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Antibiotics represent one of the most significant medical breakthroughs of the
twentieth century, playing a critical role in combating bacterial infections.
However, the rapid emergence of antibiotic resistance has become a major
global health crisis, significantly complicating treatment protocols. This paper
provides a narrative review of the current state of antibiotic resistance,
synthesizing findings from primary research and comprehensive review articles
to examine the various mechanisms bacteria employ to counteract antibiotics.
One of the primary sources of antibiotic resistance is the improper use of
antibiotics in the livestock industry. The emergence of drug-resistant
microorganisms from human activities and industrial livestock production has
presented significant environmental and public health concerns. Today, resistant
nosocomial infections occur following long-term hospitalization of patients,
causing the death of many people, so there is an urgent need for alternative
treatments. In response to this crisis, non-antibiotic therapeutic strategies have
been proposed, including bacteriophages, probiotics, postbiotics, synbiotics,
fecal microbiota transplantation (FMT), nanoparticles (NPs), antimicrobial
peptides (AMPs), antibodies, traditional medicines, and the toxin-antitoxin (TA)
system. While these approaches offer innovative solutions for addressing
bacterial infections and preserving the efficacy of antimicrobial therapies,
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challenges such as safety, cost-effectiveness, regulatory hurdles, and large-scale
implementation remain. This review examines the potential and limitations of
these strategies, offering a balanced perspective on their role in managing
bacterial infections and mitigating the broader impact of antibiotic resistance.
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1 Introduction

Since the discovery of penicillin in 1929, pathogens responsible
for various diseases have been effectively targeted through the
widespread use of this antibiotic, its subsequent modifications,
and the identification of bioactive scaffolds derived from natural
sources. These advancements have propelled the field of antibiotics
into a golden era. Antibiotics have made it possible to cure
potentially lethal bacterial infections from medical procedures
(Konwar et al., 2022). However, antibiotic resistance has led to a
concerning increase in drug-resistant bacterial populations, posing
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a significant threat to global health. In 2008, the Infectious Diseases
Society of America (IDSA) acknowledged the growing prevalence of
antibiotic resistance in the United States and worldwide (Control,
C.E.D, 2002). According to projections from the World Health
Organization, antibiotic-resistant infections currently claim
approximately 700,000 lives globally each year. By 2050, this
number could rise to 10 million deaths, making antibiotic-
resistant diseases a more significant cause of mortality than
cancer (O’Neill, 2016). In both the United States and globally,
Staphylococcus aureus is a major contributor to mortality, causing
severe infections such as skin and soft tissue infections,
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inflammatory diseases, and joint and bone infections, as well as
complications in individuals with emphysema and AIDS (Klevens
et al., 2007; Alder et al., 2020; Del Giudice, 2020; Chen et al., 2022).
The treatment of multidrug-resistant (MDR) and extensively drug-
resistant (XDR) bacterial infections presents a considerable
challenge for clinicians, often resulting in limited therapeutic
options and increased morbidity and mortality (Basak et al., 2016;
Silva et al., 2018).

To address this crisis, a significant approach that has been
proposed is to focus on non-antibiotic alternatives for controlling
bacterial infections. These techniques serve as adequate substitutes
for antibiotics, possessing comparable capabilities to manage
bacterial infections without contributing to antibiotic resistance
(Opal, 2016; Lagadinou et al., 2020). Many strategies have been used
to treat antibiotic-resistant infections, including using
bacteriophages, probiotics, nanoparticles (NPs), antimicrobial
peptides (AMPs), antibiofilms, and traditional natural remedies.
Extensive research has been conducted on each of these alternatives.
While some methods demonstrate considerable effectiveness in
laboratory settings, their implementation in clinical practice
necessitates further research and effort (Barbosa et al., 2017).
Some of these alternative methods have been used before, but
antibiotics have been phased out, such as bacteriophages and
natural remedies, which have been put back on the agenda due to
antibiotic resistance, although these methods may also present some
challenges (Golkar et al., 2014). For instance, bacteriophages
themselves can cause resistance to phage in bacteria, or natural
remedies are more bacteriostatic and must be prescribed with
antibiotics for effectiveness (Khaledi et al., 2022). Some natural
remedies may cause several side effects due to the complexity and
properties of the ingredients. NPs require unique design based on
the physicochemical properties of the material (Baker et al., 2020).

This review aims to evaluate the current state of antibiotic
resistance and explore non-antibiotic therapies as viable
alternatives. Specifically, the objective is to examine the
mechanisms by which bacteria develop resistance, assess the role of
antibiotic use in livestock as a significant contributor to resistance,
and evaluate the potential of non-antibiotic therapies in mitigating
antibiotic resistance and enhancing public health outcomes.

2 Review methodology

This review used a structured search strategy to identify relevant
literature on antibiotic resistance and non-antibiotic therapies.
Searches were performed in major academic databases, including
PubMed, Scopus, and Web of Science, utilizing a combination of

» o«

keywords such as “antibiotic resistance,” “alternative therapies,”

» o«

“bacteriophages,” “probiotics,” “fecal microbiota transplantation,”

» <«

“antimicrobial peptides,” “antibodies,” “nanoparticles,” “traditional
medicines,” and “toxin-antitoxin systems.” Articles published from
1958 to 2025 were included to capture foundational studies and
recent advancements in the field. The inclusion criteria focused on
studies that addressed bacterial resistance mechanisms, evaluated
non-antibiotic therapeutic strategies, and presented experimental or

clinical data. Excluded articles were those deemed irrelevant, non-
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English publications, or duplicate studies across databases. Data
extraction involved identifying key findings related to the
mechanisms of resistance, therapeutic efficacy, and clinical
applicability of the therapies. The results were synthesized to
provide a comprehensive analysis of both emerging and
established alternatives to antibiotics, highlighting historical
perspectives alongside contemporary research.

3 The current state of
antibiotic resistance

Recently, resistance to routinely used antibiotics has risen, leading
to the formation of MDR bacteria that can withstand the effects of
last-resort medicines like tigecycline and colistin. The WHO has
recently published a roster of significant pathogens that demonstrate
elevated levels of resistance to antibiotics. This list is categorized into
three priority tiers according to the urgent need for novel antibiotic
treatments, namely: critical, high, and medium’? (Figure 1). Also, the
WHO concluded in a study on the worldwide lack of new
antimicrobials released in April 2021 that the clinically licensed
medicines and existing antibiotic development pipelines are
insufficient to treat germs resistant to drugs (Lin et al, 2017;
Mancuso et al., 2021; Hou et al.,, 2023). The report examines the
clinically developed antibiotics against the diseases listed in the
bacterial priority pathogens list from February 2017. In their
analysis, which looked at 27 non-traditional antibacterial agents
including bacteriophages and antibodies, the WHO first included
non-traditional antibacterial medications (Konwar et al., 2022).
Furthermore, the Indian Council of Medical Research (ICMR)
illustrated current resistance developments on the priority
infections in its annual report on the antimicrobial resistance
(Kamruzzaman et al,, 2021) research and surveillance network
(from January 2020 to December 2020) (Konwar et al., 2022).
Based on data gathered from research laboratories and tertiary
hospitals, the report emphasized the declining sensitivities of
bacteria to frequently used antibiotics for drug-resistant diseases
such as B-lactam—f-lactamase inhibitors, cephalosporins,
monobactams, and carbapenems. The resistance trend among
isolates from secondary bacterial infections in Coronavirus disease
(COVID-19)-positive individuals was also investigated, given that
India was affected by the COVID-19 pandemic throughout the
reporting period. According to these findings, the most often
isolated pathogen from the respiratory tract of COVID-19-positive
individuals was Klebsiella pneumoniae (K. pneumoniae), which was
followed by Acinetobacter baumannii (A. baumannii) and
Escherichia coli (E. coli). Furthermore, it has been shown that there
was a significant rise in antibiotic resistance of these bacteria when

1 2020 antibacterial agents in clinical and preclinical development: an
overview and analysis. Available online at: https://www.who.int/

publications/i/item/9789240021303 (Accessed Oct 12, 2021).

2 Available online at: https://www.who.int/news/item/27-02-2017-who-

publishes-list-of-bacteria-for-which-new-antibiotics-are-urgently-needed.

frontiersin.org


https://www.who.int/publications/i/item/9789240021303
https://www.who.int/publications/i/item/9789240021303
https://www.who.int/news/item/27-02-2017-who-publishes-list-of-bacteria-for-which-new-antibiotics-are-urgently-needed
https://www.who.int/news/item/27-02-2017-who-publishes-list-of-bacteria-for-which-new-antibiotics-are-urgently-needed
https://doi.org/10.3389/fcimb.2025.1493915
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Yarahmadi et al.

Critical group

Acinetobacter baumannii
carbapenem-resistant

High group

Salmonella Typhi

fluoroquinolone-resistant

10.3389/fcimb.2025.1493915

Medium group

Group A
Streptococci
macrolide-resistant

Enterobacterales

third-generation
cephalosporin-resistant

Shigella spp.

fluoroquinolone-resistant

Streptococcus
pneumoniae

macrolide-resistant

Enterobacterales
carbapenem-resistant

Enterococcus
Jfaecium
vancomycin-resistant

Haemophilus
influenzae
ampicillin-resistant

Mycobacterium
tuberculosis,
rifampicin resistant®
“RR-TB was included after

an independent analysis
with parallel criteria and

Pseudomonas
aeruginosa

carbapenem-resistant

Non-typhoidal
Salmonella

fluoroquinolone-resistant

Staphylococcus
aureus

methicillin-resistant

Neisseria
gonorrhoeae
third-generation

ZINE

Group B
Streptococci

penicillin-resistant

subsequent application of
an adapted MCDA matrix. /

(Sl <k T

G

cephalosporin,and/or
fluoroquinolone-resi

/ /

FIGURE 1
WHO bacterial priority pathogens list, 2024 (Organization, W.H, 2024).

they were isolated from individuals who tested positive for COVID-
19. Additionally, the Centers for Disease Control and Prevention
(CDC) recently reported that 35,000 people in the US die from
infections caused by antibiotic-resistant bacteria, which affect an
estimated 2.8 million people annually. In addition, $4.6 billion was
needed to address infections caused by six types of bacteria resistant
to multiple drugs. The CDC has classified 18 strains of antibiotic-
resistant bacteria and fungi into three distinct categories according to
the degree of threat they pose to human health, namely urgent,
serious, and concerning (Walia et al., 2019; Martins and Rabinowitz,
20205 Sato et al., 2021; Bhardwaj et al., 2022; Konwar et al.,, 2022).
Given these circumstances, the creation of innovative treatments for
bacterial infections brought on by pathogens resistant to several drugs
is desperately needed (Giurazza et al., 2021).

4 Mechanisms of antibiotic resistance
in bacteria

Research has demonstrated that bacterial evolution is the actual
cause of antibiotic-resistant microorganisms (Huo et al., 2022; Grant
et al, 2023). Researchers discovered antibiotic-resistance genes in
bacteria even before the discovery of antibiotics (D’Costa et al., 2006;
Pawlowski et al., 2016). Antibiotic-resistant bacteria can now develop
extrachromosomal mobile elements or chromosomes as resistance
mechanisms. Numerous processes can lead to the development of
antibiotic resistance, such as the antibiotic’s modification and
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destruction, target site modifications, a decrease in the intracellular
accumulation of antibiotics, and modifications to the metabolic state
of bacteria. Knowing the basis and secret to developing novel strategies
to prevent or reverse bacterial resistance is comprehending the process
of bacterial resistance (Figure 2) (Davies and Bennett, 2017; Mancuso
et al,, 2021; Mutuku et al., 2022; Xiao et al., 2023).

4.1 Modification and destruction of
the antibiotic

The synthesis of particular enzymes by bacteria to modify and
inactivate antibiotics represents a primary strategy employed by these
microorganisms to counteract the effects of antibiotics, thereby
rendering them ineffective. This phenomenon is also a significant
mechanism contributing to the development of antibiotic resistance
(De Pascale and Wright, 2010). Various antibiotic classes, including
B-lactams, carbapenems, fluoroquinolones, aminoglycosides,
tetracyclines, and macrolides, can be broken down or altered by a
broad range of resistance enzymes (Egorov et al., 2018).

