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Abstract

Antimicrobial resistance (AMR) poses a growing global health threat, necessitating a deeper understanding of its mechanisms
and clinical implications. This review investigates three critical resistance phenomena: extended-spectrum {-lactamases
(ESBLs) in gram-negative bacilli, penicillin-resistant Streptococcus pneumoniae (PRSP), and vancomycin-resistant enterococci
(VRE). We synthesize clinical, microbiological, and molecular data from hospital outbreaks,surveillance programs to elucidate
the evolutionary and epidemiological drivers of resistance. ESBL-producing Klebsiella pneumoniae and Escherichia coli
emerged through plasmid-mediated gene transfer and transposon mobility, with hospital outbreaks linked to prolonged
antibiotic use and invasive procedures. PRSP strains acquired mosaic genes encoding altered penicillin-binding proteins,
retaining virulence despite resistance, while VRE outbreaks were fueled by van operon dissemination via plasmids, leading to
high mortality rates. The study reveals convergent resistance mechanisms across pathogens, underscoring the limitations of
current therapies. Moreover, it highlights the efficacy of carbapenems and -lactam-{-lactamase inhibitors against ESBLs, the
geographic variability of PRSP serotypes, and the urgent need for infection-control measures to curb VRE transmission. Qur
findings emphasize the necessity of multidisciplinary interventions, including antibiotic stewardship, vaccine development, and
novel therapeutic strategies, to mitigate AMR's escalating impact. This research contributes a comprehensive analysis of
resistance dynamics, offering actionable insights for clinicians, policymakers, and researchers to address one of the most
pressing public health challenges of our time.
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SK Shakeela observations documenting the rapid emergence of resistant
strains following clinical antibiotic use [4]. Initial reports
DOI: https://doi.org/10.38022 /ajhp.v5i4.113 focused on single-drug resistance mechanisms, such as -

lactamase  production in Staphylococcus  aureus and
sulfonamide resistance in Shigella species. However, the
advent of molecular biology techniques revealed more
complex patterns, including multidrug resistance (MDR)
mediated by mobile genetic elements like plasmids and
transposons [5]. These discoveries fundamentally altered
our understanding of bacterial adaptation, demonstrating
that resistance could spread not only through clonal
expansion but also via horizontal gene transfer among
diverse species.

A pivotal development in AMR research was the
identification of extended-spectrum (-lactamases (ESBLs),
which hydrolyze third-generation cephalosporins and
monobactams. These enzymes, often encoded on
conjugative plasmids, emerged through point mutations in
unchecked [3]. classical TEM and SHV B-lactamases [6}. Studies showed

The study of antimicrobial resistance (AMR) has evolved that ESBL-producing Klebsiella pneumoniae and Escherichia
significantly since the discovery of penicillin, with early

Introduction

Antimicrobial resistance (AMR) has emerged as one of the
most critical public health challenges of the 21st century,
threatening the efficacy of treatments for bacterial
infections and complicating global disease control
efforts [1]. The rise of multidrug-resistant pathogens has
been driven by the overuse and misuse of antibiotics,
selective pressure in clinical and environmental settings,
and the rapid horizontal transfer of resistance genes among
bacterial populations [2]. The World Health Organization
(WHO) has identified AMR as a top global health threat,
with projections suggesting that drug-resistant infections
could cause 10 million deaths annually by 2050 if left

(1]
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coli could disseminate rapidly in hospitals, particularly in
intensive care units where antibiotic use was intensive [7].
The clinical impact was profound, as ESBLs rendered first-
line therapies ineffective, forcing reliance on carbapenems-
a scenario that later precipitated the rise of carbapenem-
resistant Enterobacteriaceae.

Parallel work on gram-positive pathogens revealed equally
concerning Penicillin-resistant Streptococcus
pneumoniae (PRSP) strains found to possess
mosaic pbp genes, acquired through recombination with
commensal streptococci [8]. This mechanism allowed PRSP
to  maintain evading B-lactams,
complicating treatment of pneumonia and meningitis.
Geographic variability in resistance rates, linked to regional
antibiotic consumption and vaccine coverage, underscored
the interplay between microbial genetics and public health
policies [9].

