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Abstract

Antimicrobial resistance is a significant global public health problem. Antibiotic-resistant
bacteria have emerged as a result of inappropriate and excessive use of antibiotics, rendering
treatment ineffective and increasing morbidity and mortality rates. The effectiveness of
currently available antibiotics has already been compromised due to the emergence of multi-
resistant bacteria. Steps have been taken globally to prevent and combat antibiotic resistance
by promoting best practices in infection control, encouraging the judicious use of antibiotics,
developing new antibacterial drugs, and raising public awareness. Current approaches to
combating antibiotic resistance are reviewed in this article, including methods for improving
antibiotics, halting the spread of antibiotic resistance, and investigating unconventional
therapies such as antimicrobial peptides, riboregulators, nanoparticles, and phage therapy.
Current problems and future prospects in the fight against antibiotic resistance are also
discussed.
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Introduction

Antibiotic resistance is a growing public health issue on a global scale. Antibiotics were
discovered more than 80 years ago and have saved millions of lives by treating bacterial
illnesses (Martens & Demain, 2017). However, their inappropriate and excessive use has
resulted in the development of bacteria resistant to antibiotics, rendering treatments ineffective

and raising the rates of morbidity and mortality (Wang et al.,, 2021).
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Antibiotic resistance can result from a variety of factors, including inappropriate or
excessive antibiotic use, the spread of antibiotic-resistant bacteria from one person to another,
a lack of infection prevention and hygiene measures, and the widespread use of antibiotics in
farm animals (Bungau et al, 2021). However, due to multi-resistant bacteria, currently available
antibiotics are already at their limit. According to OMS estimates, if superbugs continue to
spread over the world, there will be 10 million infection-related deaths annually by the year

2050, with a cost to the global economy of more than $100 billion (Engstrom, 2021).

International action has been taken to create measures to avoid and combat antibiotic
resistance as a result of this public health issue. Governments, health organizations, and health
professionals are collaborating to promote good infection control procedures, advocate the
prudent wuse of antibiotics, develop new antibacterial medications, and increase public

awareness of the significance of antibiotic resistance (Engstrom, 2021).

We shall examine current tactics to tackle antibiotic resistance in this essay. We'll talk
about several strategies for preventing antibiotic resistance as well as continuing initiatives to
create new medications and enhance antibiotic prescribing procedures. Finally, we'll look at the

ongoing issues and potential future developments in the fight against antibiotic resistance.
Current strategies to combat antibiotic resistance

Since the discovery of the first case of antibiotic resistance in the 1940s, pharmaceutical
companies have continued to develop solutions and strategies, including pharmacological
ones, to limit its occurrence. The main current strategies to fight antibiotic resistance can be

summarized in several points (Fig. 1).

1. Strategies for improving antibiotics: optimizing existing structures and
creating new molecules
Two crucial strategies in the battle against antibiotic resistance are altering the structure

of existing antibiotics and developing novel ones.

The first strategy entails enhancing the chemical composition of outdated antibiotics. An
antibiotic's structure can be changed by scientists to improve the antibiotic's capacity to kill
resistant bacteria or to more effectively reach its bacterial target. Additionally, structural

alterations can lessen the antibiotic's toxicity for the patient.

(JSBB) ANTIBIOTICS RESISTANCE ARTICLES (Volume 2, Issue 1, April 2023)



Benabbou et al. (JSBB), Volume 2, Issue 1, April, 2023 ISSN 2830-8832

Penicillin was changed to produce B-lactam antibiotics as an illustration of how outdated
antibiotics might be strengthened structurally. Although B-lactams are frequently used as
antibiotics to treat bacterial infections, resistance to them is on the rise. Scientists have created
third-generation cephalosporins, which are more potent and efficient against resistant bacteria,

as new B-lactam antibiotics to address this issue.
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Fig. 1: Strategies and bacterial targets used to combat antibiotic resistance

In clinical investigations including more than 2,500 patients with skin and soft tissue
infections as well as community-acquired bacterial pneumonia (File et al, 2011), ceftaroline, a
chemical from the same family as beta-lactams that was created in 2008, was proven to be
beneficial. An important step forward in the fight against antibiotic resistance is represented by

this chemical (Zhanel et al., 2009).

