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Abstract

Antibiotic resistance is a prevalent threat to global health and humankind, guided by varied bacterial adaptations that
reduce the efficiency of currently available and in-use antibacterial drugs. In 2021, we estimated 4.71 million deaths were
associated with bacterial AMR, including 1.14 million deaths attributable to bacterial AMR. Trends in AMR mortality
over the past 31 years varied substantially by age and location. From 1990 to 2021, deaths from AMR decreased by more
than 50% among children younger than 5 years, yet increased by over 80% for adults 70 years and older. In this mini
review, we present an effective interpretation of the major molecular systems of resistance, including target alteration,
drug inactivation mechanisms, horizontal gene transfer, clinical implications, and strategic solutions. Apart from these
classical mechanisms, we also acknowledge adaptive physiological pathways, similar to biofilm formation and
persistence, that contribute to antimicrobial treatment failures. Comprehending these mechanisms is crucial for
conducting an improvement of modern antibiotics and stewardship programs.
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1. Introduction

Bacterial antimicrobial resistance (AMR) is actually one of the most critical challenges in clinical
management of many infectious diseases. The common resistance mechanisms arise from both genetic and
epigenetic pathologies, such as mutations and molecular injuries, and the addition of resistance genes from
different organisms, frequently under selective pressure from antibiotic exposure (Figure 1). AMR mortality
decreased for children younger than 5 years in all super-regions, whereas AMR mortality in people 5 years
and older increased in all super-regions. For both deaths associated with and deaths attributable to AMR,
meticillin-resistant Staphylococcus aureus increased the most globally (from 261 000 associated deaths and
57 200 attributable deaths in 1990, to 550 000 associated deaths and 130 000 attributable deaths in 2021) [1].
By 2050, around 2 million people, the majority aged 70 and over, could die from drug-resistant infections each
year [2]. Antibiotics and antibiotic biosynthetic pathways are believed to have evolved over millions of years,
suggesting that antibiotic resistance is an equally ancient phenomenon (Figure 2) [3], [4]. The increase of
multidrug-resistant organisms continues to affect the effectiveness of clinically essential drugs, which leads to
serious morbidity and mortality and also to healthcare burdens.
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Figure 1. Mechanisms of antibiotic resistance in bacteria.
Source: Adapted from Encyclopaedia Britannica [5].
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Figure 2. Six mechanisms of AMR.
Source: Created with Lucid.
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2. Classical Molecular Resistance Mechanisms
2.1. Antibiotic Inactivation

One of the most common mechanisms is the enzymatic inactivation of drugs. One of the most pervasive
ways is the production of beta-lactamases, which hydrolyse the beta-lactam ring crucial to penicillins,
cephalosporins, and carbapenems. Correspondingly, enzymes that modify aminoglycosides through
acetylation, phosphorylation, or adenylation reduce antibiotic binding to ribosomal targets. Antibiotic-
inactivating enzymes can accomplish this task by one of two means: by eradicating the essential reactive center
of the antibiotic or by modifying the drug in a manner that impairs target binding [6].

2.2. The Modification of Target

The alterations by bacteria in antibiotic targets that affect drug affinity. Mutations and unknown molecular
alterations in ribosomal RNA and proteins confer resistance to aminoglycosides and macrolides, while changes
in DNA gyrase or topoisomerase [V can lead to fluoroquinolone resistance. These modifications may originate
through mutation or be carried on mobile gene elements. Modification of the antibiotic target is a resistance
strategy that is increasingly prevalent among pathogens. Examples include resistance to glycopeptide and
polymyxin antibiotics that occurs via chemical modification of their molecular targets in the cell envelope.
Similarly, many ribosome-targeting antibiotics are impaired by methylation of the rRNA [7].

