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ARTICLE INFO ABSTRACT

Article history: Antibiotics have been used to cure bacterial infections for more than 70 years, and these low-molecular-
Received 23 August 2021 weight bioactive agents have also been used for a variety of other medicinal applications. In the battle
Received in revised form 4 October 2021 against microbes, antibiotics have certainly been a blessing to human civilization by saving millions of
Accepted 14 October 2021 lives. Globally, infections caused by multidrug-resistant (MDR) bacteria are on the rise. Antibiotics are
being used to combat diversified bacterial infections. Synthetic biology techniques, in combination with
molecular, functional genomic, and metagenomic studies of bacteria, plants, and even marine inverte-
brates are aimed at unlocking the world’s natural products faster than previous methods of antibiotic
discovery. There are currently only few viable remedies, potential preventive techniques, and a lim-
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Multidrug resistant bacteria ited number of antibiotics, thereby necessitating the discovery of innovative medicinal approaches and
MDR antimicrobial therapies. MDR is also facilitated by biofilms, which makes infection control more com-
Preventive strategies plex. In this review, we have spotlighted comprehensively various aspects of antibiotics viz. overview of

antibiotics era, mode of actions of antibiotics, development and mechanisms of antibiotic resistance in

bacteria, and future strategies to fight the emerging antimicrobial resistant threat.
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Introduction Antibiotics: past, present and future

Antibiotics are the most significant class of pharmaceuticals and
are one of the most influential medical inventions of the twenti-
eth century. Antibiotics have undeniably been a boon to human
society in the fight against bacteria, saving millions of lives [1].
However, the number of infections caused by multidrug-resistant
(MDR) bacteria is increasing across the world, and the threat of
untreatable infections has been looming since the beginning of the
21st century [2]. While antibiotics have allowed the development
of several fields of medical practice, including the effective results
of several surgical operations and immunosuppressive therapies
that rely on antibiotic prophylaxis, and the potential to manage
infectious complications, antimicrobial resistance (AMR) presents
a significant challenge to all healthcare systems worldwide [3]. As
all organisms evolve genetic mutations to prevent lethal selection
pressure, AMR is an unavoidable evolutionary result. Bacteria will
tend to develop and use resistance strategies as long as antibacte-
rial drugs are used against them (i.e. selection pressure is present
in their environment).

According to World Health Organization (WHO) report of 2019,
AMR is responsible for the deaths of 700,000 people, while it’s esti-
mated that by 2050 the figure will have risen to 20 million, costing
over $ 2.9 trillion [4]. As a result, it has become a major problem,
posing a serious danger to our lives and economy. In addition to
the high expense of antibiotic research and growth, the accelerated
evolution of AMR has resulted in lower investment returns for the
pharmaceutical R&D industry. Several pharmaceutical companies
have already abandoned antibiotic research as well as development
of new antibiotics [5]. Though the scenario is grim, a range of new
technologies have the ability to change things for the better. There
are also a number of scientificadvancements that have the potential
to aid in the exploration and growth of new antibiotics.

Synthetic biology methods, along with genetic, functional
genomic, and metagenomics studies of bacteria, animals, and even
aquatic invertebrates, aim to unlock the world’s natural products
faster than antibiotic discovery [6]. Different therapeutic and pre-
ventive approaches viz. bacteriophages [ 7], monoclonal antibodies
[8], and vaccines [9] are used for combating bacterial infections.
Novel approaches like ‘Defense Advanced Research Projects Agency
bionic spleen’ [10] provides a potential substitute of treatment.
Orthodox synthetic organic and pharmaceutical chemistry remain
important instruments in the fight against antimicrobial resistance,
in addition to these modern methods [11]. Advancing regulatory
initiatives have the potential to prevent the post-antibiotic era from
being a reality [6].

This review demonstrates a brief history of antibiotics, global
strategies regarding this threat, mechanism of action of antibiotics
as well as antibiotic resistance to the readers. Moreover, this review
aims to provide a crystal-clear idea about the therapeutic strategies
that are being adopted in these days and future research scopes on
this particular topic. In light of this, it’s critical that proper antibiotic
prescription and innovative techniques emerge in order to pro-
mote rational therapy and avoid the unintended effects of AMR.
This study focuses on the scope and effects of AMR, as well as the
relevance and implications of treatments in combating resistance
and protecting world health.

Pre-antibiotic era

During the pre-antibiotic period, the understanding of microbes
and infectious diseases were inadequate. The treatment processes
and prevention of the transmission of these contagious diseases
were futile, which frequently approached epidemic levels, result-
ing in the death of millions of people [12]. To understand the
catastrophic condition of people in the pre-antibiotic period, the
outbreak of ‘Plague’ may be taken as an example. It is caused by
Yersinia pestis, which was transmitted via infected animal fleas,
and was responsible for a number of pandemics throughout history
[13], including, the ‘Justinian plague’ which killed nearly 100 mil-
lion people [5], the ‘Black Death’ in the fourteenth century caused
over fifty million deaths in Europe [14], and the outbreak between
1895 and 1930 resulted in about 12 million infections. However,
plague can be easily treated using antibiotics [15].

In 1676, through the discovery of microscopic living organisms
or ‘animalcules’, Antonie van Leeuwenhoek planted the seeds for
the development of antibiotics [16]. In 1871, Joseph Lister discov-
ered that Penicillium glaucum has inhibitory effects on bacterial
growth, which enabled him to treat a nurse’s injury with P. glaucum
extract and this knowledge sparked the idea that bacteria is respon-
sible for infection [17]. In the second half of 19th century, French
bacteriologist Louis Pasteur and German physician Robert Koch
independently conducted studies on bacteria. Louis Pasteur worked
on Bacillus anthracis, while Robert Koch studied Mycobacterium
tuberculosis and identified a co-relationship between individual
species of bacteria and disease. Observations by these two pivotal
microbiologists have pushed microbiology and antibiotic develop-
ment towards its modern era [18].

Early era of antibiotics

The first antibiotic, mycophenolic acid, which was discovered in
1893, by Italian microbiologist Bartolomeo Gosio, was isolated from
P. glaucum, inhibits the growth of Bacillus anthracis [5]. In 1909, Paul
Ehrlich and his collaborators discovered Salvarsan (arsphenamine),
the first synthetic arsenic-derived antibiotic, which is effective
against Treponema pallidum [19], the causative pathogen of Syphilis.
Neosalvarsan, which was less dangerous and more effective in the
treatment of Syphilis than its precursor (Salvarsan), was introduced
in 1913 [8]. As both of these drugs had elevated risk factors due
to the presence of arsenic, they were overtaken by Prontosil, a
broad-spectrum antibacterial sulfonamide (sulfamidochrysoidin)
drug discovered by a German bacteriologist Gerhard Domagk in
1930, and was primarily used in the treatment of injured sol-
diers during World War 1. This discovery set another landmark in
antibiotic research history [7]. Prontosil exerted bacteriostatic role
against different groups of bacteria by inhibiting dihydropteroate
synthetase (DHPS) enzyme in folic acid pathway which eventu-
ally blocked bacterial nucleic acid synthesis [20], but sulfonamides
were eventually superseded by penicillin, as bacteria became resis-
tant to Prontosil [19] due to the occurrence of mutations in the
DHPS enzyme [21].1n 1928, Scottish bacteriologist Alexander Flem-
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ing inadvertently discovered that a fungus (Penicillium notatum)
inhibited the development of the colonies of Staphylococcus aureus.
He postulated that fungus must have excreted a compound that
inhibited the bacteria, and in 1929, he was able to isolate the active
molecule and named it ‘penicillin’, the first true antibiotic. How-
ever, it was the work of Howard Walter Florey and Ernst Boris Chain
who elucidated the structure of penicillin G (the first penicillin to
be used in bacterial infection) in 1939 and were able to efficiently
purify the antibiotic and scale up the production [22]. The advent of
penicillin in treatment in 1945 was the next major breakthrough
in antibiotic discovery [23]. The structure of penicillin was eluci-
dated through X-ray crystallographic analysis by Dorothy Crowfoot
Hodgkin in the same year, allowing it to be classified as the first
member of the 3-lactam family of naturally occurring antibiotics
[19].