B-lactamase is a significant enzyme associated with drug
resistance, frequently synthesized by Gram-negative bacteria. This
enzyme is categorized into two main types: serine-B-lactamase and
metal-B-lactamase. P-lactamases exert their effect on B-lactam
antibiotics by hydrolyzing the B-lactam ring structure, thereby
altering the conformation of the antibiotic molecule (Tooke et al,
2019). One of the most essential B-lactamases available today is
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The primary mechanisms of bacterial resistance to antibiotics.

extended-spectrum beta-lactamases (ESBLs), which can both
hydrolyze and confer resistance in bacteria to a wide range of B-
lactam antibiotics, including cefotaxime, ceftazidime, and aztreonam.
Metal-B-lactamase exhibits a broad substrate range, effectively
hydrolyzing all B-lactam antibiotics except monocyclic B-lactam
antibiotics. The enzymatic activity of metal-B-lactamase is
contingent upon the presence of metal ions, specifically Zn, and is
not susceptible to inhibition by currently available lactase inhibitors
2022; Arer and Kar, 2023; Yang et al, 2023).
Furthermore, it is challenging to overcome its mediated antibiotic

(Mojica et al,,

resistance due to its varied structure and mode of action. New Delhi
metalloproteinase-1 (NDM-1) is a recently identified metalloenzyme
that can inactivate carbapenems and other B-lactam antibiotics,
including penicillin. This enzymatic activity contributes to a
significant antibiotic resistance in bacteria, rendering them resistant
to a wide array of antibiotics, such as B-lactams, aminoglycosides,
carbapenems, macrolides, and quinolones. Notably, these bacteria
exhibit sensitivity solely to tigecycline and polymyxin (Kumarasamy

et al, 2010; Johnson and Woodford, 2013; Wang et al, 2021).
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Consequently, bacteria that produce NDM-1 are commonly referred
to as super bacteria. Furthermore, the NDM-1 gene is situated on
bacterial plasmids, facilitating its horizontal transfer among
microorganisms. This characteristic contributes to the widespread
prevalence of NDM-1 and complicates efforts for prevention and
control (Khan et al., 2017). It is concerning since co-carrying different
extended-spectrum [-lactamases, and carbapenemases might result in
resistance to practically all B-lactam antibiotics (Potter et al., 2016;
Pitout et al.,, 2019).

Apart from the direct degradation of antibiotics, another significant
pathway for drug resistance in bacteria is the alteration of antibiotics
(Wright, 2005). Aminoglycoside antibiotics are a typical example, as
they include easily modifiable amino groups and several exposed
hydroxyl groups (Azucena and Mobashery, 2001; Ramirez and
Tolmasky, 2010). The diminished affinity of modified aminoglycoside
antibiotics for ribosomal targets reduces their antibacterial efficacy and
facilitates the development of bacterial resistance. Notable enzymes that
modify aminoglycosides include acetyltransferases, phosphorylases,
nucleosidases, and adenylyltransferases (Wright, 1999; Ramirez and
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Tolmasky, 2010). The genes that encode the enzymes that alter
aminoglycosides are often located on plasmids and transposons.
However, they can also be found on chromosomes (Azucena and
Mobashery, 2001). In a recent study, Bordeleau et al. identified a novel
aminoglycoside-modifying enzyme known as APMA, which functions
as an acetyltransferase and can inactivate apramycin (Bordeleau et al,,
2021). The association of aminoglycoside-modifying enzymes with
ESBLs is concerning, as it contributes to the development of MDR.
Additionally, various antibiotic-modifying enzymes have been
characterized for their roles in conferring resistance to a broad
spectrum of antibiotics, including aminoglycosides, rifamycins,
macrolides, lincosamides, streptogramins, and phenicols (Darby et al,,
2023). For instance, the Inu gene encodes a nucleotidyltransferase that
modifies lincomycin by adding phosphate-containing groups to the
antibiotic, reducing its efficacy (Liithje et al., 2007). Furthermore,
erythromycin esterase and macrolide 2'-phosphotransferase, enzymes
produced by members of the Enterobacteriaceae family, disrupt the
activity of macrolide antibiotics. These enzymes inhibit the binding of
macrolides to the 50S ribosomal subunit by degrading the tetracyclic
macrolide’s lipophilic ring structure. This enzymatic activity plays a
critical role in developing bacterial resistance to macrolide antibiotics
(Boumghar-Bourtchai et al., 2008).

4.2 Changes in target sites

An additional mechanism by which bacteria acquire antibiotic
resistance involves alterations to the target site, thereby facilitating
the development of resistance (Lambert, 2005; Schaenzer and
Wright, 2020). Bacteria employ various mechanisms to render
antibiotics ineffective by preventing their binding to the target
site, thereby contributing to drug resistance. These mechanisms
include mutations in the gene that encodes the target, enzymatic
modification of the target, and the development of alternative
pathways that circumvent the target altogether (Darby et al,
2023; Smith et al,, 2023). A solitary point mutation within the
ropB gene of E. coli, which is responsible for encoding RNA
polymerase, can confer significant resistance to rifampicin (Jin
and Gross, 1988; Floss and Yu, 2005). Resistance to
fluoroquinolones arises from mutations in the genes that encode
DNA gyrase and topoisomerase IV, both of which are critical for
DNA replication. The simultaneous presence of multiple mutations
is generally associated with an increased likelihood of developing a
significant level of drug resistance. For instance, four specific
mutations in the penicillin-binding protein PBP5 are frequently
observed in Enterococcus faecium strains exhibiting substantial drug
resistance. However, the presence of a mutation at any single site
does not independently confer a high level of drug resistance;
instead, it is the concurrent occurrence of mutations at all four
sites that results in a pronounced degree of drug resistance (Kebriaei
et al., 2020; An et al., 2023; Hunashal et al., 2023).

Furthermore, less antibiotic binding results from changing the
antibiotic’s action target. Macrolide antibiotics inhibit bacterial
protein synthesis by reversibly binding to the peptidyl-tRNA
binding site of the 50S ribosomal subunit. This binding obstructs
the translocation process of newly synthesized peptidyl-tRNA
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molecules from the acceptor site to the donor site. Ribosomal
methylation modifications facilitated by erm genes represent the
primary mechanism through which bacteria inhibit the efficacy of
macrolide antibiotics. Notable examples of common erythromycin
resistance methyltransferases (ERMs) include erm(A) and erm(C)
found in Staphylococcus species, as well as erm(B) present in
Enterococcus and Pneumococcus (Weisblum, 1995; Leclercq,
2002). Currently, the most extensively researched colistin
resistance gene, mcr, encodes a phosphoethanolamine transferase.
This enzyme facilitates the addition of phosphoethanolamine to
lipid A, which diminishes the negative charge of lipopolysaccharide
(LPS). This modification subsequently reduces the binding affinity
of colistin, thereby enabling bacterial resistance to this antibiotic
(Liu et al, 2016). Furthermore, chloramphenicol-florfenicol
resistance (CFR) is attributed to a methyltransferase encoded by
the CFR gene on a plasmid. This enzyme methylates explicitly the
adenine residue at position A2503 in the 23S rRNA, thereby
conferring resistance to linezolid in bacterial populations (Toh
et al., . 2007; Schwarz et al., 2000).

Furthermore, target bypass represents a strategic approach
designed to render the original target obsolete by creating
alternative pathways that circumvent the effects of antibiotics.
The interaction of methicillin with its target, PBP2a, inhibits the
synthesis of the bacterial cell wall, ultimately leading to bacterial cell
death. The protein PBP2a, encoded by the mecA gene in S. aureus, is
a substitute for the original target of methicillin. This replacement
protein does not impede cell wall synthesis when methicillin binds
to it, resulting in the emergence of methicillin-resistant S. aureus
(MRSA) (Stapleton and Taylor, 2002; Larsen et al., 2022). In E. coli,
the formation of the cell wall through peptidoglycan cross-linking is
primarily facilitated by penicillin-binding proteins (PBPs). These
proteins, which are the main targets of B-lactam antibiotics, catalyze
D, D-transpeptidase activity. In a recent study, Caveney et al.
identified an alternative cross-linking mechanism mediated by the
L, D-transpeptidase YcbB, which can bypass the D, D-
transpeptidase activity associated with PBPs. This mechanism
contributes to the development of bacterial resistance to B-lactam
antibiotics (Caveney et al., 2019).

4.3 Decrease in intracellular accumulation
of antibiotics

Certain antibiotics affect targets located within the cell or the cell
membrane, necessitating their passage through these barriers to
achieve therapeutic action. Consequently, some bacteria have
developed strategies to minimize contact with antibiotic targets,
including the formation of biofilms, decreased permeability of the
cell membrane, and the upregulation of efflux pumps. The distinct
composition of the outer membrane in Gram-negative bacteria
establishes a natural permeability barrier. Consequently, the
permeability of antibiotics in Gram-negative bacteria is reduced
compared to that in Gram-positive bacteria, particularly concerning
lipophilic antibiotics. Gram-negative bacteria possess specialized
proteins on their outer membrane, known as porins, which
facilitate the transport of certain hydrophilic substances and
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nutrients. Notable examples include OmpC and OmpF in E. coli,
ompD in Salmonella, OmpK35 and OmpK36 in K. pneumoniae, and
OprD in Pseudomonas aeruginosa (P. aeruginosa) (Hasdemir et al,
2004; Tsai et al, 2011; Fernandez and Hancock, 2012). Bacteria
develop resistance to these antibiotics by decreasing the expression of
specific proteins, thereby diminishing bacterial permeability.
Furthermore, the association between the loss or down-regulation
of porin expression and the emergence of drug resistance is intricate,
frequently occurring in conjunction with the expression of efflux
pumps (Fernandez and Hancock, 2012; Prajapati et al., 2021).

In addition to inhibiting the entry of antibiotics into the cell, the
efflux of intracellular antibiotics represents a significant mechanism
contributing to bacterial resistance. The efflux pumps located on the
bacterial cell membrane are critical components in the mechanism of
bacterial drug resistance, as they actively transport antibiotics out of
the cell (Webber and Piddock, 2003; Fernandez and Hancock, 2012).
Antimicrobial efflux pumps in bacteria are classified into five primary
superfamilies: 1) ATP-binding cassette transporters (ABC family); 2)
major facilitator superfamily (MFS family); 3) resistant-nodulation-
division families (RND family); 4) small MDR families (SMR family);
and 5) multidrug and toxic compound extrusion families (MATE)
(Henderson et al., 20215 Si et al,, 2023). The RND family of efflux
pumps is among the most thoroughly investigated, owing to the
diverse array of substrates present in nearly all Gram-negative
bacterial strains (Symmons et al., 2009). The active efflux pump in
Gram-negative bacteria comprises three distinct components: an outer
membrane protein, a membrane fusion protein, and an efflux protein
or transporter within the inner membrane. The RND efflux pump
AcrAB-TolC, consisting of the periplasmic fusion protein AcrA, the
plasma membrane transporter AcrB, and the outer membrane
channel protein TolC, is a critical component in the mechanism of
MDR observed in E. coli (Jang and Tolc, 2023). Before exerting its
effects on intracellular target sites, the drug initially associates with the
plasma membrane transporter AcrB, subsequently being extruded
from the cell via AcrA and the outer membrane channel TolC. AcrB
exhibits minimal substrate specificity, allowing a wide range of
structurally diverse compounds to function as substrates. This
characteristic contributes to its role in MDR. Significantly, AcrAB-
TolC is pivotal in developing acquired drug resistance associated with
resistant plasmids, as it enables and regulates the dissemination of
genes that encode MDR efflux pumps (Jang and Tolc, 2023).

The overexpression of a drug efflux pump constitutes a significant
mechanism underlying MDR in A. baumannii. AdeABC is the
inaugural and most extensively researched RND efflux pump
identified in A. baumannii. AdeABC is implicated in aminoglycoside
resistance and exhibits a specific efflux mechanism for tetracyclines
and quinolones. Furthermore, AdeABC can interact with
carbapenemases or outer membrane proteins to facilitate resistance
to carbapenems. Furthermore, efflux pumps significantly contribute to
the antibiotic resistance observed in P. aeruginosa. For instance, the
MexE-MexF-OprN efflux system is implicated in expulsing
carbapenems, chloramphenicol, and fluoroquinolone antibiotics
(Poole and Srikumar, 2001; Aeschlimann and Therapy, 2003).

Furthermore, bacterial biofilms serve as a natural impediment
that limits the penetration of antibiotics into bacterial cells. The
development of bacterial biofilms not only functions as a physical
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barrier but also facilitates the activity of certain enzymes, such as 3
lactamase, which degrade antibiotics, consequently enhancing
bacterial resistance. Furthermore, certain positively charged
substances that contribute to biofilm formation may create a
charge barrier that impedes the efficacy of certain positively
charged antibiotics, including aminoglycosides (Hoiby et al., 2010;
Grande et al., 2020; Singh et al., 2022).