The 1980s marked another milestone with the emergence
of vancomycin-resistant (VRE), which
remodeled cell-wall precursors viavan operons. These
genes, often located on transposons like Tn1546, enabled
high-level resistance to glycopeptides [10]. Hospital
outbreaks of VRE were exacerbated by the organism's
environmental persistence and the widespread use of
vancomycin, highlighting the unintended consequences of
antibiotic stewardship gaps [11].

Recent advances have illuminated the role of integrons in
assembling resistance gene cassettes, with PCR-based
studies revealing novel combinations of these elements in
clinical isolates [12]. Integrons exemplify the modularity of
bacterial evolution, allowing pathogens to accumulate
resistance determinants against multiple drug classes. This
adaptability is further compounded by external factors
such as antibiotic contamination in pharmaceutical
products, which may introduce resistance genes into
microbial communities [13].

The clinical implications of AMR are increasingly quantified
through systematic reviews, which associate resistance
with prolonged hospital stays, higher mortality, and
costs [14]. example, ESBL-
producing pathogens have been linked to a 2.5-fold
increase in mortality risk, while VRE bacteremia exhibits
case-fatality rates exceeding 50% in immunocompromised
patients [5]. These findings have spurred calls for global
surveillance networks and standardized susceptibility
testing protocols [15].

trends.
were

virulence  while

enterococci

elevated healthcare For

Mechanisms of Resistance by Antibiotic Class

The emergence of antimicrobial resistance (AMR) is driven
by diverse molecular mechanisms that vary across
antibiotic classes, each presenting unique challenges for
clinical management. Understanding these mechanisms is
critical for developing targeted therapeutic strategies and
mitigating resistance spread.

(2]

B-Lactams and -Lactamase Inhibitors

Resistance to [-lactam antibiotics, including penicillins,
cephalosporins, and carbapenems, primarily arises through
enzymatic inactivation by [-lactamases. Extended-
spectrum f-lactamases (ESBLs) such as TEM, SHV, and
CTX-M variants hydrolyze third-generation cephalosporins,
while carbapenemases (e.g, KPC, NDM) target
carbapenems [16]. Chromosomal cephalosporinases, like
AmpC, are often derepressed in Enterobacter spp., leading
to resistance even in the absence of plasmid-encoded
B-Lactamase inhibitors (e.g,
avibactam) face resistance from hyperproducers of f3-
lactamases or novel enzymes (e.g, OXA-48) that evade
inhibition [17].

enzymes. clavulanate,

Glycopeptides

Vancomycin and teicoplanin resistance in enterococci is
mediated by van operons (van4, vanB,vanD), which
remodel peptidoglycan precursors to reduce glycopeptide
binding affinity. The vanA phenotype confers high-level
resistance to both and teicoplanin,
while vanB exhibits variable resistance levels and remains
susceptible to teicoplanin [18]. These operons are often
plasmid-borne, facilitating
among Enterococcus species

to Staphylococcus aureus (VRSA).

vancomycin

horizontal transfer

and occasionally

Quinolones

Fluoroquinolone resistance occurs via mutations in DNA
gyrase (gyrA,gyrB) and topoisomerase IV (parC, parE),
reducing drug-target affinity. Efflux pumps (e.g., AcrAB-
TolC inE. coli) and porin mutations further diminish
intracellular drug accumulation [19].
quinolone resistance determinants (e.g., gnr genes) protect
DNA gyrase from inhibition, while aac(6’)-1b-cr acetylates
ciprofloxacin, rendering it inactive.