Penicillin, cephalosporins, monobactams, and carbapenems
belong to the same B-lactam antibiotic class, because they all
contain a B-lactam ring and have a common bactericidal mech-
anism of action. (3-lactam antibiotics inhibit the biosynthesis of
cell walls of Gram-positive bacteria [24]. However, certain Gram-
negative bacteria, such as Escherichia coli and Klebsiella spp. can
produce 3-lactamases enzymes which destroy the drug’s 3-lactam
ring, rendering the bacteria resistant to it [25]. The semi-synthetic
derivatives of penicillin including, methicillin, oxacillin, ampicillin,
and carbenicillin showed broad spectrum activities against several
Gram-positive (S. aureus, Enterococcus faecalis) and Gram-negative
bacteria (Haemophilus influenzae, E. coli, and Proteus mirabilis).
Regardless of the fact that ampicillin is still used in medicine,
staphylococci became resistant to methicillin in 1961 and is no
longer used in clinical practice [23]. Methicillin-resistant S. aureus
(MRSA) later was described as the first “superbug” in history.

Golden era of antibiotics

In 1939, French microbiologist René Dubos opened a new
chapter on antibiotic discovery when he isolated tyrothricin (a
mixture of gramicidin D and tyrocidine) from the soil bacteria
Bacillus brevis, which effectively inhibited Gram-positive bacte-
ria. However, gramicidin showed high toxicity in humans (and
it is currently only used in topical applications) [5]. In 1940s,
Selman Waksman conducted a systematic study of the antimi-
crobial behavior of soil bacteria, especially Streptomyces spp. He
created the Waksman-framework to showcase bacterial species
with antagonistic relationships. He discovered many major antibi-
otics and antifungals using his platform, including actinomycin
(derived from Streptomyces spp.), neomycin (derived from Strep-
tomyces fradiae), streptomycin (derived from Streptomyces griseus),
clavacin (derived from Aspergillus clavatus), and fumigacin (derived
from Aspergillus fumigatus) [1]. Waksman’s work started the Glori-
fied Era of antibiotic discovery between the 1940s and 1970s [17].
Most of the antibiotics including actinomycin, streptomycin, and
neomycin are still in clinical use today [20]. More than 20 antibi-
otic classes from hundreds of bacterial species and fungi were
discovered during that golden period [18]. Following Waksman’s
platform’s culture strategy, several pharmaceutical firms began to
use rational screens for the development of new molecules rely-
ing on information of antibiotics’ established mechanisms of action
[16,19]. Unfortunately, only a few new antibiotic groups have been
detected: nitrofuran in 1953, macrolides in 1952, tetracyclines in
1948, quinolones in 1960; and oxazolidinones in 1987, and no new
classes have been found for the last 50 years [17,18]. The quick and
relatively basic development of several types of antibiotics within
a brief period of time resulted in their overuse. This along with a
stalled antibiotic research pipeline dating back to the 1970s, has
resulted in the present condition with few new antibiotics in clin-
ical trials. About 1200 antimicrobial peptides (AMPs) have been

Journal of Infection and Public Health 14 (2021) 1750-1766

discovered from diverse sources since the 1980s, ranging from
plants to invertebrates and mammals, but none could have been
used as antibiotics [17]. To sum up, the bulk of antibiotics were
developed during the golden era of antibiotic research, and follow-
ing this period, mainly derivatives of already existing agents were
marketed [1].

Present situation

At present, antibiotics are being developed in small numbers
[26], and only 5 of the 20 pharmaceutical firms that participated
in antibiotic exploration in the 1980s are still active today, and
the majority of the big pharmaceutical companies have now aban-
doned the area of antibiotic discovery; this responsibility has been
since taken up by smaller, start-ups, and biotechnology firms [18].
According to a database from 2018, only 2 of the 45 new antibi-
otic candidates in clinical trials for the US market belonged to
major pharmaceutical firms, with the majority being undertaken by
research laboratories and small to medium sized companies [19].
Resistance towards antibiotics is the prime cause of this issue. In the
early days of antibiotic use, resistant bacteria existed as well, but a
constant stream of experimental antibiotics offered alternate reme-
dies, and it was simple switch treatment once resistance against a
specific antibiotic was developed [3]. However, antibiotics ceased
arriving in larger numbers in the 1980s. The last time a new antibi-
otic class was discovered and brought to market was in 1987, and
the last group of broad-spectrum agents (i.e. the fluoroquinolones)
were discovered in the 1980s as well [17]. Since then, there has
been a dearth of creativity in the area, and there are currently only
a few new antibiotic groups in development that are capable of
combating current levels of AMR [27].

In addition, companies are facing financial and regulatory chal-
lenges as a result of this resistance, and a lack of understanding
of how to produce antibiotics against these resistant bacteria has
resulted in a large investment in science, which has now caused
pharmaceutical companies to decrease and/or abandon antibi-
otic development [28], according to experts we are approaching
towards a ‘post antibiotic era’. On the other hand, antibiotic inno-
vation is steadily increasing again. Antibiotic discovery and disease
diagnostics methods have received scaled-up funding in recent
years. New antibiotics and diagnostics are being developed by col-
laborations between universities and pharmaceutical companies
e.g., New Drugs 4 Bad Bugs: ENABLE and CARB-X [11,29]. Alterna-
tives to antibiotics, such as bacteriophages (viruses that destroy
bacteria) and antimicrobial peptides are still being investigated
[11]. Despite the importance of these methods, their applications
have certain drawbacks, and they are yet to be translated into
medical devices. Nevertheless, they may be a useful addition to
complement and/or antibiotics.

Future approaches

Various novel approaches, based on a re-conceptualization
of the dynamics of resistance, illness, and prevention are being
explored by scientists [6,30,31]. Whole genome sequencing (WGS)
is one of the methods, and has been a crucial method for drug
discovery because it allows for the fast detection of resistance
pathways and the regulation of bacterial resistance [32]. Another
promising technique is the newly discovered quorum-quenching
(QQ) method, which works by interacting with microbial cell-to-
cell contact to prevent bacterial infections [33]. Bacteriophages,
also known as viral phage therapy, have lately gained popular-
ity because they are more effective than antibiotics, as they are
harmless to the host organisms, including gut flora, thus low-
ering the risks of opportunistic infections [7]. Phages have been
actively used to treat bacterial infections even before the boom
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of antibiotics - especially in Russia and Georgia - and currently
are being re-discovered as a promising alternative [32]. Human-
ized monoclonal antibodies are the fastest expanding community
of biotechnology-derived molecules in clinical trials, thanks to
rapid advances in genetic sequencing. Injections of monoclonal
antibodies or white blood cells that target bacteria carry promise
for treating pathogens, despite their high cost [34]. Furthermore,
a group of scientists used X-ray crystallography to obtain the
3D structures of ribosomal fragments from Staphylococcus aureus,
which disclosed the unique structural patterns specific to this bac-
terial strains that could be used to design environmentally friendly
novel degradable pathogen-specific drugs [30].

Global reports on antibiotic resistance

Antibiotics are known as the “wonder medicines” for fight-
ing bacteria [35], and their development and eventual therapeutic
application are the miracle in medical history [4]. Antibiotics have
been employed for decades not just for medicinal uses, but also
as a preventative measure in a variety of fields, including animal
husbandry and agriculture [2]. AMR refers to bacteria and other
microorganisms’ capacity to withstand the impact of an antibiotic
to which they were previously susceptible, allowing germs to sur-
vive and thrive [35]. AMR is an inevitable phenomenon because
microbes develop genetic mutations to mitigate its lethal effect
[36]. Resistance was initially observed in staphylococci, strepto-
cocci and gonococci; after the very first commercial antibiotic,
penicillin was introduced in market in 1941, and penicillin-
resistant S. aureus emerged just a year later, in 1942 [3]. Again,
methicillin, a penicillin related semi-synthetic antibiotic which was
introduced in the market in 1960 to combat penicillin resistant S.
aureus became resistant to methicillin the very same year [17]. AMR
has been a major source of concern over the years, as it takes no
time for an antibiotic to establish resistance, and with more than
70% of pathogenic bacteria being resistant to at least one antibiotic
[37], it has now become one of the most serious challenges to public
health, food protection, and sustainable healthcare.