4.4 Change the metabolic state of bacteria

A substantial body of evidence indicates a strong correlation
between bacterial metabolic processes and the efficacy of antibiotics
(Schrader et al,, 2020). Bactericidal antibiotic therapy disrupts cellular
homeostasis, increasing ATP requirements and an elevated metabolic
burden. Consequently, this disruption gradually results in the
accumulation of toxic metabolic by-products, ultimately
culminating in cellular death (Bhargava and Collins, 2015; Yang
et al., 2019). Bacteria exhibiting reduced metabolic activity
demonstrate resistance or tolerance to various classes of antibiotics,
while heightened drug sensitivity correlates with increased metabolic
activity (Bhargava and Collins, 2015; Stokes et al., 2019). Lopatkin
et al (Lopatkin et al., 2021). identified a correlation between genes
involved in central carbon and energy metabolism and antibiotic
resistance. The metabolic changes observed lead to a reduction in
basal respiration, inhibiting the activation of antibiotic-induced
tricarboxylic acid cycle (TCA cycle) activity. This mechanism
allows for the evasion of metabolic toxicity and the reduction of
drug lethality (Lopatkin et al, 2021). Genetic modifications that
enhance the basal respiration rate of E. coli have been shown to
improve the efficacy of bactericidal antibiotics when applied to wild-
type bacterial cells (Lobritz et al., 2015). Furthermore, quiescent or
auxotrophic bacterial strains have the potential to exhibit resistance
to a diverse range of antibiotics. Research indicates that under
conditions of nutrient deprivation, E. coli demonstrates an
increased synthesis of guanosine tetraphosphate (ppGpp). This
accumulation of ppGpp interferes with the biosynthesis of
peptidoglycans and phospholipids, ultimately contributing to
developing bacterial resistance to penicillin antibiotics (Amato
et al., 2013). The advancement of metabolomics has established a
valuable methodology for investigating the metabolic profiles of drug-
resistant bacterial strains. Metabolomic investigations of MDR
bacteria have revealed that alterations in glucose and amino acid
metabolism can disrupt the central metabolic pathway known as the
TCA cycle. This disruption may influence electron transfer within the
respiratory chain, subsequently impacting bacterial sensitivity to
antibiotics and contributing to the development of bacterial
tolerance or drug resistance (Vincent et al,, 2016; Zampieri et al,
2017). Peng et al (Peng et al., 2015). conducted a comparative analysis
of the metabolomics of kanamycin-resistant Edwardes fluminata and
its sensitive counterpart, E. dwardes. Their findings revealed that the
MDR bacteria exhibited deficiencies in central metabolic pathways,
particularly in glucose and amino acid metabolism. These results are
consistent with earlier research on resistant strains of P. aeruginosa
and Stenotrophomonas maltophilia (Alonso et al., 2004; Stickland

et al, 2010). Moreover, the exogenous injection of glucose and
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alanine, in conjunction with antibiotics, may restore the kanamycin
sensitivity of resistant bacteria. This highlights the intimate
relationship between a bacterium’s metabolic state and antibiotic
resistance. In conclusion, the physiological metabolism of bacteria
plays a significant role in determining their sensitivity to antibiotics;
however, this metabolic process is highly intricate and influenced by
numerous factors. Consequently, further research is essential to
elucidate the mechanisms underlying the relationship between
bacterial physiological metabolism and antibiotic sensitivity
(Tenover, 2006; Peng et al., 2015; Keller and Dorr, 2023; Xiao
et al., 2023).

5 One of the primary sources of
antibiotic resistance: livestock

Antibiotics have a significant impact on animals’ and humans’
health, thus even though they are beneficial, overuse of them can have
adverse effects, most notably the emergence of resistant bacteria (Page
and Gautier, 2012; Chantziaras et al., 2014; Simoneit et al., 2015). To
prevent infections and make up for unsanitary conditions on
commercial livestock farms, antibiotics are administered to many
food-producing animals, particularly chickens, pigs, and cattle
(Sivaraman and Yann, 2018). To mitigate this impact, some
industrialized nations have implemented regulations to curb the
overuse of antibiotics as a preventative measure or as a tool for
animal acceleration (Muaz et al., 2018). Over the last 30 years, several
monitoring systems have been put in place to examine the use of
antibiotics in animal breeding. The Danish Integrated Antimicrobial
Resistance Monitoring and Research Program was the first to be
introduced in 1995 (Hammerum et al, 2007). Many research
initiatives have been created in this field recently; one such
initiative is the Disseminating Innovative Solutions for Antibiotic
Resistance Management project (DISARM), which involves nine
European nations (Ghimpeteanu et al, 2022). Livestock can
introduce resistant germs into the environment through various
means, such as contaminated biowaste, meat, or milk or direct
contact with the animals and people who work on animal farms. In
a similar vein, human diseases receive antimicrobial-resistant genes
from zoonotic pathogens. As animals and animal-derived products
are transported globally, the spread of AMR affecting the food supply
in one country can present risks in other regions. For instance,
following the administration of avoparcin, a glycopeptide antibiotic
commonly utilized as a growth promoter for animals in Europe, the
dissemination of vancomycin-resistant Enterococci (Ferry et al., 2020)
was observed in animal feed and meat (Wegener et al., 1999). As a
result, the European Union (EU) outlawed the use of avoparcin in
food-producing animals, and a decline in the prevalence of VRE in
humans and animals has been seen (Bates, 1997). Likewise, the use of
fluoroquinolones (e.g., enrofloxacin) in milch and meat animals is
primarily responsible for the rise of ciprofloxacin-resistant
Salmonella, E. coli, and Campylobacter, which have resulted in
difficult-to-treat illnesses in humans. Drug-resistant bacteria have
been known to spread worldwide through food commerce and travel
on several occasions. When modest dosages of antibiotics are given to
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bacteria over extended periods, they become resistant to them. It’s
standard procedure to give livestock low-dose antibiotics to
encourage weight increase. Antibiotics are also haphazardly
administered to flocks or herds that are overcrowded in an attempt
to prevent sickness. Antibiotic resistance arises and spreads as a result
of such behaviors. These actions cause an enormous buildup of
antibiotics in the environment and for bacteria that come into touch
with them to develop resistance (Allen and , 2014). Several nations,
notably the EU, have outlawed using antibiotics in feed or as growth
hormones (Heuer et al,, 2011). Hence, the exclusion of antibiotics
from animal feed has been offset by enhancements in the efficiency of
swine and poultry production facilitated by incorporating various
feed supplements. These additives include organic and inorganic
acids, immunoglobulins, omega-3, probiotics, B-glucans derived from
yeast, essential oils, prebiotics, zinc oxide, cysteine, threonine, as well
as a variety of herbs and spices (Adewole et al., 2016; Buctaw, 2016).
However, the results of another study showed that the removal of
preventative in-feed antibiotics results in a little decline in animal
health and productivity (Diana et al, 2019). Apart from the
development of drug resistance resulting from genetic changes, the
most likely sources of antibiotic resistance among microorganisms
originating from non-clinical contexts (Martinez et al., 2008). As a
result, research is concentrated on comprehending the molecular
mechanisms and origins of resistance acquisition. To demonstrate
that animals serve as reservoirs for resistant genes, it is challenging to
pinpoint the specific pathway and amount of resistance components
that animals pass on to humans. The environment’s naturally
occurring resistance genes add to the complexity of this. For
instance, resistance to natural antibiotics is known to develop far
before agriculture advanced. The metallo-B-lactamases, exemplified
by NDM, have an ancient evolutionary origin to the extent that there
is no discernible sequence similarity between various classes of these
genes (Hall et al., 2004; Bebrone, 2007; Ma et al., 2021).

6 Non-antibiotic therapies
6.1 Bacteriophages

Bacteriophages, commonly called phages, are viruses that
selectively infect and eliminate bacteria without harming human
cells (Kasman and Porter, 2022; Teymouri et al., 2024). Phages in
medical applications can be traced back to ancient times when river
water was used to treat conditions like leprosy (Keen, 2012). Ernest
Hankin, an Italian bacteriologist, stated in 1896 that there was an
unknown substance in the Ganges River that could limit the cholera
epidemic. Later, in 1904, Frederick Twort hypothesized that this
substance was an unknown virus, and in 1910, Felix d’Hérelle
independently observed and identified bacteriophages. A landmark
event occurred when a patient fully recovered from an infection
within 24 hours of receiving phage therapy (Setlow et al., 1992;
Harper, 2021). This breakthrough led to the widespread production
of phages for various pathogens at the Institut Pasteur in France,
continuing until 1974. Documented evidence of phage therapy
persisted until 1979; however, the advent of antibiotics, which
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provided a simpler and more convenient method for treating
bacterial infections, resulted in the decline of phage-based
treatments (Setlow et al., 1992; Harper, 2021; Summers, 2021).
Ironically, the rise of antibiotic resistance has renewed interest in
phage therapy as a viable alternative, highlighting the cyclical nature
of history in addressing infectious diseases.

Reasons for the benefits of phage therapy over antibiotics:

Bacteriophages are specific to their host compared to antibiotics
multiply in the same area and do not damage other organs. Still,
antibiotics attack both the pathogen and the normal flora, which in
some cases can cause secondary infection. Of course, the therapeutic
use of phage with a combination of antibiotics can be a valuable
method, although bacteriophage can be used alone against bacteria
with a lytic mechanism (Golkar et al., 2014; Danis-Wlodarczyk et al,
2021; Meneses et al., 2023). Phage therapy’s effectiveness against
resistant bacteria to most commercially available antibiotics, if not all
of them, has been thoroughly investigated in vitro, in vivo, and with
human subjects (Melo et al., 2020; Taati Moghadam et al., 2020; Liu
et al,, 2021; Gomez-Ochoa et al,, 2022). Tables 1 and 2 highlight the
many in vitro and in vivo investigations that have demonstrated the
intense antibacterial action of bacteriophages against MDR
microorganisms. Phage therapy’s effectiveness was assessed against
several MDR bacterial taxa, including A. baumannii, a pathogen that is
highly challenging to treat with conventional antibiotics (Peleg et al,,
2008). Phage treatment has been demonstrated in studies to be very
successful against isolates of MDR A. baumannii that are resistant to
carbapenem and colistin (Zhou et al., 2018; Ebrahimi et al., 2021; Rai
and Kumar, 2022). The therapeutic efficacy of polymyxin B and two
bacteriophages against carbapenem-resistant A. baumannii was

10.3389/fcimb.2025.1493915

compared by Zhou et al (Zhou et al,, 2018). The study showed that
phage treatment boosted the survival of A. baumannii-infected larvae
by up to 75% using the Galleria mellonella larva model. In comparison,
only 25% more larvae infected with A. baumannii survived when
exposed to polymyxin B (Zhou et al, 2018). Another research
investigation evaluated the bacteriophages’ efficacy in eradicating
colistin-resistant A. baumannii (Ebrahimi et al, 2021). A single
phage treatment lasting only 40 minutes resulted in a significant
reduction in the quantity of colistin-resistant A. baumannii,
according to the study (Ebrahimi et al, 2021). Moreover, phage
therapy was successful in combating XDR A. baumannii strains.
Wang and colleagues (Wang et al., 2018) evaluated the ¢km18p
phage’s ability to eradicate XDR A. baumannii. The study
demonstrated that treating mice infected with XDR A. baumannii
with mono-phage enhanced survival by up to nearly 100%. Also, in
both in vitro and in vivo investigations, the antibacterial efficacy of
bacteriophages against MDR P. aeruginosa was assessed (Shokri et al,,
2017; Arumugam et al., 2022; Kamer et al., 2022). These investigations
indicate that bacteriophages have a strong killing ability against MDR
P. aeruginosa. Phage cocktail, for example, has been tried against P.
aeruginosa resistant to colistin (Shokri et al,, 2017; Yuan et al., 2019).
Psul, Psu2, and Psu3 phages destroyed the colistin-resistant P.
aeruginosa bacterial cells (Shokri et al., 2017). Another research
study examined the antibacterial efficacy of a lytic phage known as
vB_PaeM_LS1 against clinical isolates of P. aeruginosa, including MDR
strains. The Phage vB_PaeM_LS1 demonstrated strong antibacterial
effects against MDR and non-MDR P. aeruginosa isolates (Yuan et al,,
2019). Phage therapy works well against Gram-negative bacterial
infections but also against Gram-positive bacterial infections like

TABLE 1 Research conducted in vitro settings has investigated the effectiveness of bacteriophages or their derived enzymes in combating

MDR bacteria.

Organism Bacteriophage

Colistin-resistant
P. aeroginosa

Phage cocktails (Psul,
Psu2, and Psu3)

Colistin-resistant MDR
A. baumannii

IsfAB78 phage
A. baumannii

MDR A. baumannii, K.
pneumonia, and
P. aeruginosa

Endolysin ElyA1l

The phage cocktail demonstrated efficient lysis of MDR P. aeruginosa.

The IsfAB78 bacteriophage demonstrated notable lytic activity against MDR

ElyA1 demonstrated efficacy against all 25 strains of P. aeruginosa and A. baumannii

Outcome Reference

(Shokri et al., 2017)

(Ebrahimi et al., 2021)

(Blasco et al., 2020)

that were tested, exhibiting susceptibility.
Thirteen of the seventeen K. pneumoniae isolates exhibited susceptibility to ElyAl,

resulting in a reduction of bacterial load by at least two log10 units.

