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Abstract
Antibiotic resistance occurs when bacteria change so that antibiotics already killing
them can no longer kill or in inhibit their growth. As a result, bacterial infections
have become more difficult to treat. Antibiotic resistance limits treatment options,
increase morbidity and mortality rates and therefore a treat to the worldwide
health system. This study reviews four different mechanisms adopted by bacteria
in bringing about resistance. The mechanisms are: (1) Modifications (chemical
modification of the drug and drug target alteration); (2) Drug inactivation
(enzymatic inactivation of antibiotics); (3) Drug uptake limitation (reduction of
the inner and outer membrane permeability); and (4) Drug efflux (active pumps
system). It is only when these bacterial resistance mechanisms are well understood
that the issue of antibiotic resistance could be properly handled and its menace
eradicated, or at least minimized.
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1. Introduction
One of the most important classes of medications and a major medical innovation of the 20th century is the
antibiotic. Unquestionably, antibiotics have helped humanity combat microorganisms and save millions of
lives (da Cunha et al., 2019). However, the threat of incurable illnesses has been there since the start of the
twenty-first century, and the frequency of diseases brought on by multidrug-resistant (MDR) bacteria is rising
globally (Gajdács and Albericio, 2019). Antimicrobial resistance (AMR) is a major challenge to all healthcare
systems worldwide, even though antibiotics have enabled the development of several fields of medical practice,
including the successful outcomes of several surgical procedures and immunosuppressive therapies that rely
on antibiotic prophylaxis, as well as the potential to manage infectious complications (Dodds, 2017; and
Uddin et al., 2021).
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The ability of bacterial cells to thwart the bacteriostatic or bactericidal effects of antibiotics is known as
bacterial resistance (Munita and Arias, 2016; and Hasan and Al-Harmoosh, 2020). Antibiotic overuse and
unintentional use are factors in the development of bacterial resistance (Kraemer et al., 2019). Due to the
widespread use of antibiotics, bacteria have evolved a resistance throughout time, and issues have emerged
when trying to treat certain infections caused by these resistant pathogens (Hayder and Aljanaby, 2019a).
These days, resistance is a crucial factor in the development of new drugs, and antibiotic resistance is a global
public health concern (Hayder and Aljanaby, 2019b).

The fields of medicine and microbial ecology are facing a major challenge due to the worldwide rise in
antibiotic resistance. Growing numbers of clinical events pose a risk to the health of people and animals as
well as to environmental preservation. Antibiotic resistance is increasing these days. According to Moutafchieva
and Mladenov (2020), there is a significant risk to the health of humans and animals due to its rising prevalence.
Its development must be stopped by identifying and removing its causes. First and foremost, it’s best to avoid
using antibiotics carelessly. This entails understanding and adhering to the rational therapy tenets. Strong
oversight of antibiotic use is required to stop the development of resistance (Moutafchieva and Mladenov,
2020).

Antimicrobial resistance (AMR) is a major global issue in both human and veterinary medicine. It poses a
worldwide risk to human and animal health as well as environmental preservation. Unfortunately, AMP is
increasing these days along with the common and mostly unjustified use of antibiotics. Resistance genes
have been chosen and dispersed as a result (Moutafchieva and Mladenov, 2020). One of the biggest concerns
for global health today is the emergence, spread, and durability of antimicrobial resistance (AMR). According
to several studies (Checcucci et al., 2020; Khan et al., 2020; Moutafchieva and Mladenov, 2020; Pereira et al.,
2020; and Vega-Manriquez et al., 2020), intensive farming may raise the risks of AMR in domestic animals,
wildlife, and humans. It’s not always foreseeable when it will happen. This is not shocking. According to
Moutafchieva and Mladenov (2020), bacteria use their genetic makeup to adapt to environmental changes.
Treatment options for numerous bacterial illnesses may be severely limited by antimicrobial resistance.