According to Center for Disease Control (CDC’s) Antibiotic Resis-
tance Threats Report 2019 in the United States, more than 2.8
million antibiotic-resistant infections arise in the United States
per year, resulting in more than 35,000 deaths [38]. According to
a report, in India, a child dies from an antibiotic resistant bacte-
rial infection in every 9 min, and more than 50,000 newborns are
likely to die from sepsis because of microbes being resistant to
common antibiotics in India [36]. According to the report of Euro-
pean Antimicrobial Resistance Surveillance Network (EARS-Net)
between 2015-2019[39], there were alterations in the frequency of
antimicrobial resistance throughout the European Union based on
the species of bacteria, antibiotics’ class, and geographical location.
Escherichia coli (44.2%), followed by S. aureus (20.6%), K. pneu-
moniae (11.3%), E. faecalis (6.8%), Pseudomonas aeruginosa (5.6%),
S. pneumoniae (5.3%), E. faecium (4.5%), and Acinetobacter spp.
(1.7%) were widely studied. According to a report, MRSA accounts
for between 13 and 74% of all S. aureus infections worldwide. S.
aureus affected an estimated 119,247 individuals in the United
States, resulting in 19,832 fatalities [40]. The WHO'’s latest Global
Antimicrobial Surveillance System (GLASS) [41] shows widespread
AMR among 500,000 people with reported bacterial infections in
22 countries. E. coli, S. aureus, S. pneumoniae, and K. pneumoniae
were the most widely identified resistant bacteria. Resistance to
ciprofloxacin, an antibiotic widely used to treat urinary tract infec-
tions (UTIs), ranged from 8.4 to 92.9% for E. coli and from 4.1 to
79.4% for K. pneumoniae, with penicillin resistance ranging up to
51% among countries stating to GLASS. In 2019, GLASS received
data on MRSA bloodstream infections from 25 nations, regions, and
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zones, and E. coli bloodstream infections from 49 countries. The
median incidence of methicillin-resistant S. aureus was 12.11% (IQR
6.4-26.4), and the median rate of E. coli resistant to third generation
cephalosporins was 36% (IQR 15.2-63) [42].

According to the most recent anti-tuberculosis (TB) drug resis-
tance monitoring results, 3.5% of current TB cases and 18% of
previously treated TB cases worldwide are expected to have
multidrug-resistant (MDR)- or rifampicin-resistant (RR)-TB [43].
In 2017, an approximate 558,000 new cases of MDR/RR-TB were
reported worldwide, and took the lives of 230,000 people that year
[44]. To summarize, antimicrobial resistance has become a major
danger to humanity, causing an estimated 700,000 deaths world-
wide per year [45], and it is predicted that if this problem is not
resolved adequately, millions of mortalities will be reported by
2050 [36].

Reasons behind antibiotic resistance

Microorganisms, such as bacteria are living organisms that
adapt over time. Their main objective is to replicate, survive, and
spread as rapidly as possible. As a result, microbes adjust to their
surroundings and evolve in ways that guarantee their continued
existence [46]. If something stops their ability to grow, such as
an antibiotic, genetic modifications may arise, making the bacte-
ria immune to the medication and allowing them to survive [47]. It
is the natural process of bacteria to develop drug resistance. How-
ever, several elements remain currently at stake in the multifaceted
etiology of antibiotic resistance. This involve antibiotic overuse
and abuse, inexact diagnosis and improper antibiotic prescribing,
patient sensitivity loss and self-medication, bad healthcare envi-
ronments, poor personal hygiene, and widespread agricultural use
[48-50].

Microbial (natural) reasons

AMR is primarily caused by alterations within the bacteria [51],
and may occur in a variety of ways:

Genetic mutation

Changes in few base pairs may occur during bacterial replica-
tion (point mutations), resulting in the replacement of one or a few
amino acids in a critical target (enzyme, cell wall, or cell structure),
as well as control genes or chromosomal structural, resulting in
new resistant strains. The newly developed defense may render
antibiotics ineffective, which were meant to be able to handle the
organism for years [54].

Genetic material transfer

Resistance from another species or genus may be accumulated
by a formerly susceptible strain. Most of the antibacterial resistance
genes are carried on plasmids and other types of mobile genetic
elements, which may and do spread to bacteria of different genus
and species. Drug-resistant bacteria may pass on a copy of their
genes to other non-resistant bacteria. The non-resistant bacteria
accumulate the new DNA and develop drug resistance [54].

Selective pressure

Selective pressure may be defined as the environmental condi-
tions that allow the survival and proliferation of organisms with
novel mutations or newly developed characteristics [52]. When
treated by an antimicrobial, microbes are either destroyed or if
they resistance genes they survive [53]. These survivors will multi-
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ply, and resistant microbes that are newly developed, will rapidly
overtake the microbial population as the dominant form [55].

Inaccurate diagnosis

While diagnosing an infection, healthcare professionals some-
times rely on unreliable or inaccurate knowledge, prescribing an
antibiotic “just in case” or a wide-spectrum antibiotic when a
particular narrow spectrum antibiotic might be more appropri-
ate. These circumstances exacerbate selective pressure and hasten
antimicrobial resistance [48,56].

Inappropriate prescription of antibiotics

When doctors are unclear if an infection is exacerbated by bac-
teria or a virus, they may prescribe antibiotics. Antibiotics, on the
other hand, do not act against viral infections, and resistance may
develop [57,58].

Self-medication

In Southeast Asian region of the world, antibiotics are widely
used without physician’s prescription. Self-medication with antibi-
otics (SMA) is linked to the possibility of improper drug usage,
which puts patients at risk for adverse drug reactions, masking
signs of underlying diseases, and development of drug resistance
in microbes [59].

Inadequate and overuse of antibiotics

If an individual does not finish a course of antibiotics, some bac-
teria may thrive and develop resistance to that antibiotic. Again,
in the year 1945, the discoverer of antibiotics, Alexander Fleming,
had issued a public warning against the overuse of antibiotics, as
he had realized the dangers associated with the inappropriate use
of these drugs. Taking antibiotics too often for the wrong reasons
can develop modifications within the bacteria that antibiotics do
not work against them [50,60].

Poor hospital environment

Thousands of patients, staff, and visitors arrive at hospitals every
day, each with their own set of microbiome and colonizing bacteria
on their clothing and on/inside their bodies. Bacteria can spread if
hospitals do not have adequate procedures and protocols in place to
help maintain spaces clean. As a result, the emergence and spread
of AMR is aided [61].

Extensive use in agriculture

In both the industrialized and emerging parts of the world,
antibiotics are used as growth supplements and growth promot-
ers for animals. Treatment of livestock with some antibiotic, much
like in humans, will result in the appearance of antibiotic-resistant
bacteria. The antibiotic-resistant bacteria found in the livestock
can be pathogenic to humans, readily spread to humans by food
chains, and is widely circulated in the ecosystem by animal waste.
In humans, this may lead to complex, untreatable, and long-term
infections [50,62].

Availability of few new antibiotics

The pharmaceutical industry’s invention of new antibiotics,
which had previously been effective in combating antibiotic-
resistant bacteria, had largely slowed due to technical challenges,
a lack of knowledge, important difficulties in combating bacterial
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physiology (e.g., the complex Gram-negative cell wall) and financial
and regulatory hurdles. However, when new antibiotics become
widespread, the development of resistance (and under a relatively
short period of time) is almost unavoidable. As a result of this fear,
doctors frequently restrict this latest medications for only the most
severe conditions, continuing to administer older agents (often
generic drugs) that have demonstrated similar effectiveness, rais-
ing the likelihood that older agents will become ineffective owing
to the development of resistance within bacteria [50,58].

Mechanism of action of antibiotics

Antibacterial activity is usually classified as one of five mecha-
nisms: interfering with bacterial cell wall synthesis, inhibition of
bacterial protein biosynthesis, inhibition of bacterial nucleic acid
synthesis, inhibition of metabolic pathways, and inhibition of bac-
terial membrane function (Fig. 1 and Table 1) [63].

Antibiotics inhibiting cell wall synthesis

Bacterial cell walls are made of cross-linked peptidogly-
can [64]. Antibiotics, such as [-lactams (penicillin and its
derivatives, cephalosporins, and carbapenems) and glycopeptides
(vancomycin) inhibit peptidoglycan biosynthesis, rendering the
cell vulnerable to osmotic pressure and autolysis. As a result, bacte-
ricidal antibiotics inhibit the synthesis of cell wall. Because animal
cells lack peptidoglycan, the mechanism of action is selective in
nature [25].

B-lactam antibiotics

Peptidoglycan, a necessary component of the bacterial cell wall
that generates mechanical support, is found in both Gram-positive
and Gram-negative bacteria. However, peptidoglycan is thick (ten
to forty layers) in Gram-positive bacteria but thin (one or two
layers) in Gram-negative bacteria [65]. Peptidoglycan is made up
of glycan chains made up of N-acetylglucosamine (NAG) and N-
acetylmuramic acid (NAM) disaccharide subunits, crosslinked by
pentapeptide chains [64].