MDR K. pneumoniae ZCKP1

VRE, MRSA, and E. coli Vb_saum_LM12,
vb_efas_LM99

vb_ecom_JB75

MDR P. aeruginosa Bacteriophage
vb_paem_LS1
MDR P. aeruginosa EM Phage

The three bacteriophages exhibited notable inhibitory properties against MDR strains

The bacteriophage vb_paem_LS1 demonstrated antimicrobial effects against various
strains of P. aeruginosa, including those resistant to multiple drugs.

Synergistic activity with meropenem and colistin; triple combinations (phage-

(Taha et al., 2018)

(Barros et al., 2019)

of E. coli, E. faecalis, and S. aureus.

(Yuan et al., 2019)

(Holger et al., 2022)

meropenem-colistin and phage-ciprofloxacin-colistin) achieved up to 4.50 logl0 CFU
reduction, restored ciprofloxacin and meropenem susceptibility, reduced OMV
production and minimized resistance development.

MDR K. pneumoniae ZCKP8 Phage

Lytic phage ZCKP8 (Siphoviridae) demonstrated dose-dependent inhibition of K.

(Fayez et al., 2021)

pneumoniae in vitro. It showed resistance to high temperatures (<70°C), UV stability

for 45 min, and activity at pH 5. In a rat wound model, phage treatment significantly

reduced infection and improved wound healing, as histological examination shows.
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TABLE 2 In vivo, research studies have utilized phage therapy to combat MDR bacteria.

Organism

MDR A. baumannii

Model

Galleria mellonella

Bacteriophage

Endolysin colistin

Outcome

The survival rate of the

10.3389/fcimb.2025.1493915

Limitations of the Study

There is a lack of investigation into

Reference

(Blasco et al., 2020)

larva and ElyAl treated larvae was enhanced the precise mechanism of
Murine skin and by the concurrent interaction between ElyAl and
murine lung administration of colistin and | colistin.
infection models ElyAl. Focus is limited to three specific
The concurrent MDR pathogens (A. baumannii, P.
administration of colistin and | aeruginosa, and K. pneumoniae).
ElyA1 resulted in a reduction
of bacterial burden within the
skin wounds of the mice that
received the treatment.
Carbapenem Galleria 2 lytic phages Either phage WCHABP12 or Lack of identification and (Zhou et al., 2018)
resistant mellonella larva (WCHABP12 WCHABPI protected the functional characterization of the
A. baumannii and WCHABP1) larvae against a lethal dosage novel holin-like proteins
of A. baumannii. potentially involved in the lytic
cycle.
Absence of experiments to
determine the bacteriophages’
efficacy in more advanced animal
models or clinical settings.
Vancomycin- Mice AB-SA01 The treatment led to a While AB-SA01 showed high (Lehman et al., 2019)
intermediate significant reduction in the efficacy against Staphylococcus
Staphylococcus bacterial load present in the aureus strains, rare or atypical
aureus lungs of mice. bacterial strains that might exhibit
(VISA), MRSA resistance were not
comprehensively evaluated in this
study.
The potential synergistic effects of
AB-SA01 when combined with
other antibiotics or therapies have
not been thoroughly explored,
which could be critical in
clinical scenarios.
MRSA Mouse model of S130° This resulted in a notable rise | Findings are based on mouse (Takemura-Uchiyama
lung- in the survival rate of the models, which may not fully et al, 2014)
derived septicemia mice that received treatment. replicate human pathophysiology.
The potential development of
phage-neutralizing antibodies in
hosts was not addressed.
MRSA Nude mice Phage JD007 Inhibited the formation of Limited targeting specific bacterial (Ding et al,, 2018)
dermal abscesses caused by S. | strains; may require phage
aureus. cocktails for broader application.
Phage JD007 failed to elicit a Results based on a nude mouse
strong immune response in model may not fully replicate
mice treated with it. human immune system
complexities.
Limited analysis of long-term
cytokine changes and their
implications during phage therapy.
Carbapenem- Mice Phage SH-Ab15519 | Improved the survival rate in | The therapeutic efficacy of phage (Hua et al., 2018)
resistant the group of mice that SH-Ab15519 was evaluated against

A. baumannii

underwent the treatment.

a limited number of A. baumannii
strains, which may not represent
broader genetic diversity.
Potential long-term effects of
phage therapy, including immune
responses or the emergence of
phage-resistant bacterial strains,
were not assessed.

MDR K. pneumoniae

Phage 1513

The treatment led to an
increased survival rate in
the mice.

The efficacy of phage 1513 was
evaluated against a single clinical
strain of Klebsiella pneumoniae,
which may limit its applicability to

(Cao et al., 2015)
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TABLE 2 Continued

Model

Outcome

10.3389/fcimb.2025.1493915

Reference

Organism

Bacteriophage

XDR A. baumannii 0km18p

Improved the survival rate of
the treated mice and reduced
the bacterial burden

within them.

Limitations of the Study

other strains with different genetic
profiles.

The long-term safety and potential
immune responses to repeated
phage administration were

not assessed.

Phage-resistant mutants were
observed after therapy, which

(Wang et al., 2018)

could limit the long-term efficacy
of the phage treatment.

The phage @km18p had a narrow
host range, which may reduce its
effectiveness across diverse A.
baumannii strains.

MRSA (Takemura-Uchiyama et al., 2014; Al-Ougqaili, 2018; Ding et al.,
2018; Barros et al, 2019). The effectiveness of bacteriophages as a
treatment for MRSA infections has been shown in several trials (Ding
etal, 2018; Barros et al,, 2019; Ferry et al., 2020; Ramirez-Sanchez et al.,
2021). Takemura-Uchiyama et al (Takemura-Uchiyama et al,, 2014),
for example, conducted a preclinical investigation to assess the
effectiveness of phage S13¢ against hospital-acquired MRSA isolates
using a mouse model of lung-derived septicemia. Six hours (h) after
infection, phage S13¢ was injected intraperitoneally into MRSA-
infected mice. According to the study, mice afflicted with a deadly
dosage of MRSA were saved by phage S13¢. On day 5, the survival rates
of the phage-treated mice were much more significant (67% vs. 10%)
than those of the untreated animals. Based on these findings, S13¢ can
save mice from a fatal dosage of MRSA (Takemura-Uchiyama
et al., 2014).

While bacteriophages efficiently eliminate MDR strains, their size
increases the possibility of adverse immunological reactions (Loc-
Carrillo and Abedon, 2011). To address this obstacle, rather than
employing whole phages, a portion of the phage elements can be
harnessed as an antibacterial agent. Endolysins, for example, are
phage-encoded enzymes that break down the cell walls of both
Gram-positive and Gram-negative bacteria (Haddad Kashani et al,
2018). The bactericidal effectiveness of endolysins is notably higher in
Gram-positive bacteria due to the accessibility of the peptidoglycan
layer. Since Gram-negative bacteria have an outside membrane layer
around the peptidoglycan layer, many endolysins have less access to
their targets (Haddad Kashani et al, 2018). One of the challenges
associated with phage therapy is the emergence of phage-resistant
bacteria. However, studies have demonstrated that this phenomenon
does not always result in harmful outcomes. For example, mutations
leading to phage resistance can alter bacterial phenotypes, including
their susceptibility to antibiotics such as daptomycin (Taati
Moghadam et al., 2020; Pal et al., 2024). Hood et al. highlighted this
interaction, and more recently, Sumrall and colleagues demonstrated
that when the virulent phage A511 is exposed to Listeria
monocytogenes 1042 under laboratory conditions, the presence of
glucose and galactose can remove teichoic acids from the bacterial cell
wall. This modification is characteristic of pathogenic serotype b and
results in the conversion of the bacteria into a less invasive serum form
(Cerveny et al., 2002; Sumrall et al., 2019).
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Furthermore, Capparelli and colleagues found that phage-
resistant Staphylococcus aureus strains can potentially be utilized
for vaccine production, illustrating a beneficial application of phage
resistance (Capparelli et al., 2007; Capparelli et al., 2010).

To increase the effectiveness of phages on resistant bacteria,
they are used in different ways:

1. Engineered phages: by modifying the phage genome, they
increase the antibacterial capacity of the phage. Treated
with antibiotics, however, the effect of phage has not been
reported alone (Meile et al., 2022).

. Phage encapsulation: This process utilizes NPs, such as
polyethylene glycol-based platforms. While encapsulation
effectively prevents bacteria from accessing the phage, it
offers additional benefits, as it is less susceptible to the
patient’s immune system. Consequently, the phage remains
in the bloodstream for an extended duration, lasting six times
longer than in its unencapsulated form (Loh et al,, 2021).

. Use of phage components: Phage components are tiny,
similar in size to antibiotic molecules, and, unlike complete
phages, they cannot replicate within the host, making them
easier to administer. One notable example is PA-PP, a serine
protease that degrades the outer membrane porin protein.
This type of phage-derived enzyme produced during the
phage life cycle, has recently emerged as an up-and-coming
alternative to conventional antibiotics (Miernikiewicz et al., .
2023; Ssekatawa et al., 2021; Wang et al., 2024).

. The use of phage cocktails that consist of several phages
with different mechanisms of action. This cocktail is
composed of 2 to 10 phages. This antibacterial strategy is
unsafe because if the phages are not stored in a sufficient
dose in the cocktail or do not attack the same bacteria, they
cause resistance (Duc et al., 2023).

. Use of phages in combination with antibiotics: The potential
of combining phages with antibiotics was first reported in
2007. In what is known as phage-antibiotic synergy (PAS),
the activity of phages is enhanced when used in conjunction
with sub-inhibitory concentrations of antibiotics (Nilsson,
2014; Tagliaferri et al., 2019). Garcia and Johnson used a
combination of phage MR-5 with linezolid to inhibit the
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formation of biofilms created by MRSA. They found that the
two together had a more significant effect on bacterial
colonization than either alone (Kaur et al., 2014). Another
study on Pseudomonas aeruginosa revealed that the
simultaneous use of phages with antibiotics, even when the
host bacteria were antibiotic-resistant, could increase bacterial
susceptibility to antibiotics. This phenomenon occurs as
antibiotic exposure sensitizes the bacteria, facilitating the
phage’s ability to exert selective pressure. Combination
therapy presents a highly effective solution for managing
bacterial infections. However, to achieve optimal outcomes,
further research involving human and in vivo models is
necessary to explore interactions between phages,
antibiotics, and human tissues (Caflisch et al,, 2019; Li
et al., 2021; Zhao et al.,, 2024).

6.1.1 Phage therapy: regulatory challenges

Phage therapy, despite its immense potential, encounters
notable challenges that hinder its widespread clinical adoption. A
major challenge is the lack of a clear regulatory pathway and
concerns over intellectual property rights, as phages differ
fundamentally from conventional therapeutics. Unlike antibiotics,
which can be chemically defined and patented, phages are biological
entities that are harder to patent due to global legal precedents
limiting the ownership of natural organisms or genes. Modifying
existing phages, creating phage cocktails, or synthesizing phages
from scratch are potential avenues for securing intellectual
property, though the latter is costly and often unnecessary
(Kingwell, 2015; Barbu et al., 2016; Anomaly, 2020).

Governments, rather than private enterprises, are urged to fund
phage research due to the uncertainty of financial returns and the
niche nature of phage therapy. Proposals such as establishing
publicly funded phage libraries can help address issues of access
and availability while encouraging broader research and
application. These repositories, hosted by national health
organizations and authorized labs, would catalog and distribute
diverse phages for therapeutic use (Anomaly, 2020).

Incentives like transferable patent extensions and monetary
prizes could further stimulate private investment. These measures
would provide financial rewards for developing innovative therapies
targeting difficult-to-treat infections, potentially bridging the gap
between regulatory challenges and market viability. Regulatory
bodies like the FDA require robust clinical evidence of safety and
efficacy before approving phage therapies for human diseases,
emphasizing the need for streamlined processes to support this
innovative treatment approach (Spellberg, 2009; Anomaly, 2020).