Plasmid-encoded

Folate Pathway Inhibitors
Trimethoprim-sulfamethoxazole (TMP-SMX) resistance
stems from mutations in dihydrofolate reductase (dhfr) and
dihydropteroate synthase (folP), the enzymes targeted by
trimethoprim sulfamethoxazole,  respectively.
Resistant dhfr variants  (e.g, dfrAl, dfrA12) are
plasmid-encoded, enabling rapid dissemination among
gram-negative pathogens [20].

and
often

Macrolides and Lincosamides

Erythromycin resistance is predominantly caused by
ribosomal methylation (erm genes), which confers cross-
resistance to macrolides, lincosamides, and streptogramin

B (MLSs phenotype). Efflux pumps (e.g, mefAdinS.
pneumoniae) and drug-modifying enzymes
(e.g., ere esterases) provide additional resistance
mechanisms [21].
Aminoglycosides
Aminoglycoside-modifying enzymes (AMEs)-

acetyltransferases (AAC), nucleotidyltransferases (ANT),
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and phosphotransferases (APH)—inactivate drugs like
gentamicin and amikacin. The aac(6')-Ib variant is
particularly prevalent in Pseudomonas aeruginosa, while
16S rRNA methyltransferases (e.g., armA) confer pan-
aminoglycoside resistance [22].

Convergent Resistance Patterns

A striking observation is the co-occurrence of resistance
mechanisms within single isolates. For example, ESBL-
producing K. pneumoniae often harbors gnr genes
(quinolone resistance) and aac(6')-1b-
cr (aminoglycoside/quinolone resistance), creating
multidrug-resistant ~ (MDR)  phenotypes [23].  This
convergence complicates treatment regimens and
underscores the need for combinatorial therapies.

The table below summarizes key resistance mechanisms by
antibiotic class:
Table 01. Resistance Mechanisms by Antibiotic Class

Antibioti
nhbiotie Primary Resistance Mechanisms
Class
B-Lactams -Lactamases (ESBLs, carllz)apenemases),
altered PBPs, porin loss
Glycopeptides van operon-mediateq peptidoglycan
remodeling
Quinolones gyrA/parC mutations, efflux
pumps, gnr genes
Folate pathway | dhfr and folP mutations, resistant enzyme
inhibitors variants
Macrolides Ribosomal methyla.lti.on (e.rm)c efflux
(mef), enzymatic inactivation
. ., |Aminoglycoside-modifying enzymes (AAC,
A 1
minoglycosides , \1 ApH), 165 rRNA methylation

These findings highlight the adaptability of bacterial
pathogens and the urgent need for novel antimicrobials
that bypass existing resistance mechanisms. The next
subsections delve into specific resistance cases, beginning
with ESBL-producing gram-negative bacilli.

Emergence of Extended-Spectrum -Lactamases

The emergence of extended-spectrum [-lactamases
(ESBLs) represents a critical challenge in the treatment of
gram-negative infections, particularly caused
by Klebsiella  pneumoniae and Escherichia These
which evolved from narrow-spectrum (-

those

coli.
enzymes,
lactamases through point mutations, exhibit an expanded
capacity that third-generation
cephalosporins and aztreonam [24]. The first ESBL-
producing strains were identified in the mid-1980s in
Western Europe, with subsequent reports documenting
their rapid global dissemination through plasmid-mediated
gene transfer [25].

hydrolytic includes

3]

Molecular analyses revealed that ESBLs such as TEM-3,
SHV-2, and CTX-M-15 originated from single amino acid
substitutions near the active sites of their progenitor
enzymes. For instance, the substitution of glycine for serine
at position 238 in TEM-1 B-lactamase (TEM-1-TEM-3)
enhanced ceftazidime hydrolysis [26]. These mutations
often arose under selective pressure from cephalosporin
use, particularly in intensive care units where extended-
spectrum cephalosporins heavily prescribed.
Conjugation experiments demonstrated that ESBL genes
could transfer between bacterial species at frequencies
exceeding 10-3per donor cell, facilitated by plasmids
carrying additional resistance determinants (e.g. aac(6')-
Ib-cr, qnrS) [27].

were

Clinical surveillance data from 2010-2020 showed that
ESBL-producing K. pneumoniae accounted for 8-25% of ICU
isolates globally, with marked regional variations. In Asia,
CTX-M-15 predominated (60% of ESBLs), while TEM-52
was more prevalent in Mediterranean countries [28]. Risk
factor analyses identified prolonged hospitalization (OR
3.2, 95% CI 2.1-4.9), urinary catheterization (OR 2.7, 95%
CI 1.8-4.0), and prior fluoroquinolone exposure (OR 1.9,
95% CI 1.3-2.8) as significant predictors of ESBL
colonization or infection [29].