Through acylating the transpeptidase engaged in cross-linking
peptides to assemble peptidoglycan, 3-lactam antibiotics block the
last stage in peptidoglycan synthesis. Penicillin-binding proteins
(PBPs) are the main targets of the activities of 3-lactam antibiotics.
This, in turn, disrupts the terminal transpeptidation mechanism,
resulting in the microorganisms’ loss of viability and lysis [66].

Glycopeptides

Glycopeptides such as vancomycin blocks cell wall synthesis by
attaching to the D-Ala-D-Ala terminal of the expanding peptide
chain during cell wall synthesis, resulting in transpeptidase inhi-
bition, preventing subsequent elongation, and cross-linking of the
peptidoglycan chain [67].

Antibiotics inhibiting protein synthesis

The 70S ribosome of bacteria (based on the protein sedimen-
tation rates, expressed as “Svedberg” units) constitutes of 30S and
50S subunits. Antibiotics inhibits protein synthesis by targeting the
30S (aminoglycosides and tetracyclines) or 50S (chloramphenicol,
macrolides, and oxazolidinones) subunit [68].
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Fig. 1. Mode of action of antibiotics.

Table 1
Mode of action of different classes of antibiotics [63].

Mode of action Targets

Drug class Specific drugs example

Cell wall synthesis inhibition Penicillin-binding protein
Peptidoglycan subunits

Inhibition of protein synthesis 30s subunit

50 s subunit
RNA

DNA
Folic acid synthesis enzymes

Inhibition of nucleic acid synthesis

Anti-metabolites

Disrupt membranes Lipopolysaccharides

Penicillin G, amoxicillin, and
cephalosporin C

Vancomycin

Streptomycin, gentamicin, neomycin,
tetracycline, and doxycycline
Erythromycin, azithromycin,
chloramphenicol, and linezolid
Rifampin

Ciprofloxacin and ofloxacin
Sulfamethoxazole, dapsone, and
trimethoprim.

Polymyxin B and colistin

B-lactams

Glycopeptides
Aminoglycosides and tetracyclines

Macrolides, chloramphenicol, and
oxazolidinones

Rifamycin

Fluoroquinolones

Sulfonamides and trimethoprim

Polymyxins

Inhibitors of 30S subunit

Aminoglycosides

Aminoglycosides, such as streptomycin, neomycin, and gentam-
icin prevent protein synthesis by binding with high affinity to the
A-site on the 16S ribosomal RNA (rRNA) of 30S rRNA. Thus, the
antibiotics facilitate misreading of codons when the aminoacyl-
transfer RNA is delivered. This leads to erroneous protein synthesis,
allowingincorrect amino acids to compile into a polypeptide, which
is then released, causing noxa to the cell membrane [68].

Tetracyclines

Tetracycline antibiotics diffuse passively in the bacterial cell
membrane via porin channels and binds reversibly to the 30S
ribosomal subunit, inhibiting protein synthesis by blocking tRNA
binding to the mRNA-ribosome complex [69].

Inhibitors of 50S subunit

Macrolides

Macrolides, such as azithromycin, bind to the 23S rRNA of bac-
terial 50S ribosomal subunits. They inhibit the transpeptidation or
translocation process of protein synthesis, resulting in the prema-
ture separation of incomplete peptide chains, preventing bacterial
protein synthesis [70].

Chloramphenicol

As chloramphenicol is lipid-soluble, it presents with good
absorption properties in vivo and it can pass through bacterial cell
membranes. It then binds reversibly to the L16 protein of the 50S

subunit of bacterial ribosomes, inhibiting peptide bond formation
and resulting protein synthesis by preventing amino acid transfer
to expand peptide chains, possibly by suppressing peptidyl trans-
ferase activity [71].

Oxazolidinones

Oxazolidinones, such as linezolid and tedizolid work as an
antibacterial agent by interfering with the translation of bacterial
proteins. They connect to a site on the 50S subunit of the bacterial
23S ribosomal RNA, preventing the development of a functional
70S initiation complex, which is required for bacterial replication,
and thus preventing bacteria from multiplying [72].

Antibiotics inhibiting nucleic acid synthesis
Some antibacterial drugs e.g., rifamycin and fluoroquinolones
function by inhibiting RNA and DNA, respectively [73].

Rifamycin

Rifamycin inhibit bacterial DNA-dependent RNA polymerase,
by attaching tightly to the polymerase subunit deep inside the
DNA/RNA pathway, allowing direct blocking of the elongating
RNA. Bacterial RNA polymerase enzymes vary structurally from
eukaryotic RNA polymerase enzymes, allowing for selective tox-
icity against bacterial cells [73,74].

Fluoroquinolones

Quinolones block DNA synthesis by inhibiting DNA gyrase and
topoisomerase 1V, two basic type Il topoisomerases. Both targets
cause one double stranded DNA molecule to move through another,
with the initial strand religated afterward [75]. Quinolones have a
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strong affinity for the A subunit of DNA gyrase, interfering with its
strand splitting and resealing role, preventing normal cell division.
Topoisomerase IV, which nicks and separates the daughter DNA
strand after DNA replication, is the main focus of action in Gram-
positive bacteria. Drugs with higher affinity for this enzyme can
confer greater potency against Gram-positive bacteria [76].

Inhibition of metabolic pathways

Some synthetic antibiotics function as anti-metabolites, or
competitive inhibitors of bacterial metabolic enzymes, to control
bacterial infections. Sulfonamides and trimethoprim inhibit differ-
ent steps in folic acid metabolic pathway [77].

Sulfonamides

By competing with para-aminobenzoic acid (PABA) for binding
to dihydrofolate synthetase, a step in the synthesis of tetrahydro-
folic-acid (THF), sulfonamides inhibit the enzymatic conversion of
pteridine and PABA to dihydropteroic acid. THF is necessary for
purine and dTMP synthesis, and its inhibition restricts bacterial
growth [78].

Trimethoprim

Trimethoprim reversely inhibits dihydrofolate reductase, which
is one of the main enzymes involved in the conversion of dihydro-
folate (DHF) to THF. THF is needed for the synthesis of bacterial
proteins and nucleic acids, as well as for bacterial survival; thus,
inhibiting its synthesis results in bactericidal action [77,79].

Trimethoprim is sometimes used in addition with sulfamethox-
azole (sulfonamide), which prevents the phase before bacterial
protein synthesis. When used in combination, sulfamethoxazole
and trimethoprim inhibit two stages in bacterial nucleic acid and
protein biosynthesis. Trimethoprim is singularly bacteriostatic,
although when combined with sulfamethoxazole, it is believed to
be bactericidal [79].

Inhibition of cell membrane function

A small class of antibiotics such as polymyxins (polymyxin B
and E) lyse cell membrane of bacteria [80]. They are detergent-like
lipophiles, which destroy the membrane by interfering with the
lipopolysaccharide portion of Gram-negative bacteria [81-83].

Mechanisms of antibiotic resistance

Natural and acquired resistances to antibiotics are the two main
forms of antibiotic resistance. Normal resistance may be innate (it
is often expressed in the organisms), or mediated (the genes are
normally present in the bacteria but are only activated to resis-
tance levels following antibiotic treatment) [82]. On the other side,
acquired resistance may be the result of the bacteria acquiring
genetic material by translation, conjugation, or transposition [83],
or mutations in its own chromosomal DNA [84]. AMR mechanisms
may be divided into four categories: (1) drug uptake limitation;
(2) drug target modification; (3) drug inactivation; and (4) drug
efflux [63]. Owing to the structural differences and others, Gram-
negative bacteria can use all four mechanisms, while Gram-positive
bacteria are less likely to use limiting the uptake of a drug (the
lipopolysaccharide in the outer membrane is absent) and drug
efflux mechanisms [85].

Limiting drug uptake

Gram-negative bacteria are intrinsically less permeable to cer-
tain antibiotics than Gram-positive bacteria, owing their outer
membrane creates a permeability shield due to the existence
of a lipopolysaccharide (LPS) layer. The fact that glycopeptide
antibiotics e.g., vancomycin is not effective against Gram-negative
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bacteria because of the lack of penetration through the outer mem-
brane is a prime illustration of the efficiency of this natural barrier.
Hydrophilic molecules including 3-lactams, tetracyclines, and cer-
tain fluoroquinolones are highly affected due to the modifications
in the permeability of outer membrane [86]. Polar molecules have
difficulties entering the cell wall of enterococci due to porin channel
downregulation or even substitution with non-selective channels
confersinherent tolerance to aminoglycosides. Furthermore, recent
studies suggest that reductions in porin expression greatly lead
to resistance to drugs such as carbapenems in members of the
Enterobacterales order, Acinetobacter spp., and Pseudomonas spp.
For example, resistance to carbapenems in Enterobacterales will
emerge in the absence of enzymes of carbapenemase activity, if
mutations decrease porin production or if mutated porin alleles are
present [87]. Biofilm formation is another mechanism which helps
in the colonization of bacteria [88]. The biofilm matrix includes
polysaccharides, proteins, and DNA, making antimicrobial agents
difficult to enter the bacteria and thereby providing defense [89].