6.2 Probiotics, postbiotics, and synbiotics

As per the recommendations outlined by the World
Gastroenterology Organization, probiotics are defined as living
microorganisms that, when ingested in sufficient quantities,
provide advantageous effects on the individual’s health
(Organisation, 2017; Baryshnikova et al., 2023). Pharmaceutical
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interventions targeting the gut microbiota can be classified into
distinct categories: authentic probiotics (comprising live
microorganisms), prebiotics (comprising compounds that act as
nourishment for microorganisms), synbiotics (a blend of probiotics
and prebiotics), and symbiotics (a blend of diverse probiotics)
(Chaudhari and Dwivedi, 2022; Yarahmadi and Afkhami, 2024).
Probiotics have gained popularity among individuals advocating for
healthy living and are frequently utilized as functional foods or
dietary supplements in the US and EU nations. These products are
readily available in supermarkets, pharmacies, and online platforms
(Liu et al, 2018). Various well-known probiotic microorganisms
include different species of Bifidobacterium (such as B. infantis, B.
bifidum, B. longum, B. adolescents, and B. breve), Lactobacillus
(including L. acidophilus, L. casei, L. plantarum, L. bulgaricus, L.
reuteri, L. lactis, L. fermentum, L. rhamnosus, L. johnsonii, and L.
gassed, L. paracasei), non-pathogenic strains of Enterococcus (such
as E. faecium and E. salivarius), certain non-pathogenic species of E.
coli, non-pathogenic Bacillus spp. (specifically Bacillus subtilis),
lactic acid streptococci (S. thermophilus), yeast fungi like
Saccharomyces boulardii, and newer variations like probiotic
products containing Clostridium butyricum or Akkermansia
muciniphila (Liu et al., 2018; Jain et al.,, 2023). Probiotics have a
history of use in the treatment of infectious disorders. Because of
their capacity to obstruct pathogen development, quorum sensing,
and biofilm formation, they may prove to be a helpful weapon
against newly developing resistant pathogens (Lebeer et al., 2010;
Sassone-Corsi and Raffatellu, 2015; Raheem et al., 2021; Fernandez-
Alonso et al, 2022). Additionally, probiotic bacteria generate
bioactive substances with antimicrobial qualities (such as
enzymes, cell wall fragments, AMPs, exopolysaccharides, and
numerous other bioactive compounds) (Zolkiewicz et al., 2020).
Among probiotics, lactic acid bacteria, especially Lactobacillus
species, are frequently utilized as supplemental agents in anti-
Helicobacter pylori (H. pylori) treatment (Hu et al., 2021;
Penumetcha et al., 2021). The potential incorporation of
lactobacilli or bifidobacteria as supplementary agents in
eradication therapy shows promise due to the bacteriocins they
produce, which possess inhibitory effects on the proliferation of H.
pylori and interfere with its attachment to the epithelial cells of the
stomach (Kim et al.,, 2003; Penumetcha et al., 2021; Yang et al.,
2024). In a randomized controlled trial, a combination of probiotics
(Lactobacillus Acidophilus LA-5, Lactiplantibacillus plantarum,
Saccharomyces boulardii, and Bifidobacterium lactis BB-12) along
with four antibiotics (omeprazole, clarithromycin, amoxicillin, and
metronidazole) was administered for the treatment of H. pylori
infection. The findings demonstrated that the experimental group
using probiotics had a 92 percent cure rate for H. pylori, compared
to the control group’s 86.8 percent cure rate (Viazis et al., 2022).
Probiotics are therefore an effective additional therapy option for H.
pylori infection. Probiotics are essential for treating H. pylori
infection because they not only stop urease activity but also
prevent H. pylori from adhering to host cells (Liu et al., 2024).
According to Lahtinen et al (Lahtinen et al., 2007), 3 of the 38
Bifidobacterium strains isolated from old persons stopped S. aureus
from growing. Piewengam et al (Piewngam et al,, 2018). showed
that lipopeptides produced by Bacillus species prevent S. aureus
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from detecting quorum. Lastly, the generation of virulence factors
(such as protease, pyocyanin, and rhamnolipid) with P. aeruginosa
was decreased by the probiotic Pediococcus acidilactici HWO01 (Lee
et al, 2020). The supernatant from L. plantarum CIRM653
markedly inhibited K. pneumoniae biofilm development,
according to research by Lagrafeuille et al (Lagrafeuille et al,
2018). The supernatant downregulated operons essential for
quorum detection and disrupted the activation of genes linked to
biofilms. Furthermore, Bifidobacterium longum 5(1A) decreased K.
pneumoniae infection in mice by enhancing neutrophil recruitment,
lowering bacterial burden, and generating proinflammatory
cytokines (Vieira et al., 2016). The use of probiotics can prevent
the colonization of the colon microbiota. Among the probiotics that
are effective in colonizing A. baumannii, P. aeruginosa and Candida
albicans can be found in L. plantarum., L.fermentum pointed out
(Wieérs et al.,, 2020). It has been observed that VRE is less
decolonized if Barenzilla (L. paracasei) is used in patients with
leukemia (Scher et al.,, 2013). In a study by Spalton and colleagues
(Stapleton et al., 2011) on premenopausal women with a history of
urinary tract infections, they prescribed lactin-v (Lactobacillus
crispatus) or placebo daily for 5 days and then once a week for 10
weeks. The results showed that patients treated with Lactobacillus
vaginally had a significant reduction in UTI episodes compared
with those who received placebo. Lactobacilli could be used to treat
recurrent urinary tract infections, and long-term use of antibiotics
in women. be useful (Wieérs et al., 2020). If microbiota can be
modified with probiotics, the problem of drug resistance will be
significantly reduced. However, further study is needed to
understand better the material released by probiotic bacteria and
the parabiotic effect of inactive bacterial cells (Taverniti and
Guglielmetti, 2011; Fernandez-Alonso et al., 2022).

6.3 Fecal microbiota transplantation

FMT involves transferring minimally processed fecal material
from a healthy donor into the gastrointestinal (GI) tract of an
individual with a medical condition, aiming to provide therapeutic
benefits. FMT has its roots in the fourth century in China, when
treating GI disorders such as food poisoning and severe diarrhea
using human feces suspension was recommended and shown to be
effective (Zhang et al,, 2012; Yarahmadi et al,, 2024a). Ben Eiseman,
the chief surgeon of Denver General Hospital, reported on four
patients with pseudomembranous colitis in the contemporary era of
medicine who recovered following rectal instillation of donor feces
(Eiseman et al., 1958). Remarkably, he carried out FMT in 1958,
almost two decades before the discovery that Clostridium difficile (C.
difficile) was the cause of antibiotic-induced pseudomembranous
colitis. “This simple yet rational therapeutic method should be
given more extensive clinical evaluation,” he said, noting
“immediate and dramatic” reactions (Fiseman et al., 1958). Around
2008, a C. difficile infection pandemic caused interest in FMT to
reemerge. FMT is the procedure of introducing a suspension of
commensal bacteria-containing feces from a healthy person donor
into the recipient’s intestinal lumen by a variety of techniques, such as
colonoscopy, nasogastric, nasoduodenal, and enema (Bakken et al,
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2011; Smits et al., 2013; Cheng and Fischer, 2023). Few studies have
demonstrated the efficacy of FMT as a treatment plan for patients
with C. difficile infection in addition to other GI disorders like colitis,
irritable bowel syndrome, constipation, diarrhea, and several
neurological conditions like multiple sclerosis and Parkinson’s
disease (Kumar et al.,, 2021; Matheson and Holsinger, 2023). One
of the most prevalent super germs in the modern era is C. difficile
(Lawson et al., 2016). Due to the extensive use of antibiotics and the
resulting alteration of the intrinsic gut flora, which leaves the host
vulnerable to C. difficile invasion, colonization, and infection, the
outbreak has grown to epidemic proportions (Khoruts and Sadowsky,
2016). Antibiotics are the principal treatment for C. difficile
infections; however, while they efficiently eliminate the infection,
they paradoxically make the dysbiosis worse (Thorpe et al., 2018).
Through a variety of methods of action, FMT rapidly restores
microbial diversity and the dominance of protective species,
inhibiting the activity of C. difficile (Cheng and Fischer, 2023).

The interest in the potential of FMT to eliminate or decrease the
presence of Antimicrobial-Resistant Organisms (ARO) in the GI
tract was sparked by findings in individuals with C. difficile
infection, as documented in studies like the one conducted by
Millan and colleagues (Millan et al., 2016). Before and after FMT,
stool samples from patients with C. difficile infection and FMT
donors were examined. Comparing donors to a “healthy” control
group revealed that the burden of antibiotic resistance gene (ARG)
in their global resistome was similar (average of 3.4 vs. 6.0 ARG),
primarily due to tetracycline resistance, whereas patients with C.
difficile infection had an average of >30 ARG. ARG was more varied,
indicating resistance to fluoroquinolone, beta-lactams, and
multidrug efflux pumps in individuals infected with C. difficile. In
addition, it was observed that FMT patients who “responded” to
FMT—that is, who did not further develop a C. difficile infection—
had lower levels of ARG carriage than non-responders. This
decrease lasted a minimum of a year (Millan et al., 2016;
Lamberte and an Schaik, 2022). A post hoc analysis of the
PUNCH CD trial, which looked at RBX2660, a “microbiota
restoration therapy” similar to FMT, as a treatment for C. difficile
infection, produced similar findings. Researchers discovered that
RBX2660 decreased the number of Enterobacterales resistant to
antibiotics in patients. The degree of donor microbiota engraftment
was correlated with a reduction in ARG carriage (Langdon et al,
2021). The same medicine, currently sold under the name
“REBYOTATM,” was granted a license in late 2022 to treat C.
difficile infections (Hunt et al., 2024).

Clinical research has shown that autologous FMT (aFMT) is
superior to probiotic treatment and causes the GI microbiota of
antibiotic-treated human patients to recover quickly and nearly
completely (Suez et al., 2018). The results of an intention-to-treat
clinical study with 22 patients in the donor FMT group showed that
20 of the 22 patients (90.9%) had a clinical cure for their C. difficile
infection. The clinical recovery success rate exceeded that of aFMT
at 62.5%. Furthermore, FMT from donors effectively reinstated gut
microbial diversity and functionality in recipients to levels
comparable to those of the donors (Kelly et al., 2016).

FMT has demonstrated promising outcomes in pediatric cases.
The first successfully treated pediatric patient was a 14-year-old girl
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diagnosed with hemophagocytic lymphohistiocytosis, who
experienced recurrent infections caused by carbapenemase-
producing Klebsiella pneumoniae. Following a single FMT, no
recurrence was observed over a 1.5-year follow-up period
(Freedman and Eppes, 1805). In another case, a 16-year-old girl
with acute myelogenous leukemia received two FMTs to address
colonization by VRE and carbapenemase-producing bacteria. The
treatment successfully decolonized VRE, although colonization by
carbapenemase-producing bacteria persisted. Notably, no adverse
events were reported in either case (Battipaglia et al., 2019).
Additionally, five patients who had undergone hematopoietic
stem cell transplantation and were colonized with MDR bacteria
were treated with FMT. While four out of the five patients achieved
decolonization within one week, they all experienced recolonization
within one month (Merli et al,, 2020). Ongoing clinical trials
(ClinicalTrials.gov identifiers: NCT06156956, NCT04593368, and
NCT02543866) are currently enrolling participants to evaluate the
effectiveness of FMT in decolonizing antibiotic-resistant bacteria in
larger pediatric populations.

6.4 Nanoparticles

Due to the urgent need to develop new and alternative
antibacterial agents for drug resistance, nanoscience has made
significant progress in recent years. Metal NPs have shown
substantial progress in recent years as potent antibacterial agents
and alternatives to drug resistance. This ability of NPs can be
attributed to their unique physical and chemical properties. Based
on their surface charge, NPs can be attached to components of the
pathogen surface that have the opposite charge (Franco et al., 2022;
Ye et al., 2022). In addition to serving as vehicles for specific drug
delivery, NPs can also possess antibacterial properties of their own
through a variety of mechanisms, including biofilm inhibition,
bacterial wall disruption, host immune response modulation,
reactive oxygen species (ROS) generation, and damage to the
resistant bacteria’s essential DNA and protein molecules (Ozdal
and Gurkok, 2022). NPs can be used as carriers of antibiotics or
other small molecules like antibodies or chemotherapeutic drugs
since their diameters are more significant than antibiotics (Puiu
et al., 2021). One of the most often described processes linked to
metal NPs is the suppression of protein synthesis and damage to
DNA. These disintegrate the enzymes, other proteins generated in
the bacterial cell membranes, and ribosomal subunit proteins.
Likewise, there has been evidence of bacterial DNA degradation,
compression, and fragmentation, which has decreased the
physiological function of genes (Yougbare et al, 2021; Franco
et al., 2022).

Zinc oxide nanoparticles (ZnONPs) were employed in a study
by Su et al (Su et al,, 2015). to investigate their impact on E. coli
DNA. The researchers observed that the nanoparticles caused
significant damage in 10 specific regions of the bacterial genome.
Additionally, ZnONPs were found to alter gene expression,
ribosome composition, molecular structure-activity relationships,
and RNA modifications in E. coli. These findings highlight the
multifaceted effects of ZnONPs on bacterial molecular pathways
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and their potential as antimicrobial agents. Similarly, Nagy et al
(Nagy et al., 2011). used silver NPs to damage DNA by positively
regulating several antioxidant genes, ATPase pumps, metal
depletion, and genes encoding metal transport in E. coli and S.
aureus. This investigation led them to the conclusion that bacteria’s
antioxidant ability is reduced by the antibacterial action of
silver NPs.