In a similar vein, plazomicin is a brand-new chemical from the aminoglycosides class that
was created to reduce antibiotic resistance (Becker & Cooper, 2013; Bush, 2012). Contrarily,
eravacyline, a member of the new tetracycline generation, was created for the same goal as
plazomicin, namely, to restrict bacterial resistance, notably against particular active efflux and

ribosome protection (Grossman et al., 2015).

(JSBB) ANTIBIOTICS RESISTANCE ARTICLES (Volume 2, Issue 1, April 2023)



Benabbou et al. (JSBB), Volume 2, Issue 1, April, 2023 ISSN 2830-8832

The use of p-lactamase inhibitors such as clavulanic acid (Matsuura et al, 1980),
sulbactam (Bush, 2012), tazobactam (Kuti et al, 2015), avibactam (Olsen, 2015, Soroka et al,
2016), and relbactam can reinforce the structural improvement of older antibiotics (Lucasti et
al, 2016; Olsen, 2015). These inhibitors allow for the neutralization of the enzymes that some
bacteria produce in order to resist antibiotics. In addition, the use of selenium (sodium bismuth
citrate) in conjunction with metronidazole and tetracycline can effectively combat Helicobacter
pylori, the bacterium that causes gastrointestinal infections (Bouyssou, 2014). These tactics are
crucial ways to increase the effectiveness of currently used antibiotics and make them more

bacterial resistance-resistant.
2. The antimicrobial peptides (AMPs)

The discovery of the enzyme lysozyme in 1922 by Alexander Fleming was a major
breakthrough in our understanding of how the immune system fights bacterial diseases.
Lysozyme was the first example of an antimicrobial agent that was found to be naturally
occurring in the body (Alexander Fleming, 1922). However, it took several decades for
researchers to identify other antimicrobial peptides (AMPs), which are tiny molecules produced
by the body in response to bacterial or fungal infections. The first AMPs were discovered in
Drosophila in the 1990s, and this discovery paved the way for further research into the
development of antimicrobial medications and a better understanding of how AMPs can

prevent infections (Unckless et al.,, 2016).

AMPs are an important tool in the fight against a wide range of pathogens, including
pathogenic bacteria and fungi. One of the most intriguing aspects of AMPs is their ability to
combat antibiotic resistance, as they only result in limited bacterial resistance compared to
conventional antibiotics. Most AMPs work by breaking down the bacterial cell membrane,
causing permeabilization and cell lysis, which has a bactericidal effect (Fig. 2). Some AMPs can
also penetrate the bacterial membrane and target anionic molecules, such as enzymes or
nucleic acids, which disrupt the bacterial cell's biological functions. This dual mechanism of
action makes AMPs a promising avenue for future research and drug development (Mahlapuu

et al, 2016; Spohn et al,, 2019).
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Fig. 2: Mechanism of action of antimicrobial peptides (Fatima et al., 2021)
3. Riboregulators

Riboregulators are RNA molecules that interact with target mRNAs to regulate the
expression of certain genes. They can either stop protein synthesis by binding to the mRNA
and blocking its translation or start it by allowing the mRNA to be translated. In 2007,
researchers proposed the idea of using ribregulators as potential targets to interfere with the
production of critical proteins in bacteria, using them as an alternative to the conventional

strategy of targeting bacterial proteins (Ogawa & Maeda, 2007).