Drug efflux

Many antibiotics are actively transported out of the cell by
bacterial efflux pumps, which are important contributors to Gram-
negative bacteria’s intrinsic resistance. Efflux pumps come in a
variety of forms of most bacteria. The ATP-binding cassette (ABC)
family, small multidrug resistance (SMR) family, multidrug and
toxic compound extrusion (MATE) family, resistance-nodulation-
cell division (RND) family, and large facilitator superfamily (MFS)
are the five primary families of efflux pump, which are catego-
rized considering its structure and energy supply [82]. Except
for the RND family which are multi part pumps that efflux sub-
strate across the cell envelope, all other efflux pump families are
singular pumps that transfer substrates across the cytoplasmic
membrane [47]. Tetracycline resistance is a textbook example of
efflux-mediated resistance, in which Tet efflux pumps (of the MFS
family) use proton exchange as a source of energy to extrude tetra-
cyclines. Several MDR efflux pumps, such as MexAB-OprM in P.
aeruginosa and AcrAB-TolC in Enterobacterales (of the RND family)
can extrude tetracyclines as part of their contribution to MDR [69].
Resistance to macrolides is another clinically relevant phenotype
induced by the efflux mechanism. The mef genes, which extrude the
macrolide class of antibiotics, encode the most well-characterized
efflux pumps (e.g., erythromycin). MacB, an ABC family member,
acts as a tripartite pump (MacAB-TolC) for extruding macrolide
drugs [47].

Drug inactivation

Bacteria inactivate antibiotics in one of the two ways: by
destroying the drug, or by the chemical alteration of the drug [86].

Chemical modification of the drug

Bacteria may generate enzymes that can attach various chemi-
cal groups to the drugs. This prevents the antibiotic from binding
to its target in the bacterial cell. Transfer of phosphoryl, acetyl,
and adenyl groups to the compound is the most effective method
of drug inactivation by chemical group transfer [90]. Acetylation
is the most often employed mechanism, with aminoglycosides,
chloramphenicol, streptogramins, and fluoroquinolones both being
considered to use it. The aminoglycosides are considered to be tar-
geted through adenylation and phosphorylation. The involvement
of aminoglycoside modifying enzymes (AMEs) covalently alters the
hydroxyl or amino groups of the aminoglycoside molecule and
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makesitinactive.Itis one of the best examples of resistance through
drug modification [47].

Destroying the drug

The 3-lactam medicines, such as penicillin and cephalosporins,
are the most commonly employed antimicrobial agents [66]. The
central structure of this drug class is a four-sided 3-lactam loop,
which is shared among all members. The activity of (3-lactamases
destroys the [(-lactam loop, which is the key mechanism of
B-lactam resistance. The PB-lactamases hydrolyze (-lactam ring
formation, thus, inhibiting its binding to penicillin-binding proteins
(PBP) [25].

Drug target modification

The modification of the antibiotic’s target is a common mech-
anism by which bacteria become resistant to antibiotics [82].
Changes in the arrangement and/or amount of PBPs are one of the
mechanisms of resistance towards (-lactam drugs. The amount
of drug that can attach to the target is affected by changes in
the number of PBPs [25]. A structural alteration e.g. the devel-
opment of the mecA gene in S. aureus will reduce or completely
prevent drug binding [91]. Another example is the erythromycin
ribosome methylase (erm) gene family, which methylates 16S rRNA
and changes the drug-binding site, blocking macrolides, strep-
togramins, and lincosamines from binding [92]. Resistance to drugs
thatinhibit nucleic acid synthesis e.g. fluoroquinolones, is mediated
by changes in DNA gyrase or topoisomerase IV. These mutations
alter the composition of gyrase and topoisomerase, reducing or
excluding the drug’s ability to attach to these components [75].

Therapeutic strategies against AMR

With the rapid and global emergence of MDR bacteria, new
antibiotic techniques are required. Despite the fact that a range of
novel small molecule antibiotics are now in progress, and even oth-
ers in pre-clinical testing, infection management clinical options
and procedures must be increased. This potential for expansion is
provided by biologics and non-antibiotic adjuvants. Nonetheless,
intelligent hybrid methods with various parallel and complemen-
tary treatments must be planned to avoid established pathways
of resistance. Combination techniques can involve clever directed
distribution strategies in addition to biologically active molecules.
Antimicrobial stewardship, novel antibiotic molecules, biologics,
and distribution mechanisms must all be integrated into success-
ful combined treatments that a) combat the infection, b) prevent
resistance, and c) secure and maintain the normal microbiome [93].
There are a few approaches to be adapted to combat against AMR
as discussed below:

Approaches targeting several pathways in combination

The most researched and promising methods for developing
multidrug cocktails to tackle AMR are dual drug-delivery strategies
[94]. Combining a multidrug combination method with local drugs
distribution can be the most effective protocol for restoring the
effectiveness of the existing antibiotics while minimizing required
drug concentrations [95]. Several successful combinations that act
through various pathways often provide non-antibiotic adjuvants.
Because of the variety of pathways, combining antibiotics with
adjuvants are leading approach for tackling multidrug resistant
process. Rifampin, minocycline, and chlorhexidine are only a few
examples of such variation. Antiseptic inhibitor and other natural
(e.g., plant-derived) or biological (e.g., bacteriophage) moieties are
three typical adjuvants that have had some therapeutic success.
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Tranquilizers, antihistamines, antispasmodics, anti-hypertensives,
and anti-inflammation medications are among the recognized
groups of substances being investigated as antibiotic adjuvants
[96].

Strategies functioning on similar pathways in combination

Varied biomolecules in the similar pathway may be targeted
using a hybrid technique. While this is a less diversified approach
than attacking various pathways, it may be a very successful strat-
egy if the right route is selected. The option of direction is limited
by two factors. To begin, the targeted pathway must be an utter sur-
vival prerequisite, such as the need for folate to synthesize dTMP, a
precursor to DNA synthesis. Second, the pathway cannot be redun-
dant, since this makes the technique vulnerable to opposition [97].
In the face of rising antibiotic resistance, focusing on different steps
in the similar pathway is a risky approach, but it is also more suc-
cessful than monotherapies in certain situations [98-100].

Approaches operating on similar target in combination

While focusing two separate biomolecules in the similar
pathway is less variable than targeting two entirely different
pathways, it is more diversiform than utilizing two monothera-
pies to suppress the similar biomolecules. Antibiotics that target
the bacterial ribosomes are its classical example. Synercid (quin-
upristin/dalfopristin), a semi-synthetic two-drugs hybrid in which
the constituents adhere to neighboring region of 50S ribosomal
sub-units, demonstrates the effectiveness of this strategy, since it
is 10-100 times more efficient than any drug alone [97]. Because
of the bacterial ribosome’s essential and conserved structure, com-
bining drugs that act on ribosome could be useful. As a result, it’s
obvious how important goal selection is in this approach [93].

Polymicrobial infections in multifaceted approaches

Combination treatments are pivotal for treating polymicrobial
infections (e.g., abdominal infections, where strict anaerobes and
gut bacteria are both present), along with the combination that
are successful against a single pathogen [101]. Peri-prosthetic joint
infection is caused by the involvement of multiple pathogens in
between 4-27% of cases; therefore, the potential to treat multi-
ple pathogens simultaneously and rapidly is evolving as a critical
weapon in the battle against infections. Importantly, hybrid treat-
ments may not have to be restricted to only two medication
combinations. As opposed to two antibiotic combinations, triple
antibiotic combinations have proved to be even more successful
against extensively drug resistant MRSA strains [102]. In addition,
antibiotic combinations show different modes of actions.