Antimicrobial resistance is an inevitable evolutionary outcome as all species evolve genetic alterations to
evade deadly selection pressure. As long as antibacterial drugs are employed against them, pathogens will
inevitably evolve and employ resistance mechanisms (i.e., selection pressure is present in their environment).
AMR is thought to have contributed to 700,000 deaths worldwide in 2019, and by 2050, that number is
expected to reach 20 million, at a cost of more than $2.9 trillion, according to a 2019 World Health Organization
(WHO) assessment (Watkins and Bonomo, 2016).

Consequently, it has grown into a significant issue that endangers both our economy and way of life. The
rapid evolution of antimicrobial resistance (AMR) has led to reduced investment returns for the pharmaceutical
R&D industry, in addition to the high cost of antibiotic research and growth. Numerous pharmaceutical
companies have already given up on developing new antibiotics and researching antibiotics (Mohr, 2016;
and Uddin et al., 2021).

2. Mechanisms of Resistance
Antibiotic resistance can be classified into two basic categories: acquired and natural. Natural resistance can
be mediated (meaning that genes that are regularly present in the bacteria are only activated to resistant levels
after antibiotic treatment) or innate, meaning that it is frequently expressed in the organisms (Reygaert, 2018).
Conversely, the bacterial acquisition of genetic material through conjugation (Moutafchieva and Mladenov,
2020), transduction (Schwengers et al., 2020), transformation (Rang and Dale, 2020), transposition (Lerminiaux
and Cameron, 2019), or mutations in its own chromosomal DNA could theoretically lead to acquired resistance.

Four major categories can be used to classify antimicrobial resistance (AMR) mechanisms: (1) Modifications
(chemical modification of the drug and drug target alteration); (2) drug inactivation (enzymatic inactivation
of antibiotics); (3) drug uptake limitation (reduction of the inner and outer membrane permeability); and (4)
drug efflux (active pumps system). Others include the use of alternative metabolic pathway (Garima et al.,
2018; Hasan and Al-Harmoosh, 2020; and Uddin et al., 2021).
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Gram-negative bacteria are able to use all four mechanisms due to structural differences and other factors,
whereas Gram-positive bacteria are less likely to use drug efflux and limiting drug uptake mechanisms
because they lack lipopolysaccharide in their outer membrane (Hoffman, 2001; and Uddin et al., 2021). Certain
bacterial strains such as Staphylococci have been documented to be resistant to numerous antibiotics on
multiple occasions (Rang and Dale, 2020).

2.1. The Modifications

The target regions of the relationship with antibiotics and the modifications that occur in the drug-related
receptor are different; these target regions can include ribosomes and complex enzymes (Prashanth et al.,
2012; and Hasan and Al-Harmoosh, 2020). The majority of resistance to macrolide antibiotics has been
shown to be consistent with changes in the ribosomal target (Shaikh et al., 2007). The most well-known
instances of this are the emergence of penicillin resistance in strains of Staphylococcus aureus, Streptococcus
pneumoniae, Neisseria meningitides, and Enterococcus faecium as a result of mutations in beta-lactamase enzymes,
which are penicillin-binding proteins (Southon et al., 2020).

2.1.1. Chemical Modification of the Drug

Enzymes produced by bacteria have the ability to attach different chemical groups to pharmaceuticals. As a
result, the antibiotic is unable to attach to the bacterial cell’s target. Antibiotics inhibit gene enzyme detection
by adding an active functional group (WHO, 2013). The most efficient way to inactivate a medication through
chemical group transfer is to add phosphoryl, acetyl, and adenyl groups to the substance (Lin et al., 2015;
Uddin et al., 2021). The most frequently used mechanism is acetylation, which is thought to be used by
aminoglycosides, fluoroquinolones, streptogramins, and chloramphenicol.

It is thought that phosphorylation and adenylation target the aminoglycosides. When aminoglycoside
modifying enzymes (AMEs) are involved, the aminoglycoside molecule’s hydroxyl or amino groups are
covalently changed, rendering it inert. The high level of gentamicin resistance in enterococci is caused by
modified enzymes (Gil-Gil et al., 2020).