To increase the efficacy of drug delivery to H. pylori
colonization sites and boost the rate of H. pylori eradication, a
drug delivery system must be developed to shield the medication
from the stomach’s acidic environment (Luo et al., 2018). Typically
measuring less than 100 nm, NPs are the most widely utilized
delivery carriers. Due to their substantial specific surface area, NPs
can transport extra medications to their intended location (Sousa
et al, 2022). The most popular carrier for nano-delivery methods is
chitosan. It can pass through mucous layer pores to the stomach
epithelium’s surface and transport medications to the H. pylori
infection location for therapy (Sun et al, 2022). Chitosan
demonstrates superior biocompatibility and effectively adheres to
the gastric mucosa, extending the drug’s residence time within the
target cells (Sousa et al., 2022; Yarahmadi et al., 2024b).

Metal NPs include silver copper oxide hybrid, which due to its
radical properties can produce hydrogen peroxide, which disrupts
the metabolic process of bacteria. Alone has a history of treatment
as copper has been used in the treatment of wounds and cleansing
of drinking water. It has also been used as a biosensor, dye, and
antimicrobial industry that shows different effects in contact with
pathogens (Mohanraj, 2017; Baptista et al., 2018). The healthcare
industry has been dramatically impacted by the antibacterial ability
of silver NPs, which are used to create bactericidal coatings for
medical equipment. Additionally, they can be found in textiles,
packaging materials, and cosmetics (Ibrahim Khan and
Khan, 2017).

Numerous investigations have demonstrated the exceptional
antibacterial activity of cerium oxide nanoparticles (CNPs) (Farias
et al., 2018; Zhang et al., 2019; Pop et al., 2020; Zamani et al., 2021).
The antibacterial properties of CNPs against S. aureus have been
shown extensively, with studies highlighting their potent inhibitory
effects (Thill et al., 2006; Krishnamoorthy et al., 2014; Arumugam
etal., 2015; Gopinath et al., 2015; Reddy Yadav et al., 2016; Surendra
et al, 2016). Additionally, P. aeruginosa’s sensitivity to CNPs has
been evaluated and confirmed through various methods, including
agar diffusion assays and microdilution tests (Ravishankar et al,, .
2015; Arumugam et al., 2015; Masadeh et al., 2015).

Iron oxide nanoparticles (IONPs) are versatile materials utilized
in various applications, including serving as contrast agents for
magnetic resonance imaging (MRI), biosensors, disease diagnostics,
drug delivery systems, pollutant removal, biomedical devices, and
antimicrobial agents (Negrescu et al, . 2022; Sakowicz and
Lojewska, 2021a; Dadfar et al, 2019; Fernandez Llamas et al.,
2020; Sanchez-Lopez et al., 2020; Shakil et al.,, 2023). While
divalent metals such as iron ions are critical for microbial growth,
IONPs exhibit broad-spectrum antibacterial activity. This activity is
primarily mediated through mechanisms such as the generation of
ROS and electrostatic interactions, which can involve attractive and
repulsive forces (Slavin et al,, 2017; Makabenta et al., 2021;
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Hochvaldova et al.,, 2022; Karnwal et al., 2023). Furthermore,
IONPs’ antibacterial activity may be influenced by additional
factors such as synthesis techniques, precursors, size, and
concentration (Assa et al., 2016). Gudkov et al (Gudkov et al,
2021). reported that the antibacterial properties of IONPs can be
influenced by modifications in their synthesis methods and size.
They identified several bacteriostatic mechanisms, including the
generation of ROS, electrostatic interactions, disruption of the
bacterial cell membrane, and the fragmentation of DNA and
proteins through the induction of free radicals. Additionally,
Alprol et al (Alprol et al, 2023). emphasized that IONPs
synthesized through green methods demonstrate strong
antibacterial effects against Gram-positive bacteria and moderate
inhibition of Gram-negative bacteria, primarily by inducing
oxidative stress through ROS generation.

As different bacterial strains have different cell wall structures,
the antibacterial efficacy of IONPs also varies by strain. The
antibacterial efficacy of IONPs is influenced by the bacterial
strain, owing to variations in cell wall structure. Gram-positive
bacteria possess a thick peptidoglycan layer with a net negative
charge, primarily due to the presence of teichoic acid (Swoboda
et al,, 2010). In contrast, Gram-negative bacteria have a thinner
peptidoglycan layer covered by an additional LPS layer, which also
carries a higher net negative charge. IONPs interact with the
negatively charged bacterial membranes through electrostatic
forces, leading to membrane depolarization and disruption of
membrane integrity (Azam et al, 2012; Ismail et al, 2015; de
Lacerda Coriolano et al., 2021). As a result, due to these
structural differences, Gram-positive bacteria are generally more
susceptible to IONPs than Gram-negative bacteria (Nakai and
Tsuruta, 2021; Shoudho et al., 2024). In addition to NPs derived
from cerium oxide and iron oxide, natural plant extracts have also
been explored for their antimicrobial potential.

For instance, in one study, Murraya koenigii (Curry leaf) was
used as a source of nano-hybrid production, which was used against
drug-resistant pathogens. This experiment was performed in several
ways and was approved. The agenda and the experiment were
performed in three ways:

1. Through good propagation and use of experimental
pathogens of A. baumannii 211 and 210, P. aeruginosa
strain 40, S. aureus resistant to methicillin and E. coli 55
and adding nano-hybrid particles and examining the
restraint zone throughout the well (Baker et al., 2020).

. Using the broth dilution method, which increases the
concentration of nan hybrid particles, and finally uses a
spectrophotometer with visible UV light at a wavelength of
600 nm (growth pattern was examined) (Syed et al., 2019).

. Using the method of minimum inhibitory concentration.
In this method, the lowest concentration of NPs that can
inhibit the growth of the desired pathogen was investigated;
it is almost similar to the MIC method for antibiotics (Syed
et al,, 2017).

With all the methods mentioned above, the antimicrobial
activity of nano-hybrids prepared from Murraya koenigii plant on
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the experimental pathogens mentioned above was confirmed by the
fact that in the first method, which was the release of a well, the
inhibitory zone above the well indicates repression. The second
method, which was the dilution of broth, showed the activity of NPs
based on the concentration of broth. The lowest concentration of
NPs was found to suppress the growth of experimental pathogens
(Baker et al., 2020).

6.4.1 Nanoparticles: challenges and limitations

Lab-scale production of nanomaterials is simple. However, the
limitations of the sophisticated experimental equipment and the
lack of sufficient understanding of scale-up techniques make large-
scale manufacturing seem like a challenging task. The difficulties in
reproducing the preparatory process and scaling up the approach
are also perceived to have negative impacts (Muthu and Wilson,
2012; Aflkhami et al,, 2024). Among the challenges faced during the
production of nanomaterials are contaminants, insufficient batch-
to-batch variability, poor quality control, biocompatibility, chemical
instability, low production yield, high cost, scalability issues, lack of
infrastructure, government regulations, and lack of funding (Baig
et al., 2021; Chen et al., 2022).

The toxicity of NPs remains one of the main problems. Factors
influencing toxicity include surface area, particle size and shape,
solubility, and aggregation. Because of their tiny size, physiological
barriers may be broken down, which might harm one’s health
(Ryman-Rasmussen et al., 20065 Jia et al., 2018). There is evidence
that free radicals produced by NP harm cellular membranes,
organelles, and DNA (Xia et al,, 2006). Intracellularly delivered
nanomaterials may trigger an immune response by interacting with
cell surface receptors (Penn et al., 2005; Vallhov et al., 2006). If
pregnant mice are exposed to titanium dioxide NPs, they may cause
morphological abnormalities in the growing baby because they can
cross the placental barrier (Ferdous and Nemmar, 2020).
Additionally, it has been demonstrated that Ag NPs reduce
estrogen plasma levels, which impacts embryonic development
and increases the frequency of resorbed fetuses (Teng et al., 20165
Ferdous and Nemmar, 2020).

Nanomaterials’ distinct physicochemical characteristics are
directly linked to their toxicity; some of these characteristics,
however, give goods incorporating nanomaterials more promising
performances and a wider range of applications than those of
conventional chemicals. The “nanomaterial paradox” has made it
challenging for those involved to develop and use nanotechnology
without having unfavorable effects. To address this issue, significant
national and regional regulatory organizations have been actively
monitoring goods enabled by nanotechnology and working
together to create a consensus on global standards and
regulations (Hamburg, 2012; Rauscher et al., 2017). Products that
incorporate nanomaterials are currently governed by the general
and industry-specific regulatory and legal frameworks in place
(Hamburg, 2012; Soltani and Pouypouy, 2019). For example,
nanomaterials are subject to the same regulations as all other
chemicals and mixtures in the EU. This means that before they
can be imported and used in the EU, they must be registered under
the Registration, Evaluation, Authorization, and Restriction of
Chemicals regulations. Additionally, nanomaterials that have
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hazardous properties must be reported to the European Chemicals
Agency and must be labeled and packaged by the Classification,
Labelling, and Packaging Regulation regulations to ensure their safe
use (Bowman et al., 2010; Liu et al.,, 2022). Moreover, potential
hazards are linked to particular nanomaterials and particular
applications, according to the European Commission’s “Second
Regulatory Review on Nanomaterials” study. Nanomaterials
should be evaluated for risk individually using relevant data (Liu
et al.,, 2022). To facilitate the regulation of nanomaterials in novel
foods, food contact materials, cosmetic products, and medical
devices and to enable consumer, worker, and environmental
protection, organizations such as the European Food Safety
Authority, European Medicines Agency, Joint Research Centre-
Institute for Health and Consumer Protection, and European
Agency for Safety and Health at Work have established
corresponding guidance documents in this regard (Soltani and
Pouypouy, 2019). In a similar vein, the Food and Drug
Administration (FDA), one of the most significant regulatory
agencies in the United States, upholds its product-focused
regulatory policies for products that are enabled by
nanotechnology and regulate them under the existing statutory
authorities through particular premarket review and/or postmarket
oversight systems (Hamburg, 2012). The industry is in charge of
making sure that a product satisfies all applicable safety standards
and other regulations, regardless of whether it is subject to
premarket evaluation (for example, new pharmaceuticals and
biological products) or not (for example, cosmetics) (Hamburg,
2012). To assist the industry in fulfilling its statutory
responsibilities, the FDA also promotes early industry interaction
and provides both general and particular technical guidance on
various subjects (Hamburg, 2012). The Environmental Protection
Agency is another significant US government agency that oversees
nanomaterials. It established several environmental regulations,
such as the Federal Insecticide, Fungicide, and Rodenticide Act,
the Toxic Substances Control Act, the Clean Air Act, the Clean
Water Act, and others, to control nanomaterials during their
production, use, commercial distribution, disposal, and release
into the environment (Hanson et al., 2011). Other countries
regulate nanomaterials and ordinary chemicals through shared
legal acts, such as Japan’s Act on the Evaluation of Chemical
Substances and Regulation of Their Manufacture, Food Sanitation
Act, and Pharmaceutical and Medical Device Act, and Korea’s
Quality Management & Safety Control of Industrial Products Act,
Industrial Safety & Health Act, and Toxic Chemical Control Act,
among others (Rasmussen et al.,, 2017). To recap, while
nanomaterials now share similar regulatory and legislative
frameworks with regular chemicals, practically all regulatory
authorities pay special attention to nanomaterials and issue
guidelines or standardizations for almost every stage of their
safety assessment (Rasmussen et al., 2017; Miernicki et al., 2019).

6.5 Antimicrobial peptides

AMPs are low molecular weight proteins with potent
antimicrobial activity, playing a crucial role in modulating the
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immune response against various pathogens, including bacteria,
viruses, and fungi (Erdem Biiyiikkiraz and Kesmen, 2022). Unlike
conventional antibiotics, microorganisms have limited ability to
develop resistance to most AMPs, making them highly effective
alternatives. These peptides are characterized by low toxicity,
biological diversity, direct antimicrobial action, and the ability to
reduce drug interactions. To date, 60 peptide-based drugs have been
approved for clinical use (Boparai and Sharma, 2020; Erdem
Buiyiikkiraz and Kesmen, 2022).