Drug formulations of synergistic effects and resistance

Despite multiple selective pressures, a drug combo could
actually encourage the development of drug resistance, notwith-
standing the initial appearance that utilizing a drug combination
will help to bypass several resistance mechanisms [103-106]. It
might be due to the reason that in vitro tolerance to some antibiotics
improves susceptibility towards other antimicrobials, as shown by
increased minimum inhibitory concentrations (MICs)[107]. Owing
to the evolution of MDR variants, drugs cocktails will also raise
the risk of extreme-infection [101]. To combat this challenge, cre-
ating successful drug formulations is a critical step in mitigating
the proliferation of antibiotics resistant microbes while enhancing
medication effectiveness and extending the usefulness of individ-
ual agents [93].
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Combination medication delivery’s drawbacks

The effect of interaction between drugs, bioactive component
concentrations, and dose regimens on adsorption, absorption, and
excretion of drug separately must be closely considered in all
contemplated drug formulations [108-110]. The relatively simple
technique of simultaneously administering few synergistic antibi-
otics may not only change the pharmacokinetics of drugs but also it
may cause toxicity to the host cells. Nisin and lantibiotic can help to
prevent any of these popular pitfalls [104,111]. Notably, such med-
ication formulations (e.g., antibiotics and metallic nanoparticles)
will potentially reduce the toxic effect of individual drug, owing to
lower dosing and concentration requirements [112]. Furthermore,
the mechanism of action of these drugs should be considered in
order to avoid antagonistic reactions [113]. Finally, a deep analysis
of antibiotics combination with adjuvant is needed [93].

Molecular application and antibiotic resistance

Antibiotic-resistant bacteria have emerged quickly, making
it more difficult to fight infectious diseases and produce new
antibiotics. As a bacterial adaptive immune system, the clustered
frequently interspaced short palindromic repeats - CRISPR-
associated (CRISPR-Cas) system is known as one of the recent
methods for combating antibiotic-resistant strains. This system’s
programmable Cas nuclease, when used against bacterial genomic
sequences, may be lethal or help decrease AMR in bacteria [114].

CRISPR-Cas system has been discovered to be a form of adaptive
immune system in bacteria. They’ve been used for genome editing
and a variety of other uses, including the treatment of hereditary
disorders [115]. CRISPR systems work in a similar way to RNA
interference (RNAi)in eukaryotic cells[116-118]. About 50% of bac-
terial genome and 87% of archaeal genome include the framework
[119]. The Cas proteins are important functional elements that are
encoded up-stream of CRISPR array and control how the mech-
anism works [120,121]. In bacterial species, CRISPR-Cas attacks
virulent genes and genes encoding antibiotics resistance [127]. In
several researches, the CRISPR mechanism was shown to have a
substantial negative relationship with resistance in some bacteria,
such as enterococci. CRISPR1-Cas, orphan CRISPR2, absence of Cas
mutations, and CRIS PR3-Cas are the three CRISPR loci found in E.
faecalis. Pheromone-response plasmids are found to be essential in
enterococci genome plasticity and virulence [122-126]. The Inc18
plasmid family lacks any spacer. Tn916, as a vector of antibiotic
resistance, is yet to be detected with CRISPR spacers. Streptococcus
thermophiles strains that carry the CRISPR gene have gained new
spacers originating from the virus, making them immune to phage
infection [127]. In E. coli, there are 4 CRISPR loci: CRISPR1, CRISPR2,
CRISPR3, and CRISPR4 [134]. CRISPR has no impact on the plasmid
in E. coli or the distribution of antibiotics resistant genes. These
observations contradict those of Palmer and Gilmore, who discov-
ered that CRISPRs are inversely related to antibiotic tolerance in
enterococci [124].

The amount of repetitions is a strong measure of the system’s
potential efficiency and honesty. Cas proteins are guided to directly
target and cleave DNA by RNA-based spacers flanked by partial
repeats. Recent research has shown that attacking the sequences
of the bacterial genome using CRISPR-Cas system, whether inten-
tionally or accidentally, is cytotoxic and can result in cell death.
For the formation of RNA-guided nucleases, extraction and produc-
tion of distribution carrier and vector will be needed. Furthermore,
because of the delivery mechanism used in higher species, RNA-
guided nucleases could be able to modulate the presence of specific
gene in wild-type population, viz. antibiotics tolerance genes and
virulence determinants [128,129]. For treating the therapeutic
strain of S. aureus USA300, cas9, and crRNA of the methicillin
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resistance gene mecA90 in the phagemid (pDB121:mecA) were
prepared [130]. Cell death was not reported in any of the Cas9
plasmids that target tetracycline-resistant plasmids. Following the
delivery of CRISPR-Cas system, the bacteria can be re-sensitized
to antibacterial or destroyed, depending on the antibacterial
resistance gene target or critical gene target. Conjugative-based
distribution, phage-based delivery, and polymeric-nanoparticles-
based delivery are among the possible delivery pathways. The
treatment with the Cas9-bPEI complex could dramatically reduce
growth by 32% as compared to the treatment with Castex com-
plex without sgRNA. This discovery could pave the way for the
development of CRISPR-based antimicrobial drugs.

The CRISPR-Cas method may also be utilized for changing
the structure of diverse groups of bacteria. The existing treat-
ments that utilize a medication to alter the human microbiota
have the ability to alleviate pain from a variety of illnesses, but
Citorik and his collaborators argue that the processes through
which they work are still poorly understood. An in vivo mouse
model was used to assess the efficacy of Cas9 phagemid against
bacteria [123]. In situations where bacterial species are partic-
ularly immune to current antimicrobial agents, phagemids may
be a suitable substitute. For planktonic and biofilm environ-
ments, most reports propose a mixture of phage, conjugative, and
polymeric nanoparticle-based delivery systems. Furthermore, full
extinction of the intended organism(s) and the absence of spe-
cial methods to monitor pathogenic organisms are major issues
in microbiome modulation, microbiology, and infectious disease
control. CRISPR-Cas-based antibacterial can face challenges from
CRISPR-Cas distribution vectors or automobiles, as well as complex
bacterial communities [114,131].

Bioinformatics in combating antibiotic resistance

Bioinformatics is revolutionizing and fascinating the realm of
science and technology. Nowadays, homology modeling is used to
create 3D models in order to test or validate our desired outcomes.
Bioinformatics has revolutionized molecular biology research by
understanding the structures of macromolecules. Bioinformat-
ics has provided basic tools to develop ideal drugs strategies
for tackling the growing issue of antibiotics resistance microbes.
Bioinformatics is concerned with the study and understanding
of different forms of macromolecules’ data and their interactions
[132]. Some prominent methods in the field of bioinformatics are
shown in Fig. 2.

Whole genome sequencing (WGS)

The WGS of a pathogen genetic material has recently become
a vital method for genotyping [32,133]. The use of WGS to ana-
lyze the whole bacteria genome could offer insight into associated
bacterial lineages and revolutionize outbreak research in hospitals
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[134]. Genome sequencing offers a strong framework for scien-
tific advancement, especially in biomolecular modeling and drug
design, with a focus on antibiotic resistance. High-throughput tech-
nological platforms and bioinformatics may offer fresh insights
into virulence, disease propagation, and antimicrobial tolerance,
in addition to detecting pathogens more quickly and accurately
than conventional approaches[135].Sequencing of DNA is an excel-
lent tool for protein modeling and drug development. Furthermore,
significant advancements in protein expression, gene sequencing,
nuclear magnetic resonance, and high-throughput crystallography
have changed the possibilities for using protein three-dimensional
architectures to speed drug discovery. This is one of the most impor-
tant techniques for combating bacterial resistance because it allows
for the detection of putative relatives, alignment of sequences, and
modeling of three-dimensional structures [136].

Serovar, serogroup, and antigenic profile study in silico

As classical serotyping has been replaced by molecular serotyp-
ing, the development of WGS technologies has taken center stage
in genotyping. Surface antigen encoding gene constituting core
genome multi-locus sequence typing (MLST) and serovar-specific
gene marker are used in current in silico serovar prediction
approaches. However, only a few serovars can be distinguished
using serovar-specific gene marker. Zhang et al. developed compu-
tational serovar prediction method by comparing 1089 genomes
indicating 106 serovars to a range of 131 serovar-specific gene
markers. According to the researchers, this technique was a valu-
able screening instrument for genomic studies. It can be used not
only to classify a particular class of gene marker but also create inex-
pensive assays for detecting specific gene marker in major serovars
[137].

In silico plasmid identification

cBar [138], PLACNET [139], plasmidSPAdes [140], and Recy-
cler are only a few of the tools that can be used to remove and
assemble plasmids from high throughput sequencing (HTS) results
[141]. These methods may be used to look for certain markers
in plasmid data or to investigate the unique structure of plasmid
sequences [142]. Since plasmids may occur in single-copy [143]
or linear DNA molecules, the methods are dependent on relative
failure [144-146]. PlasmidFinder [147], MOB-suite, and other tools
(regardless of which tool is implied for reconstructing or detect-
ing plasmid in HTS data) [142], consumers would have to struggle
to read the list of hits and assess the effect of potential plasmids
on bacteria. In the National Center for Biotechnology Information
(NCBI) reference sequence (RefSeq) plasmid database [148], there
are approximately 13,924 entries, with a relative lack of essential
resources for accessing massive data sets of plasmids sequences
[142].