Enzymatic inactivation is the primary mechanism by which aerobic Gram-negative bacteria develop
resistance to aminoglycosides. According to Naha et al. (2020), resistance to aminoglycosides is largely caused
by enzyme modification. These enzymes, which include phosphotransferase and acetyltransferase, are
frequently plasmid or transposon derived (Gonzalez et al., 2019). The -OH and CO-NH groups of Campylobacter
coli (C. coli), a microaerophilic Gram-negative bacterium, are phosphorylated, nucleotidylated, and transferased
by phosphotransferases, nucleotidyltransferases, and acetyl transferases, which results in resistance to
aminoglycosides (WHO, 2013; and Bharadwaj et al., 2022). It is among the best illustrations of drug modification-
induced resistance (Munita and Arias, 2016).

Resistance in bacteria mediated by this enzyme results from the inactivation of the chloramphenicol acetyl
transferase (CAT) by enzymes that acetylate the antibiotic (Siibak et al., 2011). Inactivation through medication
change was the most recent mechanism of quinolone resistance to be discovered (Ghai and Ghai, 2017). A
plasmid-encoded variation of the AAC enzyme is responsible for acetylation; it can also acetylate some
quinolone compounds, aminoglycosides, and unsubstituted secondary amines like norfloxacin and
ciprofloxacin (Ruiz et al., 2012; and Hasan and Al-Harmoosh, 2020).

2.1.2. Drug Target Modification

One common way that bacteria develop resistance to antibiotics is through altering the antibiotic’s target
(Reygaert, 2018). The mechanism of ribosomal target modification is most common in Gram-positive bacteria;
in the 50S ribosomal subunit. Methylation of an adenine molecule results in a structural change and reduces
the drug’s binding to ribosomal RNA. The resistance is of a structural or inducible type (Linkevicius et al.,
2016; and Zhanel et al., 2020).

Antibiotics can have their binding affinity decreased by rearranging the targets. It has been discovered that
Staphylococcus aureus and Klebsiella pneumonia are resistant to linezolid due to a mutation in the allele that
codes for the 23s rRNA ribosomal subunit (Bharadwaj et al., 2022).
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Modifications in the configuration and/or quantity of PBPs are among the resistance mechanisms to -
lactam medications. Variations in the PBP count have an impact on the quantity of antibiotics that can attach
to the target (Bush and Bradford, 2016; Uddin et al., 2021). The most prevalent proteins in Gram-positive
bacteria are penicillin-binding proteins (PBPs), which are involved in peptidoglycan synthesis and are
responsible for the antibiotic target of beta-lactam, carboxypeptidase PBPs, and the enzymes of trans peptidase
PBP. Changes in PBPs can lead to resistance (Kong et al., 2010; Hasan and Al-Harmoosh, 2020).

According to Akata et al. (2019), in methicillin-resistant S. aureus (MRSA) is willing to bear the blame for
methicillin resistance in strains is due to the mecA gene, which results in PBP-2a production and enhances
beta lactam antibiotic resistance. Drug binding will be lessened or eliminated entirely by a structural change,
such as the emergence of the mecA gene in S. aureus (Foster, 2017; Bharadwaj et al., 2022). Penicillin and
cephalosporin resistance in S. pneumoniae in PBP 2b is caused by changes in the bacterium (Fisher and
Mobashery, 2016).

Another illustration is the family of genes known as erythromycin ribosomal methylation (erm) genes,
which methylates 16S rRNA and modifies the drug-binding site to prevent the binding of macrolides,
streptogramins, and lincosamines (Peterson and Kaur, 2018). Mutations in DNA gyrase or topoisomerase IV
mediate resistance to antibiotics that block nucleic acid synthesis, such as fluoroquinolones. These alterations
change the structure of topoisomerase and gyrase, which decreases or eliminates the drug’s capacity to bind
to these components (Nainu et al., 2021).

With the aid of the enzyme chloramphenicol florfenicol resistance methyltransferase, resistance to a number
of other drug classes, including penicillin, pleuromutilins, lincosamides, and oxazolidons, can be attained by
incorporating CH3 to A2503 in the 23s rRNA (Sekatawa et al., 2022; Bharadwaj et al., 2022).