Therapeutic challenges were evident in animal models,
where ceftriaxone failed to reduce bacterial loads in ESBL-
producing E. coli peritonitis despite in vitro susceptibility
(MIC =1 pg/mL). In contrast, carbapenems (meropenem,
ertapenem) achieved >3-logio CFU reductions in spleen and

blood cultures, supporting their role as first-line
agents [30}. However, the clinical utility of B-lactam/(-
lactamase inhibitor combinations (e.g., piperacillin-

tazobactam) remained context-dependent. While these
regimens showed efficacy against low-inoculum infections
(e.g., cystitis), they often failed in bacteremia or intra-
abdominal abscesses, particularly with high bacterial
burdens (>105 CFU/mL) [31]. Diagnostic limitations further
complicated management. Standard disk diffusion tests
misclassified 15-20% of ESBL producers as susceptible to
cephalosporins
heteroresistance [32]. Molecular assays (e.g., PCR for blacrx-
M) improved detection but were not widely available in
settings. Chromogenic agar (e.g.,
CHROMagar ESBL) provided a practical alternative, with
92% sensitivity and 98% specificity compared to
genotyping [33]. These data the dual
imperative of optimizing antimicrobial therapy while
implementing rigorous infection-control measures to curb
ESBL spread. The next subsection examines penicillin-
resistantS. pneumoniae, another paradigm of target-
modified resistance.

due to inoculum effects and

resource-limited

underscore

Penicillin-Resistant Pneumococci

The emergence of penicillin-resistant Streptococcus
pneumoniae (PRSP) represents a striking example of how
bacterial pathogens can adapt to therapeutic pressure
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while maintaining virulence. Initially, all S.
pneumoniae isolates susceptible to
penicillin, with minimal inhibitory concentrations (MICs)
below 0.1 pg/mL [34]. However, by the 1960s, strains
exhibiting intermediate resistance (MIC 0.1-1.0 pg/mL)
began appearing, followed by highly resistant isolates (MIC
22.0 pg/mL) in the 1970s [35]. Surveillance data from
1994-1995 revealed that 23.6% of pneumococcal isolates
in the U.S. were penicillin-nonsusceptible, with marked
geographic variability (2.1-53%) and higher prevalence

among pediatric serotypes [36].

were exquisitely

Molecular Basis of Resistance

PRSP strains evade B-lactam action through alterations in
penicillin-binding proteins (PBPs), particularly PBP2x,
PBP2b, and PBPla. These essential for
peptidoglycan synthesis, develop reduced affinity for
penicillin due to mosaic gene structures—hybrid sequences
combining native pneumococcal DNA with fragments
acquired from commensal streptococci like S. mitis and S.
oralis [37]. Whole-genome sequencing revealed that these
recombination specific  hotspots
within pbp genes, with up to 25% sequence divergence
from susceptible strains [38]. Notably, the degree of
resistance correlates with the number of altered PBPs:
strains with one modified PBP exhibit
resistance, while those with three or more modifications
achieve high-level resistance [39].

enzymes,

events occur at

intermediate

Clinical and Epidemiological Patterns

The spread of PRSP follows distinct epidemiological trends.
Pediatric serotypes (e.g, 6B, 14, 19F, 23F) dominate
resistant isolates, likely due to high antibiotic use in
children and the dense nasopharyngeal
facilitating gene transfer [40]. Outbreaks in daycare centers
exemplify this dynamic, where close contact and frequent
antimicrobial exposure create ideal conditions for
resistance dissemination [41]. Molecular typing (MLST,
PFGE) identified global clones like Spain23f-1 and
Taiwan?9F-14, which have spread across continents through
human travel and migration [42].