Complex mechanisms that trigger gene expression in response to antibiotic exposure
frequently control antibiotic resistance genes. Recent research reveals that the expression of
several resistance genes is significantly regulated by cis-active non-coding RNAs known as
riboregulators. These RNAs, known as riboregulators, are found in the 5'UTR region of
regulated genes and detect the presence of antibiotics by directing translating ribosomes to
short, non-coding upstream reading frames (uORFs), which are embedded in the RNA.
Antibiotics that limit translation cause the ribosomes to stop on the uORF, changing the
structure of the regulator RNA and causing the expression of the resistance gene to become
active (Fig. 3). The ability of these regulators to identify particular antibiotic classes depending
on the size and make-up of the relevant uORF determines how specific they are (Dar & Sorek,

2017).
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Fig. 3: By managing the creation of a premature transcription
terminator, which is a stem-loop structure followed immediately by a poly
uridine tract, transcriptional attenuation controls expression. Antibiotics are
not present, so transcription starts but ends early. The resistance gene's
transcription is aided by ribosome pausing over the uORF, which prevents the
development of terminator stem loops (Dar & Sorek, 2017).

Studies have shown that specific binding of a chemical, PC1, to a guanine ribo regulator
in S. aureus inhibits bacterial growth in vitro and in vivo in mice by binding to the regulatory
region of the target RNA. These results suggest that rioregulators may be a promising target
for the development of new antibiotics by interfering with the production of critical proteins in

bacteria (Mulhbacher et al., 2010).

4. Prevention of horizontal genetic material transfer between
bacteria

One of the main factors contributing to the spread of antibacterial resistance is the
exchange of genetic material between bacterial communities. In fact, bacteria are capable of
exchanging resistance genes with one another, allowing them to develop a resistance to new
antibiotics. This strategy relies on the use of conjugation inhibitors since inhibiting proteins that
participate in conjugation (such as relaxase, pili, and others) prevents the transfer of plasmides
to different hosts, promoting the eradication of plasmides from bacterial populations (Fig. 4)
(Cabezén et al, 2017; Dimitriu et al, 2014; Getino & de la Cruz, 2018). Several strategies,
including the use of ionophores, chlortetracycline, bacitracin, and combinations of
ionophores/antimicrobials, have been investigated to restrict the horizontal transfer of
antibiotic resistance. According to studies, these techniques are particularly good at preventing
the horizontal spread of antibiotic resistance in E. coli. Various natural substances, including

flavonoids, plant extracts, and antimicrobial peptides, have been proven in other investigations
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to be able to prevent horizontal gene transfer. Similar to this, artificial compounds have been

created that precisely target the bacterial conjugation-related proteins.
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Fig. 4: Natural and Artificial Mechanisms Controlling Conjugative
Plasmid Transmission: RM and CRISPR-Cas Systems, Exclusion Systems, and
Fertility Inhibition Systems as Natural Mechanisms, and Relaxase, Pilus, and
ATPase Interference as Artificial Mechanisms (Getino & de la Cruz, 2018)

5. ATP synthase inhibitors

A new class of antibiotics, known as ATP synthase inhibitors, includes the antitubercular
drug Bedaquiline. It works by preventing the synthesis of ATP, a vital energy molecule for
bacterial growth and survival, especially for Mycobacterium tuberculosis, the causative agent of
tuberculosis. Bedaquiline limits bacterial growth by obstructing its energy metabolism by
selectively blocking ATP synthase. This approach works well against Mycobacterium tuberculosis

strains that are resistant to widely used drugs (Hards et al., 2015).

The efficacy of Bedaquiline in the treatment of tuberculosis has been supported by
numerous studies, notably in patients with multidrug-resistant forms of the disease. To increase
its potency and reduce the possibility of resistance forming, Bedaquiline is frequently used in

conjunction with other antibiotics. Additionally, research continues to explore other ATP
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synthase inhibitors and understand their mode of action to improve the treatment of

tuberculosis and other bacterial infections (Hards et al., 2015; Maitre et al., 2017).