The most common mechanism of acquired quinolone resistance is modifications in the target enzymes
topoisomerases, which are primarily caused by mutations that decrease the affinity of quinolones without
impairing the enzyme’s function. These modifications have already been reported in several bacterial species
(Munita and Arias, 2016; Roberts and Schwarz, 2017). According to Santajit and Indrawattana (2016),
resistance-related mutations are grouped in distinct areas of the enzyme subunits known as regions determining
quinolone resistance (QRDRs). A family of tiny pentapeptide-repeat proteins known as Qnr proteins, which
attach to topoisomerase targets and shield them from quinolone interaction, provides target protection in
quinolone resistance (Bansal et al., 2017). Similar defenses have evolved in bacteria to guard against
pentapeptide-repeat family proteins called microcin, which some bacteria produce as a means of biological
competition and which can kill susceptible bacteria by blocking their topoisomerases (Makarewicz et al.,
2017).

Tetracycline resistance is caused by a second important mechanism (Sivagami et al., 2020). By altering a
cytoplasmic ribosome that binds to the tetracycline, the tetM, tetO, tetQ, and tetS genes prevent drug activity
(Kapoor et al., 2017). Numerous taxa, including Campylobacter, Mycoplasma, Ureaplasma, and Bacteroides, are
known to contain these genes. Their chromosomal and plasmid origins are well known and documented
(Poole, 2007; Hasan and Al-Harmoosh, 2020).

Ribosomal target modifications are crucial in streptomycin resistance; the target of streptomycin is not
connected to the ribosomal 30S subunit due to mutations in the ribosomal 30S. In enterococci, this type of
resistance to streptomycin is essential (Breijyeh et al., 2020).

3. Drug Inactivation (Enzymatic Inactivation of Antibiotics)
Antibiotics can be rendered inactive by bacteria in two different ways: either by destroying the drug or by
changing its chemical composition (Blair et al., 2015). The majority of bacteria produce enzymes that break
down antibiotics, and one of the most significant methods of resistance to antibiotics is enzymatic inactivation
(Pérez-Llarena and Bou, 2016). The most well-known examples in this category are erythromycin-modifying
enzymes, aminoglycosidase and beta-lactamases (Sharkey and O’Neill, 2019).

Staphylococci are the pathogens that generate -lactamases. Plasmids contain the resistance-coding genes.
Transduction is the method used to transfer them (Rang and Dale, 2020; Schwengers et al., 2020). -lactamases
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are also produced by Gram-negative bacteria. According to Rang and Dale (2020), they play a major role in
resistance to broad range -lactam antibiotics that are semisynthetic. The enzymes of these species can be
found either in plasmid or chromosomal genes. Transposons encode a large number of these -lactamases,
which may also be resistant to other antibiotics (Rang and Dale, 2020). The primary mechanism of -lactam
resistance is the destruction of the -lactam loop by the activity of -lactamases. Penicillin-binding proteins
(PBP) are inhibited from binding to -lactams due to the hydrolysis of -lactam ring formation by -lactamases
(Bush and Bradford, 2016).

The most often used antibacterial agents are -lactam antibiotics, like cephalosporins and penicillin (Page,
2012; Uddin et al., 2021). Penicillins, cephalosporins, monobactams, and carbapenems are among the many
antibiotics in the broad class (Fernández-Villa et al., 2019). All members of this pharmacological class share a
four-sided -lactam loop, which forms its core structure. -lactamases are the enzymes that render -lactam
antibiotics inactive. The most prevalent resistance mechanism in this group is the synthesis of beta-lactamase
enzymes (Zango et al., 2019). Penicillins and cephalosporins both have their -lactam rings broken by them,
but the resistance between the two classes is not entirely eliminated since some lactamases prefer penicillins
while others prefer cephalosporins (Kitagawa et al., 2020). Chromosome detection and plasmid-mediated
encoding genetic enzymes that degrade antibiotics—such as -lactamase; penicillinase only degrade penicillins,
cephalosporinases which inactivate cephalosporins and aminopenicillins and expanded beta-lactamases,
which are crucial for breaking down all -lactams. However, the entire -lactamase is rendered inactive by
carbapenemase and carbapenem (Davies and Davies, 2010; Bharadwaj et al., 2022).