AMPs were first isolated from Bacillus species in 1339, and
subsequent studies have identified them in a variety of organisms,
including both erythrocytes and prokaryotes. For example, the skin
of certain amphibians, such as the Bombina variegata frog, contains
more than 300 distinct AMPs. Among these, the peptides Bombinin
H4 and H2 exhibit strong antimicrobial properties, particularly in
combating resistant infections (Andrd et al., 2001; Bednarska et al.,
2017; Chen et al., 2022). Additional antimicrobial peptides have
been discovered in various organisms, including bovine lactoferrin,
human leukocyte lysozyme, and peptides from the female
reproductive system. Several AMPs have demonstrated inhibitory
effects against pathogens such as Shigella, Salmonella, Escherichia
coli, and Staphylococcus aureus, often produced by Bacillus species
(Boparai and Sharma, 2020; Bin Hafeez et al., 2021; Erdem
Biyiikkiraz and Kesmen, 2022).

In terms of function, peptides are divided into two groups:

1- membrane 2- non-membrane

Membrane peptides disrupt bacterial membranes, while non-
membrane peptides move across the membrane without damaging
the membrane but disrupt normal cell function. Since the outer
membrane of prokaryotic cells contains LPS. Or do ticoic acids
therefore have a negative charge. Cationic AMPs interact with these
membranes and cause membrane permeability, thus disrupting the
bacterial membrane. At the same time, eukaryotic cells due to the
presence of phosphatidylcholine And sphingomyelin phospholipids
do not have these interactions (Sani and Separovic, 2016; Boparai
and Sharma, 2020; Zhang and Yang, 2022).

AMPs that have more solubility in aqueous media, i.e., have a
cationic alpha helix, are capable of causing death by osmotic shock.
Some of the uses of these peptides include scorpion peptide in the
treatment of eye diseases caused by acanthamoeba and rBPI21, which
is used in the treatment of local infections such as open heart surgery
in children and severe burns (Conlon and Sonnevend, 2011). Use
skin-derived peptides Amphibians for MDR infections caused by
Acinetobacter pneumoniae, Bacillus pneumoniae, and E. coli bacteria
(Alsterin, Scafin, Psudin, etc.) (Boparai and Sharma, 2020).

Use natural salivary peptides (P113) that have high activity
against Gram-positive and Gram-negative and Candida albicans are
in the form of mouthwash and are used in HIV-positive patients
(Yu et al, 2017). It is used in clinical trials due to its unique
properties, such as low toxicity of selective efficacy and high
strength and broad spectrum (Bach, 2018). MRSA was initially
discovered sixty years ago. Infection with MRSA has since spread
quickly around the world (Jacobs, 1999). Cbf-K16, an AMP
structurally similar to enterotoxin, is a variant of Bf-30 identified
in the venom of the Golden Ring Snake. Composed of 30 amino
acids, Cbf-K16 has been shown in previous studies to exhibit broad-
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spectrum antibacterial activity with minimal cytotoxicity.
Additionally, it demonstrates potent bactericidal effects against
MRSA (Diene et al., 2011; Li et al., 2016).

Additionally, Ib-AMP4, a plant-derived AMP isolated from
impatiens seeds, demonstrates significant bactericidal activity
against both Gram-positive and Gram-negative bacteria (Florez-
Castillo et al, 2019). In a study by Sadelaji et al (Sadelaji et al,
2022), the antibacterial efficacy of Ib-AMP4 against MRSA was
investigated through in vitro and in vivo experiments. The results
confirmed that Ib-AMP4 effectively inhibits MRSA. Scanning
Electron Microscopy (SEM) analyses revealed that Ib-AMP4
disrupts MRSA biofilms. Time-kill curve and growth Kkinetics
assessments indicated rapid antibacterial activity. Furthermore, in a
mouse model, treatment with Ib-AMP4 led to the complete survival
of infected mice, with no detectable bacterial presence in their blood
samples (Sadelaji et al., 2022). These findings highlight the strong
antibacterial potential of Ib-AMP4, suggesting its possible application
as an effective therapeutic agent against MRSA infections.

Recent investigations have highlighted daptomycin as a
promising alternative for managing antibiotic-resistant infections,
particularly MDR Gram-positive bacterial infections. Daptomycin,
a cyclic lipopeptide derived from Streptomyces roseosporus, disrupts
bacterial cell membrane function by inducing depolarization (Jones
etal, 2021; Boulekbache et al., 2024). Preliminary pharmacokinetic
data indicate that daptomycin can achieve limited penetration into
the cerebrospinal fluid, positioning it as a potential therapeutic
option for acute bacterial meningitis in pediatric and adult
populations (Chavanet et al., 2023; Jaber and Beahm, 2023). As
Jaber et al (Jaber and Beahm, 2023). noted, while daptomycin shows
promise as an alternative treatment for Gram-positive bacterial
meningitis, additional clinical studies are necessary to refine its
dosing strategies, duration of therapy, and therapeutic application.

Another AMP advanced to clinical trials for therapeutic
validation is melittin, a bioactive peptide derived from bee
venom. Melittin has demonstrated remarkable antibacterial
properties, particularly against antibiotic-resistant bacteria,
making it a promising candidate for addressing the growing
challenge of antimicrobial resistance (Askari et al, 2021; Guha
et al., 2021; Memariani and Memariani, 2024). Beyond its
antibacterial efficacy, melittin also exhibits antiviral activity
against pathogens such as herpes simplex virus (HSV), severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), and
human immunodeficiency virus (HIV) (Zhang et al., 2024).
Currently, in Phase 1 clinical trials, melittin is being evaluated
primarily for its potential in treating infections caused by resistant
bacterial strains, as highlighted by Zhang et al (Zhang et al., 2024).

6.5.1 AMPs: challenges and limitations

A recent study that examined the literature from several
databases concluded that AMPs are among the highly desirable
research areas for academics with enormous potential in the
pharmaceutical industry (Luo et al., 2023). Only a tiny number of
AMPs received FDA approval for clinical usage despite their great
potential and level of interest. The lengthy and intricate process of
drug discovery and development is well known to include several
stages, including target identification and discovery, preclinical and
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clinical trials (phases 1-3), screening and design improvements, and
approval. AMPs have their restrictions among them. First, the
mechanism of action is still not entirely understood, which is
crucial for creating peptides with reduced toxicity and maximized
effectiveness (Bucataru and Ciobanasu, 2024).

AMPs face challenges related to stability and limited
antibacterial activity. These peptides are prone to protease
degradation and are sensitive to factors such as serum
components, salt concentrations, and pH fluctuations.
Additionally, the electrostatic interactions between AMPs and
bacterial membranes can be significantly affected by the ionic
strength of the surrounding environment. High salt
concentrations, such as those in physiological saline solutions, can
impact the stability and efficacy of AMPs. Salt ions may interact
with the charged amino acid residues of AMPs, leading to
conformational changes that could reduce their antimicrobial
effectiveness. Furthermore, salt levels and the hydrophobic nature
of AMPs can influence their solubility and tendency to aggregate,
further affecting their functional properties (Kang et al., 2014; Lin
et al., 2023).

Another factor that can have a significant influence on the
stability and activity of AMPs is the pH of the surrounding
environment. Most AMPs demonstrate optimal activity in neutral
or slightly acidic pH environments, characteristic of many body
tissues. For instance, histidine has a pKa of approximately 6.5, and
clavanin A, a histidine-rich peptide, exhibits a high net positive
charge at pH 5.5. However, at pH 7.4, it becomes relatively
uncharged, leading to a significant reduction in its antibacterial
activity (Lee et al., 1997). However, excessive pH levels, such as
those seen in the stomach or the intestines, can impact the structure
and functionality of AMPs (Malik et al., 2016).

In the bloodstream, AMPs are exposed to various serum
components, such as proteins and other biomolecules. These
components can interact with AMPs, potentially altering their
structure or biological activity. Furthermore, serum proteins may
bind to AMPs, influencing their distribution, stability, and
effectiveness (Dijksteel et al, 2021). Possessing a net positive
charge, the LL-37 peptide can attach to anionic serum proteins
and turn inactive (Lin et al., . 2020). AMPs are frequently quickly
removed from circulation by the liver and kidneys following their
proteolytic cleavage. Increased clearance limits the effectiveness of
AMPs by lowering their systemic exposure and therapeutic
concentrations. To address the instability of AMPs under these
conditions, various strategies have been developed to improve their
stability, bioavailability, and therapeutic potential. These
approaches include modifying the peptide sequence by deleting or
substituting specific amino acids, C-terminal amidation, N-terminal
acetylation, methylation, replacing L-amino acids with their D-
enantiomers, as well as employing techniques such as dimerization,
hybridization, or encapsulation within NPs (Chen and Jiang, 2023).

The potential cytotoxicity of AMPs in humans is a critical
consideration during preclinical and clinical studies. While AMPs
generally exhibit lower toxicity to mammalian cells than many
conventional antibiotics, their cytotoxic effects can vary depending
on factors such as peptide sequence, concentration, route of
administration, and target cell type. Based on their mechanism of
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action, AMPs may induce toxicity either by binding to specific
receptors or disrupting cell membranes. Receptor-binding peptides
can modulate the immune system to achieve bacteriostatic effects.
However, at high concentrations, AMPs may trigger excessive or
dysregulated immune responses, potentially leading to
inflammatory secondary conditions such as rosacea, atopic
dermatitis, or psoriasis (Chen and Lu, 2020). Melittin and other
pore-forming peptides exhibit non-specific toxicity and a lytic
impact, even on human cells. This peptide’s antibacterial action is
ineffective when used at acceptable dosages (Askari et al., 2021).
Melittin is currently undergoing clinical phase I trials.
Hydrophobicity plays a crucial role in the antimicrobial activity
of peptides by enhancing their ability to integrate into microbial
membranes. However, excessive hydrophobicity can compromise
the selectivity of AMPs, leading to the disruption of mammalian cell
membranes, increased cytotoxicity, and reduced specificity for
microbial cells (Kumar et al,, 2018). To minimize the potential
toxicity linked to excessive hydrophobicity, one approach is to
strike a balance between hydrophobic and hydrophilic residues in
AMPs, optimizing their antimicrobial efficacy against pathogens
while minimizing harm to mammalian cells. Drug delivery systems,
ideally non-cytotoxic and non-immunogenic, offer a strategy to
administer AMPs with reduced toxicity to host cells.
Nanotechnology-based delivery platforms, such as the
encapsulation of AMPs in liposomes or NPs, hold significant
promise for improving stability and minimizing toxicity. Their
small size, large surface area, and ability to target infected sites
further enhance their potential for effective and selective peptide
delivery (Fadaka et al., 2021).

The production cost of AMPs is notably high, primarily due to
their extended amino acid sequences. The length of an AMP
significantly impacts its ability to target and penetrate microbial
membranes, with longer peptides often exhibiting broader-
spectrum activity against diverse microorganisms. Typically, a
minimum of 7-8 amino acids is required to form an amphiphilic
structure. For an a-helical structure capable of traversing bacterial
lipid bilayers, at least 22 amino acids are necessary, whereas B-sheet
AMPs require only 8 amino acids. Consequently, developing
peptide-based drugs at a reasonable cost remains challenging,
mainly due to low synthesis yields and the complexities of
purification processes (Sun et al., . 2014; Magana et al., 2020).

6.6 Antibodies as non-traditional
antibacterial agents

The WHO released a list of non-traditional antibacterial in
April 2021. Among them are different approaches to controlling
small molecules, such as using antibodies as antibiotics. Serum
antibodies were the most often used drug for treating infectious
infections before developing antibiotics. To cure bacterial infectious
illnesses, researchers are looking at vaccination tactics in this field
once more in light of the emergence of antibiotic resistance
(Domenech et al.,, 2018; Cavaco et al., 2022). Antibodies as
medicinal agents use the immune system’s potential in humans.
Human monoclonal antibodies have a longer half-life—21 days on
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average for IgG types—and are less likely to be eliminated by the
body. They also exhibit reduced toxicity. Antibodies also have the
benefit of being highly specific, which makes them a valuable
therapeutic agent without interfering with the natural bacterial
flora. These benefits have led to the development of several
monoclonal antibodies, some of which are presently undergoing
clinical studies. These antibodies have demonstrated efficacy against
hospital-acquired pathogens like S. aureus and P. aeruginosa, as well
as challenging-to-treat pathogens such as A. baumannii. A human
monoclonal antibody created by Trellis Biosciences has been shown
to inhibit the formation of biofilms produced by various bacteria by
explicitly targeting the DNABII protein essential for biofilm
development (Zurawski and McLendon, 2020; Vacca et al., 2022).
A further product that Roche is developing is an S. aureus-specific
antibody-antibiotic conjugate. The human monoclonal antibody
has been engineered to attach to the exterior of S. aureus, thereby
bringing the linked antibiotic into the immediate vicinity,
augmenting the antibiotic’s efficacy (Zurawski and McLendon,
2020; Yu et al., 2023). A bi-specific antibody known as
MEDI3902 was created by AstraZeneca PLC (previously known
as MedImmune). This antibody is designed to specifically target a
surface polysaccharide found in P. aeruginosa, thereby impacting its
ability to form biofilms (Zurawski and McLendon, 2020). A recent
phase 2 trial was carried out utilizing suvratoxumab, a human
monoclonal antibody, in a double-masked, placebo-controlled
manner. The study aimed to assess the efficacy of suvratoxumab
in managing ventilator-associated pneumonia induced by S. aureus
in patients within intensive care units who are on mechanical
ventilators. By specifically targeting the pore-forming o-toxin,
this monoclonal antibody significantly lessens its harmful effects
(Francois et al., 2021). Since monoclonal antibodies are less likely
than antibiotics to cause the rising antibiotic resistance, more
studies in the field of antibodies are needed to enhance their
defense against drug resistance (Yu et al.,, 2023).