The mechanism of action of bedaquiline, the first drug to target mycobacterial ATP
synthase, is illustrated in Fig. 5 ATP synthase is a crucial enzymatic complex for the production
of ATP, necessary for cellular survival in both prokaryotes and eukaryotes. The complex consists
of a transmembrane domain (FO) and a cytoplasmic domain (F1), and protonation through the
FO domain leads to a rotation of the c and y subunits of the F1 domain, resulting in ATP
synthesis. Bedaquiline binds to the binding site between the a and c subunits of the FO domain
and inhibits ATP production by blocking proton flow and subsequent conformational changes,
resulting in cell death in both replicating and non-replicating mycobacteria. Despite the high
similarity in protein sequence with the human homologue, bedaquiline is selective towards
mycobacterial ATP synthase (Goulooze et al, 2015; Guglielmetti & Robert, 2015; Singh et al,
2017)

outer @

membrane

(mycolic i

acids) cell () i
wall i @

periplasmic &

space IR DI

inner

membrane I Z ﬂ)/”)
Voo

%
cytoplasm bedaquiline

o l ——— cell death
Mycobacterium

Fig. 5: Mechanism of action of bedaquiline (Goulooze et al., 2015)

6. Nanoparticles

The use of nanotechnology in medicine is a cutting-edge strategy that attempts to
enhance the treatment of many serious diseases. Using nanovectors, which are incredibly small
particles (on the scale of nanometers) capable of transporting active ingredients to their
pharmacological target in the body, medications are administered using this technology

(Haleem et al, 2023). In comparison to traditional medication administration techniques,
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nanovectors have improved bioavailability and more controlled release of active components.
They can also target diseased cells or damaged tissues directly, minimizing adverse effects and

collateral harm to healthy organs (Damodharan, 2021).

The antibacterial activity of nanoparticles has been explained by a number of different
mechanisms of action. The electrostatic interaction between positively charged nanoparticles
and the negatively charged bacterial cell membrane, which can result in cell membrane
breakdown, the release of poisonous metal ions, and the eradication of bacteria, is one of the
most researched mechanisms (Staron & Diugosz, 2021). Nanoparticles can also interfere with
biological functions like respiration, protein synthesis, and DNA replication in order to impair
bacterial metabolic processes. Free radicals, unstable molecules with unpaired electron atoms
that can harm bacterial membranes and proteins, can also be produced by nanoparticles
(Sadnchez-Lépez et al, 2020). Additionally, bacterial biofilms, which are bacterial colonies
enmeshed in a protective extracellular matrix, can interact with nanoparticles. Chronic
infections are frequently linked to biofilms, which are notorious for their resistance to
conventional medicines. By disrupting the extracellular matrix and penetrating biofilms,
nanoparticles can make bacteria more susceptible to antibiotic therapy (Gudkov et al, 2027;

Sanchez-Lépez et al.,, 2020).

Recent studies have also emphasized the antibacterial characteristics of specific
nanoparticle components such iron, zinc, copper, and silver oxide. Particularly against Gram-
positive bacteria like S. aureus and Bacillus subtilis as well as Gram-negative bacteria like P.
aeruginosa and E. coli, these capabilities have been noted (Franci et al, 2015, Marslin et al,

2015; Yu et al., 2020).
7. Short interfering RNA

Utilizing short interfering RNA (siRNA) is a potential strategy to combat antibiotic
resistance (Edson & Kwon, 2014). This method targets specific DNA or RNA regions on a
bacteria that are crucial for the development of proteins implicated in antibiotic resistance.
Genes that make the B-lactamases, which degrade drugs from the pB-lactam family, are

potential targets (Edson & Kwon, 2014).