There are four categories of beta-lactamase enzymes at the molecular level: A, B, C, and D (Heinz et al.,
2019). The B-class requires zinc ions as metalloenzyme which is in contrast to the beta-lactamases A, C, and
D (Walkty et al., 2020; Hasan and Al-Harmoosh, 2020). Both Gram-positive and Gram-negative bacteria
can develop beta-lactamases Class A resistance, which are primarily caused by plasmids or transposons.
They possess the ability to be induced (Walkty et al., 2020). The Gram-negative bacteria TEM, SHV, and
ESBL are members of this category. According to Lomovskaya et al. (2020), Escherichia coli and Klebsiella
pneumoniae are the main hosts of ESBL. Bacteroides fragilis, a species of Aeromonas and Legionella, produces
enzymes in Beta-lactamases Class B that hydrolyze cephalosporins, penicillins, and carbapenems (De
Oliveira et al., 2020).

According to Jacobs et al. (2019), beta-lactamases Class C are typically found in Gram-negative bacteria
and are chromosomally localized (Group I, AmpC, etc.). Because this resistance mechanism has an inducible
quality and is not inhibited by clavulanic acid, it is created in large quantities when beta-lactam antibiotics
are present (Meini et al., 2015). They have been identified in Enterobacter cloacae, Citrobacter freundii, Serratia
marcescens, and P. aeruginosa. These bacteria are commonly referred to as Inducible Beta-Lactamases (IBL)
(Philippon et al., 2002; Hasan and Al-Harmoosh, 2020). Whereas Staphylococcus aureus and other Gram-
positive bacteria create beta-lactamases Class D enzymes in response to beta-lactam antibiotics, which break
down oxacillin (Hasan and Al-Harmoosh, 2020).

4. Drug Uptake Limitation (Reduction of the Inner and Outer Membrane Permeability)
According to Santajit and Indrawattana (2016), this mechanism is caused by variations in the permeability of
the internal and exterior membranes, which lead to reduced drug uptake into the cell or quick ejection from the
pump systems.

Because of the lipopolysaccharide (LPS) layer that forms a permeability shield on their outer membrane,
Gram-negative bacteria are inherently less susceptible to some antibiotics than Gram-positive bacteria. An
excellent example of how efficient this natural barrier is the fact that glycopeptide antibiotics, such as
vancomycin, are ineffective against Gram-negative bacteria due to their inability to get through the outer
membrane (Uddin et al., 2021).

The alterations in the permeability of the outer membrane have a significant impact on hydrophilic
compounds, such as -lactams, tetracyclines, and certain fluoroquinolones (Blair et al., 2015; Uddin et al.,
2021). Enterococci’s porin channel down regulation or even replacement with non-selective channels results
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in polar molecules having trouble penetrating the cell wall. This provides an innate resistance to
aminoglycosides.

Due to differences in their outer membrane proteins, Gram-negative bacteria have increased resistance to
quinolones, which causes them to consume fewer drugs (Theuretzbacher et al., 2020). Chloramphenicol
resistance may also result through reduced drug uptake in some bacteria, particularly Gram-negative ones
(Petrov et al., 2004; Hasan and Al-Harmoosh, 2020). Decrease in membrane permeability brought on by
chromosome alterations that occur spontaneously in bacteria result in the development of resistance and stop
the absorption of tetracyclines (Das et al., 2020).

Gram-negative bacteria may develop carbapenem resistance due to changes in their porin channels. One
such bacterium is P. aeruginosa, which has a dedicated channel protein registered in OprD (Sauvage and
Terrak, 2016). A mutation in the particular porin (OprD) can generate resistance to carbapenem in a strain of
Pseudomonas aeruginosa. Porin mutations can also cause a decrease in membrane permeability in proteins of
resistant strains (Nikaido and Pagès, 2012). Quinolone and aminoglycoside resistance may be significantly
impacted by reductions in outer membrane permeability (Li et al., 2012).