In silico identification of AMR genes and their association with
plasmids

Kudirkiene et al. used WGS to select 16 plasmids bearing antimi-
crobial resistance (AMR) genes of Salmonella enterica in one of
their promising experiments [149]. Prediction of plasmids and
resistance gene sites were performed by a combination of Plas-
midFinder, ResFinder, plasmidSPAdes, and BLAST [150,151]. After
using S1-PFGE to analyze plasmid profile, the WGS verified the exis-
tence of antimicrobial resistance genes in Salmonella spp. [151].
In S. enteritidis, resistance genes were mostly found on IncN plas-
mids. However, in S. Typhimurium, they were mostly found on
IncFII(S)/IncFIB(S)/IncQ1 plasmids. Resistance genes in S. virchow
and S. poona were also found on IncX1 and TrfA/IncHI2/IncHI2A
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form plasmids, respectively. The use of genomic tools provided to
study complete mapping of resistant plasmids in all Salmonella iso-
lates studied. Findings indicated that enhanced technique might
be used to classify plasmids in WGS that are directly correlated
with resistance phenotypes. With this expertise, fast MDR mon-
itoring tools in Salmonella communities may be developed using
WGS [149].

Metagenomics for antimicrobial surveillance

Metagenomics strategies depend on short-read next-generation
sequencing (SR-NGS) data, which allows for the quantification of
thousands of transmissible resistance genes in a single sample
without the use of any preset genes. As a result, it may provide more
knowledge about the existence of bacterial organisms, pathogens,
and virulence genes, and the data obtained can then be re-analyzed
if new genes of interest are discovered [152]. Metagenomics has
recently been shown to be more effective than traditional tech-
niques of AMR surveillance in pig herds [153], and has been
successfully utilized to compare AMR in animals [154], as well as in
epidemiological evidence investigations [155]. Because of its sev-
eral advantages, metagenomics has a promising future as a method
for AMR surveillance. This could lead to a single-point surveillance
of AMR, thereby allowing for the identification of all resistance
genes [152].

Comprehensive AMR database (CARD)

The CARD is a meticulously assembled platform that provides
detection models, macromolecule sequences, and computational
resources for understanding the molecular mechanism of AMR
[156]. CARD is a database that focuses on providing high-quality
reference data and molecular sequences within a specified vocab-
ulary. CARD’s Resistance Gene Identifier (RGI) program is used
in the Antibiotic Resistance Ontology (ARO), which was created
by the CARD biocuration team to integrate with software cre-
ation activities for resistome analysis and prediction [156]. CARD’s
usage grew in 2017 as a result of widespread reference sequence
curation, amendment of ontological framework, the introduc-
tion of novel classification methodology, and the extension of
bio-analytical methods [156]. The latest resistomes and variants
module, for example, includes interpretation and statistical sum-
maries of expected resistance variants from 82 microbes and over
100,000 genomes [156]. The expected resistance could be summa-
rized using the data in CARD and patterns in AMR mobility could
be identified by including these resistance variants in CARD [157].

Machine learning tools for predicting antibiotics resistance

AMR was usually detected in the above mentioned reports by
analyzing certain recognized determinants established through
genome sequencing, which necessitates prior understanding of
the pathways involved. Machine learning algorithms were then
utilized for predicting resistance towards 11 components across
4 groups of antibiotics from known and novel whole-genome
sequences of 1936 E. coliisolates, in order to address this constraint.
The authors looked at a variety of methods as predictors, including
population structure, isolation year, gene material, and polymor-
phism detail [153]. Finally, decision trees with gradient boosted
have greater performance than alternative models, with an over-
all precision of 0.91 on held-out data (range 0.81-0.97) relative
to alternative models. Although the better simulations used gene
material the most, utilizing just population structure knowledge
yielded an overall accuracy score 0f 0.79. Single nucleotide variation
data, on the other hand, were less valuable, and only two antibi-
otics, including ciprofloxacin, showed a substantial improvement
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in prediction [150]. The findings show that WGS can be utilized
for forecasting antibiotics resistance in E. coli without knowing the
pathways in advance. It shows the necessity of machine learning
methods to be integrated into diagnostic software in clinics [153].

Bacteriophages: a therapeutic strategy

The development of resistant bacteria to antimicrobial drugs
is now the most challenging issue in the treatment of bacterial
infections, thus attention is being given to alternative possible
targets. Many advantages have been stated that use phage treat-
ment over chemotherapy, and it appears to be a potential drug
to replace antibiotics, based on the good findings of phage ther-
apy [158,159]. Bacteriophages may be distinguished from other
antibacterial agents in several ways, including the production
of virolysin, the encoding of antimicrobial peptides, the delivery
mechanism for genes that encode antimicrobial compounds, and
the ability to infect susceptible bacteria as a living phage [159].
Effective viral delivery methods are now being developed to deliver
the correct genome to the target cells [160]. Phages can also be used
to deliver therapeutics. Phages transfer genes encoding antimicro-
bials or harmful antimicrobials into target bacteria throughout this
procedure. Additionally, filamentous phages have the capacity to
deliver therapeutic genes to mammalian cells [161]. Mammalian
cells are transduced via receptor-mediated endocytosis during this
process. This method is not antibacterial in and of itself, but it
can be further developed to deliver antibiotic genes to intracel-
lular bacterial pathogens [162]. Bacteriophage treatment, which
was originally utilized almost a century ago, is experiencing resur-
gence, mostly due to the AMR issue. Strictly lytic phages, proven
antibacterial efficacy against the target pathogen, and elimination
of contaminated bacterial debris and endotoxins are recommended
regulatory conditions for the therapeutic use of phages [163]. In
addition, the identification of any therapeutic phage’s bacterial host
receptor should be determined, as this will give crucial information
on the establishment of phage resistance, evolutionary trade-offs,
and the adoption of combinatorial treatments that are less likely to
create phage-resistant hosts [164]. Adsorption to particular recep-
tors on the bacterial host’s surface is the first step in lytic phage
infection. These receptors can be found on Gram-positive or Gram-
negative cell walls, polysaccharide capsules, and even appendages
like pili and flagella. The host range that a phage may infect is
generally determined by the lock-and-key interaction between the
phage and the bacterial receptors, and the list of described phage
receptors is continuously expanding. The virus will expel its genetic
material into the host after adsorption. The bulk of lytic phages have
been linked to human diseases [165].

Avian egg model as a therapeutic strategy against AMR

Avian immunoglobulin is a “superdrug” that should be evalu-
ated immediately in the battle against antibiotic resistance across
the world. Avian antibodies have been demonstrated to meet all of
the above criteria, and they have the potential to be a useful alter-
native to antibiotics and other antimicrobials in the fight against
AMR. The immune system has traditionally been the strongest
defense against diseases in humans, animals, and birds. Polyclonal
antibodies specific to a range of infectious organisms, including
viruses, bacteria, and parasites, have been produced using eggs
as a source. These do not harm normal flora too [166]. The virus
then takes over the bacterial replication machinery, resulting in the
production of new phage offspring. Replication will continue until
phage-encoded proteins are triggered to lyse the cell and kill the
host, enabling freshly manufactured viruses to escape and restart
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the cycle. The lysis time, also known as the latent period, is the time
it takes a phage to complete an intracellular life cycle [167].

Cytokines in AMR therapy

Antibodies play a key role in maintaining body homeostasis and
the appropriate functioning of the immune system [168]. T cells,
which secrete numerous interleukins (ILs) that activate antimicro-
bial activities in mononuclear phagocytes, are largely responsible
for acquired resistance to intracellular microorganisms. The role
of ILs in antimicrobial infection has been clarified to experimental
infection of mice with Mycobacterium bovis and Listeria monocyto-
genes. A research indicated that IFN-y decreases the quantity of
L. monocytogenes, and anti-IFN-y antibody therapy worsens lis-
teriosis; moreover IFN-y, IL-4, and IL-6 activate tuberculostatic
and listericidal macrophage activities in vitro. Anti-TNF antibodies
exacerbate listeriosis and interfere with M. bovis-induced gran-
uloma development; simultaneous application of mycobacterial
products, and TNF produces necrotic responses. At least part of
IFN-vy’s actions on macrophages in humans may be mediated by
1,25-dihydroxyvitamin D3. These findings highlight the complex
involvement of ILs in antimicrobial resistance, with IFN-y playing
a key role [169].