6.7 Traditional medicines

Traditional medicines offer promising alternatives for
combating biofilm-associated infections. Among these,
andrographolide, an active compound found in the chloroform
extract of Andrographis paniculata, holds significant potential.
Commonly referred to as the “King of Bitters” in China, this
plant belongs to the Acanthaceae family. Andrographolide (AG)
has been shown to inhibit the LasI and LasR genes in Pseudomonas
aeruginosa, which are critical quorum sensing regulators.
Additionally, a 14-alpha-acyl andrographolide analog can triple
the levels of RsmA, a small RNA-binding protein in P. aeruginosa
that negatively regulates pathogenicity (Burrowes et al, . 2005;
Gabrielian et al., 2002; Heurlier et al., 2004; Ma et al., 2012).
Furthermore, AG can inhibit biofilm formation in Staphylococcus
aureus by targeting the SarA system, a key regulator of biofilm
development in this pathogen. In laboratory studies, AG
demonstrated concentration-dependent inhibition of biofilm
formation by S. aureus MTCC 96 (Zhang et al., 2021; Agrawal
et al., 2022; Ma et al., 2023).
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Another traditional plant, Houttuynia cordata, commonly
consumed as a cold tea to promote health, also exhibits biofilm-
inhibitory properties (Wu et al., 2021). Its ethanolic extract
significantly prevents biofilm formation by S. aureus, including
methicillin-resistant strains, through its combined anti-
inflammatory and anti-biofilm effects. This plant has been
particularly noted for its ability to reduce the risk of oral
infections and treat skin abscesses (Wu et al., 2021; Chang et al,,
2023). Laboratory studies suggest it inhibits biofilm formation
during the early stages by depleting DNA required for biofilm
assembly (Rafiq et al., 2022).

Among the various medicinal plants studied for their
antimicrobial properties, Polygonum cuspidatum stands out as a
shrub with potent biofilm-inhibiting activity. The dried stems and
roots of this plant have been shown to prevent dental plaque
formation by targeting Streptococcus mutans in the oral cavity.
Although its activity lacks bactericidal properties, it effectively
inhibits biofilm growth and reduces acid production by bacteria.
Observations indicate that Staphylococcus aureus is more sensitive
to this plant’s active compounds than Pseudomonas aeruginosa (Su
et al., 2015; Ke et al., 2023).

Several medicinal plants have demonstrated synergistic effects
when combined with antibiotics. For instance, naringin, a
compound extracted from grapefruit peels, enhances the efficacy
of ciprofloxacin and tetracycline against biofilms formed by P.
aeruginosa. Approximately 75% of such combinations exhibit
synergistic activity, underscoring the potential of integrating
natural remedies with conventional antibiotics to overcome
resistant biofilms (Dey et al., 2020; Zhang et al., 2020).

Despite their promising potential, the use of medicinal plants
faces several challenges. Herbal medicines often contain complex
compounds that may lead to unforeseen side effects, limiting their
application. Standardizing formulations and identifying active
components remain critical areas for further research.
Nevertheless, combining natural remedies with antibiotics could
offer a promising strategy to address biofilm-related infections and
antibiotic resistance (Zhang et al., 2020; Vaou et al., 2021).

The following section delves into the TA system and its
potential role in non-antibiotic therapeutic strategies.

6.8 Toxin-antitoxin system

Toxin-antitoxin (TA) systems are compact genetic units
prevalent in the genomes of bacteria and archaea (Qiu et al,
2022). These systems have garnered significant attention as an
alternative approach to combating antibiotic resistance. A typical
TA system consists of two closely linked genes: one encodes a toxic
protein that disrupts essential cellular processes, while the other
encodes an antitoxin, either a protein or RNA, that neutralizes the
toxin’s activity. The antitoxin is generally produced in excess to
ensure the toxin remains inactive under normal conditions.
However, if the antitoxin is degraded, often by cellular proteases,
the toxin is released, leading to a bacteriostatic or bactericidal effect
that can destroy bacterial cells (Harms et al., 2018; Rownicki et al.,
2020). TA systems are classified into seven types based on the
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mechanism of antitoxin action and their molecular nature, with
type II systems—encoding protein-based antitoxins—being the
most studied and prevalent. These systems are organized in
operons, and their expression is tightly regulated by toxin-
antitoxin complexes. This regulation ensures a balance between
toxin and antitoxin levels to maintain cellular homeostasis or
induce cell death under specific conditions (Yamaguchi and
Inouye, 2011; Coussens and Daines, 2016; Harms et al., 2018;
Rownicki et al,, 2020; Gu et al, 2021). TA systems are widely
distributed and abundant in both Gram-positive and Gram-
negative bacteria, often residing on chromosomes or plasmids.
Their dual ability to modulate bacterial survival and target
specific cells highlights their potential for addressing antibiotic
resistance and controlling pathogenic bacteria (Pandey and
Gerdes, 2005; Qiu et al., 2022).

Studies indicate that TA systems play critical roles in various
biological processes, particularly in enabling bacteria to survive under
stressful conditions by limiting their metabolic activity. As mentioned,
TA system toxins can function as molecular “time bombs.”
Compounds that artificially activate these toxins present a promising
avenue for developing novel antimicrobial agents as alternatives to
traditional antibiotics (Rownicki et al., 2020; Sonika et al, 2023).
Initially, the TA locus was identified in bacterial plasmids. However,
it is now recognized as an integral component of the mobilome—a
collection of genetic elements often subject to horizontal transfer. Given
the significance of type II TA systems in infection management,
extensive research has focused on their distribution and roles in
clinically relevant pathogenic bacteria, including Escherichia coli,
Mpycobacterium tuberculosis, Neisseria gonorrhoeae, Streptococcus spp.,
Burkholderia spp., and ESKAPE pathogens (Fernandez-Garcia et al,
2016; Harms et al,, 2018; Kang et al., 2018).

For instance, Mycobacterium tuberculosis has garnered
attention due to its abundance of TA systems, which are closely
linked to adaptive responses to host-induced stress and drug
treatments. In Streptococcus suis, the type II TA system (Xress-
MNTss) has been found to play a significant role in antibiotic
resistance and pathogenicity by regulating drug-resistance genes
and auto-regulation mechanisms (Bordes and Genevaux, 2021; Gu
et al., 2021).

TA systems are intricately connected to bacterial persistence, as
they can form regulatory cascades that influence persistence-related
pathways. If toxin activity within TA systems can be effectively
controlled, bacterial persistence could also be mitigated. This
approach would render dormant cells susceptible to antibiotic
treatment. Conversely, increasing toxin levels extends bacterial
persistence. Developing strategies to deactivate toxins and activate
antitoxins could potentially “wake up” persistent cells, making them
more sensitive to antibiotics. However, the ubiquity and high
prevalence of TA systems across numerous bacterial strains pose
a significant challenge in achieving this goal (Fernandez-Garcia
et al., 2016; Jurénas et al., 2022; Sonika et al., 2023).

Table 3 summarizes the key advantages, limitations, and
implementation challenges of the non-antibiotic therapies
discussed in this review. This comparison aims to provide a
concise perspective on their potential and feasibility for
clinical application.
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TABLE 3 Comparison of non-antibiotic therapies.

Limitations

Therapy

Advantages

10.3389/fcimb.2025.1493915

Implementation References

challenges

Bacteriophages High specificity; effective against Development of phage Regulatory hurdles; (Anomaly, 2020; Danis-Wlodarczyk et al.,
MDR bacteria resistance; production scalability 2021; Ssekatawa et al., 2021)
immune reactions
Probiotics, Restores gut microbiota; reduces Variable efficacy; Standardization of formulations; (Chaudhari and Dwivedi, 2022; Al-Habsi
Postbiotics, pathogen colonization; enhances strain specificity large-scale validation et al.,, 2024; Liang et al., 2024)

and Synbiotics immune response

EMT Restores gut microbiota balance; Risk of infection
effective against Clostridioides transmission;
difficile infections donor variability
NPs Broad-spectrum activity; ability to Potential toxicity;
penetrate biofilms stability issues
AMPs Low resistance potential; broad- Costly synthesis;
spectrum efficacy potential cytotoxicity
TA Systems Induces bacterial self-destruction; Complexity of activation
highly specific pathways;
bacterial diversity
Traditional Widely available; potential for Limited scientific
Medicines synergistic effects validation; variability
in formulations
Antibodies Highly specific; adaptable to High cost; potential

different targets immune reactions

7 Conclusion

Although antibiotics have been the cornerstone of bacterial
infection treatment, the escalating rates of antibiotic resistance are
ushering in an era where conventional therapies may become
increasingly ineffective. The golden age of antibiotics is widely
regarded as over, and without effective alternatives, even common
infections could soon become incurable. The emergence of drug-
resistant microorganisms, driven by human activities and industrial
livestock production, has created profound public health and
environmental challenges. Among the major contributors to
antibiotic resistance are biofilms, which play a critical role in
chronic diseases, refractory wounds, and other severe conditions,
often linked to the overuse and misuse of antibiotics.

In response to these challenges, non-antibiotic therapies have
emerged as a promising frontier for addressing antimicrobial
resistance. Strategies such as bacteriophages, probiotics, postbiotics,
synbiotics, FMT, NPs, antibodies, AMPs, TA systems, and natural
medicines are being actively explored. Among these, bacteriophages
have garnered significant attention due to their targeting and selective
targeting of specific bacteria selectively. This approach is auspicious, as
it offers precision that antibiotics lack, potentially minimizing off-target
effects and preserving the host microbiome. Additionally, clinical trials
and case studies have provided encouraging evidence for the efficacy of
these alternative approaches in various contexts, including combating
biofilm-associated infections.

Despite these advances, several key research gaps remain. For
these novel therapies to become mainstream, several key areas
require further development. First, comprehensive clinical trials
are essential to validate the safety, efficacy, and scalability of these
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Regulatory oversight; (Park and Seo, 2021; Cheng and Fischer,

development of 2023; Thanush and Venkatesh, 2023)

standardized protocols

Large-scale production;
regulatory compliance

(Baig et al., 2021; Chen et al., 2022; Franco
et al., 2022; Ozdal and Gurkok, 2022)

Ensuring stability; effective (Boparai and Sharma, 2020; Erdem
Biiyiikkiraz and Kesmen, 2022; Bucataru

and Ciobanasu, 2024)

delivery mechanisms

(Rownicki et al., 2020; Kamruzzaman
et al., 2021)

Development of reliable
activators; understanding
bacterial strain variations

Standardization and identification
of active components

(Ma et al., 2012; Dey et al., 2020; Bittner
Fialova et al., 2021)

Scalability of production; (Zurawski and McLendon, 2020; Cavaco

ensuring consistent efficacy et al,, 2022)

therapies across diverse patient populations and infection types. For
example, while bacteriophages show great promise, their use
requires a tailored approach due to the specificity of phage-host
interactions, necessitating further research into personalized
treatment protocols. Similarly, the therapeutic potential of AMPs
and nanoparticles needs rigorous investigation to address concerns
about toxicity, stability, and delivery mechanisms.

Second, integrating non-antibiotic therapies into existing clinical
practices demands a systematic approach. This includes developing
standardized guidelines for their use, understanding their interactions
with conventional antibiotics, and assessing the feasibility of
combination therapies. Combining these novel interventions with
existing antibiotics could enhance therapeutic outcomes, potentially
reducing treatment durations and minimizing the emergence of
resistance. Finally, there is a pressing need for policy and regulatory
frameworks to facilitate the adoption of these therapies. Policymakers
and researchers must collaborate to establish clear pathways for
approval, production, and distribution. Furthermore, public health
initiatives to promote awareness and education about these
alternatives will be critical for their acceptance among healthcare
providers and patients. Looking ahead, the field must prioritize
interdisciplinary collaboration to address these challenges. Advances in
genomics, bioinformatics, and synthetic biology could further optimize
non-antibiotic therapies, making them more effective and accessible.

In conclusion, while overcoming antibiotic resistance is fraught
with challenges, the emergence of non-antibiotic therapies offers a
glimmer of hope. Researchers and clinicians must focus on
advancing these therapies through robust clinical trials,
integrating them into clinical practice, and advocating for
supportive policies.
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