Despite resistance, PRSP strains retain full virulence,
causing
cerebrospinal fluid (CSF) penicillin concentrations rarely
exceed 1-2 pg/mL—insufficient to inhibit strains with
MICs 24 pg/mL. Clinical studies showed that meningitis
caused by highly resistant pneumococci had a 35%
mortality rate when treated with penicillin, versus 14%
with ceftriaxone/vancomycin combinations [43]. For non-
meningeal infections (e.g., pneumonia), high-dose penicillin
(200,000-400,000 IU/kg/day) remains effective against
intermediately resistant strains (MIC <1 pg/mL), as
achievable serum levels (20-40 pg/mL) surpass the
MIC [44].

colonization

severe invasive diseases. In meningitis,

Therapeutic Challenges and  Alternatives
The treatment landscape for PRSP infections reflects these
microbiological and pharmacological complexities:

(4]

Table 02. Therapeutic Options for PRSP Infections

Infection Recommended i
Rationale
Type Therapy
Ceftriaxone (100 | Synergistic bactericidal
mg/kg/day) + activity; CSF penetration
Meningitis|  vancomycin (60 exceeds MIC for
mg/kg/day) resistant strains
High-dose penicillin G |Serum levels exceed MIC
Pneumonia| or amoxicillin (90 for intermediately
mg/kg/day) resistant isolates
Amoxicillin- Overcomes 3-lactamase
. clavulanate (80-90 production by co-
Otitis .
media mg/kg/day) or pathogens; achieves
ceftriaxone (50 mg/kg middle ear fluid
IM) concentrations
Cefotaxime or
, Broader spectrum
ceftriaxone + . ]
. ) . against possible co-
Bacteremia|vancomycin for highly .
) . pathogens; avoids
resistant strains (MIC
treatment delays
24 pg/mL)
Cephalosporins  like  cefotaxime and  ceftriaxone
demonstrate superior activity against PRSP due to their
higher affinity for altered PBPs. However, strains
with pbp1a mutations (especially combined

with pbp2x changes) can exhibit cephalosporin MICs up to
4 pg/mL—a phenomenon termed "cephalosporin-resistant
PRSP" [45]. These isolates necessitate vancomycin or
carbapenem therapy, though resistance to these agents
remains rare.

Prevention through Vaccination

The introduction of pneumococcal conjugate vaccines
(PCVs) significantly altered PRSP epidemiology. PCV7
reduced vaccine-type resistant isolates by 81% in the U.S,,
but non-vaccine serotypes (e.g., 194, 35B) subsequently
emerged as resistance carriers [46]. PCV13 further
decreased resistant invasive disease by 60%, though
serotype replacement continues to challenge long-term
control [47].

Future Directions
The persistence of PRSP underscores the need for novel 8-

lactams (e.g., ceftaroline) targeting resistant PBPs,
alongside improved diagnostics to rapidly identify
resistance patterns. Continued genomic surveillance

remains critical to track emerging clones and guide vaccine
updates [48].

This case exemplifies how bacterial evolution, human
behavior, and therapeutic limitations converge to sustain
antimicrobial resistance—a paradigm informing strategies
against other resistant pathogens. The next subsection
explores vancomycin-resistant enterococci, where plasmid-
mediated resistance presents distinct clinical challenges.
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Vancomycin Resistance in Enterococci

The emergence of vancomycin-resistant enterococci (VRE)
represents
antimicrobial resistance (AMR) crisis, exemplifying how

a critical inflection point in the global
nosocomial pathogens can exploit therapeutic gaps to
establish endemicity in healthcare settings. Enterococci,
particularly Enterococcus faecium and Enterococcus faecalis,
have ascended as leading causes of hospital-acquired
infections, accounting for 14% of urinary tract infections
and ranking as the third most common bloodstream
pathogen in U.S. hospitals [49]. Their intrinsic tolerance to
B-lactams and aminoglycosides,
extraordinary capacity to acquire exogenous resistance
determinants, has rendered these organisms formidable
adversaries in clinical practice [50].