Nanomedicine against antibacterial resistance

Because of its favorable physicochemical characteristics, drug
targeting effectiveness, increased absorption, and biodistribution,
nanomedicine-based drugs have attracted a lot of attention from
scientists and pharmaceutical companies [170]. Drug loading effi-
ciency of both lipophilic and hydrophilic antibiotics is improved
by nanometer-sized particles, resulting in improved antibacte-
rial activity [171]. In addition, crossing the reticulo-endothelial
system allowed a more anticipated cellular uptake of the antibiotic-
loaded nanosystems [172]. Nanosystems’ surface charge and
zeta-potential drive interactions with proteins, tissues, and differ-
ent tissue components, altering cellular biodistribution and uptake.
Anionic host cells, such as macrophages, attract positively charged
nanosystems over uncharged and negatively charged ones [170].
Nanoparticles produce deadly alterations in bacterial cell shape and
structure; nanophotothermal treatment uses inorganic NPs such as
AuNPs to kill harmful bacterial cells.

Probiotics as a means of treating AMR

Probiotics are living organisms that have a positive impact on
the host, most often belonging to the genera Bifidobacterium and
Lactobacillus, however strains of other species are also marketed
[173]. Probiotics have been specifically chosen such that they do
not contribute to the spread of antibiotic resistance and do not carry
antibiotic resistance that may be passed from person to person.
Antibiotics and probiotics used together have been shown to lessen
the severity, duration, and occurrence of antibiotic-associated diar-
rhea. This encourages people to follow their antibiotic prescriptions
more closely, which slow down the spread of resistance. The extent
to which probiotics directly prevent the transmission of antibiotic
resistance is still being investigated; nevertheless, maintaining a
healthy microbiome while taking antibiotics may give chances for
decreasing resistance spread [174].

Herbal medicines used against AMR

Both infectious and non-infectious illnesses are and have been
routinely treated using traditional herbal remedies. Antimicrobials
used to treat bacterial infections caused by multiple drug resis-
tant (MDR) and total drug resistant (TDR) strains, on the other
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hand, are becoming increasingly frequent in the clinical environ-
ment, and the world is seeking for new ways to treat such illnesses.
Herbal medications are thought to be superior options for present
and developing antimicrobial drug resistant (ADR) bacteria, thus
they are expected to protect humans against infections. Herbal
antimicrobials work in a similar way as antibiotics in that they
kill bacteria or limit their development. Similar to antibiotic resis-
tance in microorganisms, herbal medicine resistance might have
mechanisms which is not clearly understood. Recent research on
the antibacterial effects of herbal medicines on clinical isolates has
revealed that some microorganisms are insensitive or resistant to
several popular herbal antimicrobial components [175].

Global and national action to resist AMR

Antibiotics, safe water, hygiene, and vaccination, have con-
tributed towards vast changes in wellbeing and survival in
developed countries. The key challenge is to expand antibiotic
accessibility in developing countries without extensively devel-
oping antimicrobial resistance, which may lead to catastrophic
consequences [176]. Regardless of the effectiveness of attempts to
minimize antibiotic use, new antibiotics are needed, but even more
should be achieved in terms of diagnostics, vaccinations, and infec-
tion prevention systems in terms of formulation and distribution
innovation to mitigate the necessity of antibiotics. The develop-
ment of any new vaccines decreases the requirement of antibiotics
[176].

Research and development can help in eradicating antibiotic
resistance. Unsurpisingly, financing also plays a key role here. The
Affordable Medicines Facility for Malaria (AMFm) is an indica-
tor of drug funding, with the goal of increasing accessibility to
anti-malarial agents and lowering the probability of developing
anti-malarial resistance [177]. In Asia and major parts of Africa,
chloroquine had lost its potency against malaria by the early 2000s.
The only similarly successful and robust first-line treatments were
relatively costly artemisinin derivatives. It became a global prior-
ity and a humanitarian objective to preserve their usefulness and
ensure access to them. AMFm was proposed by a US Institute of
Medicine committee tasked with addressing the problems of anti-
malarial therapy at the dawn of the twenty-first century [178]. A
comprehensive assessment of an eight-country pilot study showed
that AMFm was performing as expected [179]. However, there are
some national responsibilities to be addressed about this issue.

AMR is well-known among doctors and researchers on the
ground in most countries; however, governments and policymak-
ers are yet to identify it as a priority or develop a strategy to counter
it. AMR must be brought to the national agenda in a process that
allows specialists to assemble around the problem [176]. Antibiotic
intelligence may be shared by scientific professionals and partners
from all related fields - veterinary, agricultural, medicine, indus-
tries, academics, and government. This ‘working party’ establishes
itself as areliable and impartial source of intelligence and guidance.
Volunteers are welcome, but a paid organizer is needed [176].

AMR development and associated policies at the national level
requires time. National anti-AMR plans must take into account
country-specific objectives based on socioeconomic demograph-
ics. In addition, the strategy should prioritize i) improving human
and animal health surveillance for resistant microorganisms, ii)
establishing human and veterinary AMS and infection-control pro-
grames, iii) conducting research on novel diagnostic and therapeutic
approaches, and iv) implementing educational programs aimed
at professional groups and the general public [180]. Stakeholders
must become acquainted with the issue, believe that it must be
addressed, and compromise on how to do so. Before national-level
intervention is possible, it can take many years to build knowledge,
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understanding, and confidence, but it will then become deeply
entrenched [176]. Situation assessments and analysis provide the
foundation for prospective policies. Developing a partnership, advi-
sory, or internally integrated arrangement with the ministry of
health and agriculture would ensure a national effect that is per-
manent. Based on their circumstance review, the GARP working
group in Vietnam is embedded inside a Ministry of Health Hospital
and is informing the Ministry on the establishment and execu-
tion of a National Action Plan on Antimicrobial Resistance [181].
Implementing projects, creating resources, and other activities
to improve antibiotics usage increases the awareness of working
group participants while still benefiting them directly [176]. To
prevent and control antibiotic resistance, WHO advised some steps
[182]:

Individuals

Individuals may only use antibiotics as prescribed by a certified
healthcare professional, and they should never demand antibiotics
if a health practitioner says that they are not necessary. Prevent-
ing infections by preparing food hygienically, never use or share
leftover antibiotics, avoid close contact with sick people, regularly
wash hands, stay up to date on vaccinations, and practice safer sex,
keep vaccinations up to date, avoid close contact with sick people,
and practice safer lifestyles [182].

Health professional

In order to avoid and to monitor the spread of antibiotic
resistance, healthcare professionals should keep their equipment,
palms, and surroundings clean and hygienic. Antibiotics may only
be prescribed and dispensed as absolutely necessary, according to
existing recommendations. Tracing antibiotic-resistant diseases to
monitoring teams as well as educating the patients about how to
take antibiotics properly and risk of antibiotic misuse are suggested
[182].

Agricultural sectors

Antibiotics should be administered under the supervision of
veterinarians, in order to avoid the emergence of AMR microbes.
Vaccination should be used as primary option instead of antibiotics-
based treatment [182].

Policymakers

Policymakers should strengthen the policies, implement the
prevention strategies of infections prevention, and make infor-
mation more accessible to avoid the emergence of AMR microbes
[182].

Healthcare sector

The health sector should invest in research and production
of vaccinations, diagnostics, novel drugs development, and other
methods to avoid and monitor the spread of AMR [182].

Conclusions and future perspectives

AMR is an increasingly common occurrence, and bacteria have
evolved to combat antibacterial products’ activity for centuries.
The emergence in antibiotic resistance, along with a scarcity of
innovative antibiotics, paints a grim vision. Again, the value of
antibiotic stewardship in clinical practice cannot be understated.
Antibiotic usage must be better regulated both on a local and from
a global scale, including in developed countries. Stopping the usage
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of over-the-counter antibiotics in these countries and educating
prescribers regarding antimicrobial resistance could further reduce
antibiotic use. To minimize inappropriate demand, increased global
public awareness is also needed. Agricultural application must be
restricted to contaminated animal care rather than development
stimulation. Surveillance of antibiotic usage and resistance must
be greatly improved to permit antibiotic stewardship. If the pro-
duction of new anti-infectives is to keep pace with increasing
resistance, significant global intervention and expenditure, from
both public and private sector financing, is expected.
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