2.3. Decreasing of Antibiotic Accumulation

Decreased intracellular antibiotic concentration is another important resistance mechanism. For example,
Gram-negative bacteria carry an outer membrane that inherently restricts the entry of multiple antibiotics.
Alterations of porin expression can further limit uptake. There are two main ways in which porin changes can
limit drug uptake: a decrease in the number of porins present, and mutations that change the selectivity of the
porin channel [8]. Members of the Enterobacteriaceae are known to become resistant by reducing the number
of porins (and sometimes stopping production entirely of certain porins). As a group, these bacteria reduce
porin number as a mechanism for resistance to carbapenems [9]. Furthermore, efflux pumps actively eliminate
a broad range of antibiotics from the cytosol, leading to multidrug resistance phenotypes.

3. Gene Transfer and Mobile Genetic Elements

The resistance genes are extensively disseminated via transposons, integrons, and plasmids. The complex
process of antibiotic resistance genes (ARG) transmission via horizontal gene transfer (HGT) conjugation,
transformation, transduction, and the more recently identified vesiduction is given in a review by Liu et al.
[10]. Horizontal Gene Transfer (HGT) permits these elements to shift between different bacterial species,
enabling rapid distribution of resistance genes within microbial strains. By examining how mobile genetic
elements (MGEs) in Klebsiella pneumoniae serve as carriers of both virulence and resistance genes, Han et al.
[11] summarize MGE types and how they contribute to the establishment of harmful strains such as
carbapenem-resistant hypervirulent K. pneumoniae (CR-hvKP). Plasmid resistance determinants are often
associated with multiple drug resistance phenotypes, presenting essential clinical problems.

4. Biofilms, Persister Cells, and Tolerance
4.1. Biofilms

Biofilms are organised bacterial communities that stick together and are embedded in an extracellular
matrix, supplying resistance to antibiotics. For acute and chronic infections, underlying health conditions such
as immunodeficiencies, diabetes, and cystic fibrosis can lead to commensal biofilm organisms becoming
opportunistic pathogens, often manifesting as polymicrobial biofilm infections of the lungs, foot ulcers, bone
and deep tissues, and indwelling medical devices [12], [13], [14], [15], [16]. These infections are refractory to
treatment due to species diversity, variability of the infectious microenvironment [17], and the upregulation of
virulence and resistance pathways via quorum sensing and metabolic interaction [17], [18], [19]. Furthermore,
antimicrobial resistance is promoted through limiting drug penetration, the presence of dormant “persister”
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cells, and the enhancement of horizontal gene transfer [20]. These result in either chronic, recurring disease or
systemic life-threatening infection [21], [22].

4.2. Persister Cells and Tolerance

The multiple bacterial populations can produce persister cells that do not die and do not respond to the
therapy of antimicrobial regimens. Persisters are largely responsible for high levels of biofilm tolerance to
antimicrobials, but virtually nothing was known about their biology. Tolerance of Escherichia coli to ampicillin
and ofloxacin was tested at different growth stages to gain insight into the nature of persisters. The number of
persisters did not change in the lag or early exponential phase, and increased dramatically in the mid-
exponential phase. Similar dynamics were observed with Pseudomonas aeruginosa (ofloxacin) and
Staphylococcus aureus (ciprofloxacin and penicillin). This shows that the production of persisters depends on
the growth stage [23].

5. Clinical Implications and Strategic Solutions

Antibiotic resistance mechanisms lead to a significant threat to global healthcare, resulting in severe
medical therapeutic implications. This results in increased mortality and extended hospitalisations. Physicians
could use second- and third-line agents, which can be more toxic medications. Infectious treatments could be
delayed. Strategic solutions for healthcare systems in all countries are improving the programs of antibiotic
stewardship, early diagnostics, and development of novel antibiotics and alternatives like bacteriophages and
antimicrobial peptides.

6. Conclusion

Antibiotic resistance (AR) in bacteria is a crucial global health crisis and arises from massive overuse of
antimicrobial drugs and a combination of ineffective structural, enzymatic, and physiological processes. These
molecular mechanisms span from antibiotic inactivation, target modification, mobile gene transfers, biofilms,
and persister cells to organised bacterial communities such as biofilms. Critical effective responses require a
variety of approaches integrating molecular insights, clinical practice, and stewardship programs.
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