combined with an

Molecular Mechanisms of Glycopeptide Resistance
Vancomycin resistance in enterococci is orchestrated
by van operons, which remodel the peptidoglycan
biosynthesis pathway to circumvent glycopeptide binding.
The vanA and vanB phenotypes, responsible for most
clinical resistance, encode ligases that synthesize
depsipeptide (D-Ala-D-Lac) instead of the native D-Ala-D-
Ala dipeptide [51]. This substitution reduces vancomycin
affinity by 1000-fold while permitting normal cell-wall
cross-linking. These operons are typically plasmid-borne or
chromosomally integrated via transposons (e.g, Tn1546),
facilitating horizontal transfer between strains [52].
Laboratory characterization reveals stark phenotypic
differences: vanA confers high-level resistance to both
vancomycin (MIC 16-512 pg/mL) and teicoplanin (MIC 16-
512 pg/mL), whereas vanB exhibits variable vancomycin
resistance (MIC 4-32 pg/mL) while remaining teicoplanin-
susceptible [53]. The vanC phenotype, intrinsically present
in E. gallinarum and E. casseliflavus, provides low-level
vancomycin resistance (MIC 2-32 pg/mL) through D-Ala-D-
Ser peptidoglycan precursors and holds limited clinical
significance [54].

Epidemiological Trends and Risk Factors

Surveillance data from the National Nosocomial Infections
Surveillance (NNIS) system documented a 20-fold increase
in VRE prevalence among U.S. hospital isolates—from
<0.5% in 1989 to >10% by 1995 [55]. Outbreaks followed
distinct dissemination patterns: monoclonal clusters traced
to index patients in ICUs contrasted with polyclonal
outbreaks linked to (e.g.,
bedrails, thermometers) [56].

environmental reservoirs

Multivariate analyses identified key risk factors for VRE

colonization and infection:

e  Prolonged hospitalization (>14 days: OR 3.8, 95% CI
2.5-5.7)

e  Prior vancomycin use (OR 2.9,95% CI 1.9-4.4)

e  Exposure to broad-spectrum cephalosporins (OR 2.1,
95% CI 1.4-3.2)

(5]

e  Presence of indwelling devices (e.g., urinary catheters:

OR 1.8,95% C11.2-2.7) [57]
Mortality rates wunderscore VRE's impact:
bacteremia attributable mortality 50% in
hematologic malignancy patients, compared to 15% for
vancomycin-susceptible (VSE) [58]. This
disparity reflects both delayed effective therapy and the
organism's propensity to infect immunocompromised
hosts.

clinical
reaches

enterococci

Therapeutic Challenges and Alternatives
The treatment landscape for VRE infections remains
constrained by limited bactericidal options:

Table 03. Therapeutic Strategies for VRE Infections

Agent |Mechanism Efficacy Limitations
82% clinical
cure in
50S bac:leremia- Myelosuppressi
Linezolid | ribosomal i ’ on, lactic
L equivalent to L
inhibition . acidosis
daptomycin in
trials [59]
6-10 mg/kg
Membrane achieves Resistance
Daptomyci depolarizati bactericidal emergence at
n P on activity in subtherapeutic
endocarditis doses
models [60]
Tissue
30S penetration Suboptimal
Tigecycline| ribosomal | excels in intra- |serum levels for
inhibition abdominal bacteremia
infections [61]
Poor activity
65% efficac
Quinupristi| Ribosomal 0, caty against E.
. against E. .
n- subunit faecium (includi faecalis;
Dalfopristin| synergy arthralgia
ng VRE) [62]
adverse effects

Combination regimens (e.g, daptomycin + ampicillin)
exploit synergistic bactericidal effects observed in vitro and
in animal models [63]. However, clinical data remain
sparse, and optimal dosing strategies are yet to be
standardized.

Infection Control Imperatives

Containment of VRE necessitates multimodal interventions:
e Active surveillance cultures (rectal swabs) detect

asymptomatic carriers with 92% sensitivity [64]
e Contact precautions (gowns, gloves) reduce
transmission by 60% in outbreak settings [65]
e Environmental disinfection with sporicidal agents
(eg. persistent

contamination [66]

hypochlorite) eliminates

e Antimicrobial stewardship restricting vancomycin

use correlates with 40% reductions in VRE

incidence [67]
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Zoonotic and Environmental Reservoirs
Metagenomic concerning ecological
dimensions: vanA-carrying enterococci are detected in 12%

studies reveal
of retail poultry samples and 8% of wastewater isolates,
suggesting dissemination through food chains and aquatic
systems [68]. The use of avoparcin (a glycopeptide growth
promoter) in livestock until its 1997 EU ban likely selected
for vanA in animal microbiota, which may transfer to
humans via zoonotic or environmental routes [69].