RNA segments of roughly 20 base pairs are produced when these places are found. The
capacity of these RNA segments to accurately attach to specific sites results in the formation of

a double-stranded RNA pair that can be recognized by ribonucleases. The double-stranded
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RNA is subsequently destroyed, inhibiting the production of resistance-related proteins

(Yanagihara et al., 2006).
8. Phage therapy

An old technique for treating bacterial illnesses called phage treatment uses viruses
called phages to kill dangerous bacteria. Phages are viruses that target and particularly infect
bacteria, lysing them or causing them to rupture. Even before the development of antibiotics,
this approach was contemplated, but it was later abandoned due to its unfavorable
immunological consequences. Phage treatment, however, has recently attracted renewed
interest due to the growth in antibiotic resistance. Because they are unique to their bacterial
target and don't disturb the gut flora, phages have the advantage of lowering the possibility of

phage resistance (Brives & Pourraz, 2020).

Phage variety and the requirement to select the appropriate phage for each bacterial
illness are two problems that must be overcome for phage therapy to be effective. A new
phage must be chosen for every new resistant bacterial strain since bacteria can evolve phage

resistance very quickly (Pires et al.,, 2020; Torres-Barceld, 2018).

Utilizing phage-derived peptides, which are protein fragments produced from phages
that are capable of cytolyzing or rupturing bacterial cell membranes, is an additional strategy.
These peptides can be created in a lab and have the benefit of being more stable than whole
phages. They can also be changed to more effectively and steadily target particular bacterial

strains or to make them more stable (Lin et al.,, 2017).
9. CRISPR-Cas

It may be possible to use the revolutionary method of genome editing known as CRISPR-
Cas to combat antibiotic resistance. Researchers can target and cut specific DNA areas in
bacteria using the CRISPR-Cas system. If the genes in bacteria that make them resistant to
antibiotics were targeted and rendered dormant, drugs might become effective once more

(Uribe et al., 2021).

The CRISPR-Cas system has shown promise in the fight against antibiotic resistance in a
number of studies. The CRISPR-Cas system can directly kill bacteria since it can target genes on
chromosomes and plasmids (Fig. 6) (Citorik et al, 2014; Vercoe et al, 2013). For instance,

CRISPR-Cas was used in one study (Gomaa et al, 2014) to target and deactivate an antibiotic
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resistance gene in E coli bacteria, restoring the effectiveness of antibiotics against these
pathogens. The CRISPR-Cas system can be used to target antibiotic resistance genes in
dangerous bacteria like S. aureus and S. pneumoniae, as has been shown in prior studies (Bikard

et al, 2012, 2014).
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Fig. 6: Utilizing CRISPR-Cas systems as antibiotics. Together with the guide
RNA that will instruct it to cut a target sequence, the Cas9 RNA-guided nuclease
is expressed. The target may be carried on a plasmid or chromosome, which
could result in cell death from chromosome disintegration or antibiotic resistance
(Wu et al., 2021).

Conclusion

Antibiotic resistance is a major public health problem as bacteria have acquired
resistance to all classes of antibiotics currently in use. This can pose significant therapeutic
challenges for some infections, such as Staphylococci, Enterococci, and Acinetobacter. The
responsibility for the discriminant use of antibiotics is often debated, but it is now accepted

that it is essential to use these drugs prudently to prolong their effectiveness.

As is mentioned in this article, new strategies are currently being developed to combat
antibiotic resistance. In vitro and in vivo studies have shown that these strategies could be
promising for the future of antibiotic therapy, as well as for the development of new classes of
antibiotics. However, it is important to note that antibiotic resistance is a complex and
multifactorial problem that requires concerted action by the medical community, policymakers,

and the general public.
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In order to combat antibiotic resistance, it is deemed essential that research and
development of new classes of antibiotics continue to be invested in. Furthermore, effective
strategies must be implemented to promote the prudent and responsible use of antibiotics, in
order to preserve their long-term effectiveness. If these efforts are combined with increased
public awareness of the seriousness of antibiotic resistance, a future where antibiotics remain

an effective weapon against bacterial infections can be hoped for.
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