Mutations in the gene that specifically codes for the outer membrane porin protein allow antibiotics to
diffuse throughout the cell. This leads to a shift in the OMPK36 variant porin, which in Klebsiella pneumoniae
exhibits reduced permeability for the antibiotics (Ruggerone et al., 2013). In some bacteria, including Escherichia
coli and Acinetobacter, the permeability of the membrane for antibiotics is reduced due to the down regulation
of the major porin protein or refilling the cell membrane with another chosen protein channel (Billal et al.,
2011; Bharadwaj et al., 2022).

Furthermore, new research indicates that among members of the Enterobacterales order, Acinetobacter spp.
and Pseudomonas spp. decreases in porin expression significantly contribute to drug resistance, including
carbapenems. For instance, in Enterobacterales, resistance to carbapenems will develop if there are mutations
that reduce porin production or if mutant porin alleles are present, or if there are enzymes of carbapenemase
activity absent (Iredell et al., 2016). Another mechanism that aids in bacterial colonization is the production of
biofilms (Pang et al., 2019). Polysaccharides, proteins, and DNA make up the biofilm matrix, which provides
resistance by preventing antimicrobial drugs from easily penetrating the bacteria (Hall and Mah, 2017).

5. Drug Efflux (Active Pumps System)
It is possible to stop antibiotics from building up in the cell by using active pump systems. As such, resistance
may result from the class of drugs that includes quinolones, tetracyclines and beta-lactams (Harkins et al.,
2017; Hasan and Al-Harmoosh, 2020). Others include; chloramphenicol and 14-membered macrolides, all
can be successfully resisted by active pumping systems (Guo et al., 2020).

The intrinsic resistance of Gram-negative bacteria is mostly due to the active export of several antibiotics
from the cell through bacterial efflux pumps. Most bacteria have a variety of efflux pump configurations.
According to Reygaert (2018), there are five main families of efflux pumps: 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). These families
are classified based on their energy supply and structure. All other efflux pump families are singular
pumps that transfer substrates across the cytoplasmic membrane, with the exception of the RND family,
which consists of several parts pumps that efflux substrate across the cell envelope (Munita and Arias,
2016; Uddin et al., 2021).

The most prevalent way that resistance arises in antibiotics is through the active pump systems of the
tetracycline group (Breidenstein et al., 2011). Tetracyclines are excreted from the cell and unable to concentrate
inside it due to an energy-dependent active pumping system (Li et al., 2019). This resistance mechanism is
based on chromosomal and plasmid control.

Tetracycline resistance is an efflux-mediated resistance, whereby Tet efflux pumps (of the MFS family)
expel tetracyclines by using proton exchange as an energy source. Tetracyclines can be extruded by a number
of MDR efflux pumps as part of their contribution to MDR, including MexAB-OprM in P. aeruginosa and
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AcrAB-TolC in Enterobacterales (of the RND family) (Grossman, 2016). Accordingly, the organisms may become
resistant to tetracyclines if they have active pump systems (Böhm et al., 2020).

Another clinically significant trait that is caused by the efflux pathway is resistance to macrolides. The
most extensively studied efflux pumps, such as erythromycin, are encoded by the mef genes, which expel the
macrolide class of antibiotics. According to Munita and Arias (2016) and Uddin et al. (2021) MacB, a member
of the ABC family, functions as a tripartite pump (MacAB-TolC) for extruding macrolide antibiotics.

6. Using an Alternative Metabolic Pathway
Unlike some of the target alterations in bacteria, the latest drug-susceptible pathway eliminates the need for
objective development (Fatahi-Bafghi, 2019). Bacteria can prepare folic acid from the environment, rather than
synthesizing folic acid so that it becomes resistant among sulfonamide and trimethoprim (Tan et al., 2020).

7. Conclusion
Bacteria bring about resistance majorly through four different mechanisms namely: (1) Modifications (chemical
modification of the drug and drug target alteration); (2) Drug inactivation (enzymatic inactivation of antibiotics);
(3) Drug uptake limitation (reduction of the inner and outer membrane permeability); and (4) Drug efflux
(active pumps system). There is need for better understanding of these resistance mechanisms for the issue of
antibiotic resistance to be properly handled and its menace eradicated, or at least minimized.
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