phages and antibiotics target different bacterial sites to
enhance each other’s effectiveness.

5. Conclusions and Future Perspectives

The combination of non-antibiotic compounds and antibiotics may be one of the main
directions to address bacterial resistance, which is supported by the successful combination
of amoxicillin with the 3-lactamase inhibitor clavulanic acid. Based on this, over the past
decade, the screening, identification, and research of new non-antibiotic and antibacterial
synergies have increased day by day. In this review, we attempt to summarize the antibiotic
synergistic pathways and their antimicrobial potentiates that target existing resistance
mechanisms. In addition, we discuss several promising antimicrobial potentiators, includ-
ing plant-derived active ingredients, metabolites, AMPs, metals and metal oxides, and
phages, which can cooperate with antibiotics to overcome resistance to existing antibiotics.
These antibiotics potentiate extend the lifespan of currently used antibiotics by directly
or indirectly increasing their potency against resistant bacteria. In China, Chinese herbal
medicine has a long history of treating diseases and abundant resources, which provide a
variety of options for screening antibiotic synergies. In addition, the plant-derived active
ingredients are widely sourced, have diverse structures, and have a low resistance, making
them worthy of further study. Interestingly, in recent years, due to their many character-
istics and advantages in combination with antibiotics, metal nanomaterials have become
a desired tool to fight MDR bacteria. Remarkably, a polymeric nanoparticle, dendrimer,
with its nanometric size, multivalency, biocompatibility, and structural perfection, further
increases the possibilities of nanotechnology applications [233]. Dendrimers, as antibac-
terial agents and nanocarriers of antibacterial drugs, may have a promising prospect in
combating MDR bacteria, which is worthy of attention.

However, although many non-antibiotic compounds with synergistic effects with
antibiotics have been identified or discovered in vitro, only a few are also effective in animal
models in vivo, and few have been approved for marketing or clinical trials. This indicates
that there are still some unanswered questions, including, but not limited to, the following:
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(1). What is the synergy’s stability, efficacy, and safety in vivo? (2). What are the combined
drugs’ pharmacokinetics, pharmacodynamics, and bioavailability distributions in vivo?
(3). What are the toxicity and side effects of combination drugs? (4). Is there resistance to
the compound? (5). In what dosage form and in what way can these combination drugs
be delivered to the site of infection in the body to be effective? These problems need to be
solved urgently.

In addition, it is necessary to accurately and efficiently screen the target compounds
from the vast array of compounds. Recently, Stokes et al. [234] found potent antibiotics in
more than 100 million molecules using Artificial Intelligence (AI) technology for the first
time, suggesting that Al will be a powerful tool for future antibiotic potentiator screening.
Therefore, in future work, it is very important to use Al methods combined with high-
throughput screening platforms and molecular biology techniques to screen non-antibiotic
and antibacterial synergists and study the mechanisms by which they improve the efficacy
of antibiotics. However, it is still necessary to further study the mechanism of reversing
bacterial resistance and explore the relationship between the reversal mechanism and drug
resistance mechanisms, as well as the synergistic mechanism of synergists and antibiotics,
which will effectively accelerate the development of non-antibiotic synergists. In summary,
the combination therapy of antibiotic and non-antibiotic compounds is promising and has
great commercial potential; however, there are also many problems to be solved.
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