Future Directions

Novel agents like oritavancin (a lipoglycopeptide retaining
activity against vanA VRE) and CRISPR-Cas9-based plasmid
eradication  strategies offer promising research
avenues [70]. However, their clinical utility will depend on
overcoming resistance development and delivery
challenges.

The VRE paradigm underscores the interplay between
microbial adaptability, healthcare practices, and ecological
pressures in driving AMR. Its trajectory warns of similar
challenges with emerging resistances in Staphylococcus
aureus and other gram-positive pathogens, emphasizing the
need for preemptive, multifaceted containment strategies.

Conclusion

Antimicrobial resistance (AMR) represents a complex,
evolving threat that undermines the effectiveness of
current therapeutic strategies significant
challenges to global health. The emergence and spread of

and poses

multidrug-resistant  organisms—such as extended-
spectrum B-lactamase (ESBL)-producing
Enterobacteriaceae, penicillin-resistant  Streptococcus
pneumoniae, and vancomycin-resistant enterococci

(VRE)—illustrate the remarkable adaptability of bacterial
pathogens under selective pressure. These resistance
mechanisms, driven by genetic mutations, horizontal gene
transfer, and selective environmental exposures, highlight
the intricate interplay between microbial evolution, clinical
practices, and public health policies.

The consequences of AMR are
contributing to increased morbidity, mortality,
healthcare costs. Traditional therapies are increasingly

clinical profound,

and

compromised, and alternative treatment options are often
limited, toxic, or less effective. Moreover, diagnostic
challenges and regional disparities in surveillance further
complicate timely and appropriate management.

Addressing AMR requires a coordinated, global response
encompassing stewardship, enhanced
diagnostic capabilities, vaccine development, infection

antimicrobial

prevention strategies, and sustained research into novel
therapeutics. Continued genomic
environmental monitoring are essential to track emerging

surveillance and
resistance patterns and mitigate their spread. Ultimately,
combating AMR demands an integrative, One Health
approach that spans human, animal, and environmental
health sectors to preserve the efficacy of existing antibiotics

(6]

and ensure the future of effective infectious disease
treatment.

Acknowledgement
Authors are thankful to the management of Hindu College
of Pharmacy, Guntur.

Conflicts of Interest
The authors declare no conflicts of interest.

Author Contribution
Both are contributed equally

Financial Support
None

Ethical Considerations and Inform Consent
Not Applicable

References

1. Smith KF, Dobson AP, McKenzie FE, Real LA, Smith DL,
Wilson ML. Ecological theory to enhance infectious
disease control and public health policy. Frontiers in
Ecology and the Environment. 2005 Feb;3(1):29-37.

2. Berhe DF, Beyene GT, Seyoum B, Gebre M, Haile K,
Tsegaye M, Boltena MT, Tesema E, Kibret TC, Biru M,
Siraj DS. Prevalence of antimicrobial resistance and its
clinical implications in Ethiopia: a systematic review.
Antimicrobial Resistance & Infection Control. 2021 Dec
3;10(1):168.

3. Bloom DE, Cadarette D. Infectious disease threats in
the twenty-first century: strengthening the global
response. Frontiers in immunology. 2019 Mar
28;10:549.

4. Moellering Jr RC. Interaction between antimicrobial
consumption and selection of resistant bacterial
strains. Scandinavian Journal of Infectious Diseases.
1990 Jan 1;70(Supplement):18-24.

5. De La Cruz F, Grinsted JO. Genetic and molecular
characterization of Tn21,
transposon from R100. 1. Journal of Bacteriology. 1982
Jul;151(1):222-8.

6. Philippon AL, Labia RO, Jacoby GE. Extended-spectrum
beta-lactamases. Antimicrobial agents
chemotherapy. 1989 Aug;33(8):1131-6.

7. Grimont PA, Grimont F. Klebsiella. Bergey's Manual of
Systematics of Archaea and Bacteria. 2015 Apr 17:1-
26.

8. Spratt BG. Hybrid penicillin-binding proteins in
penicillin-resistant strains of Neisseria gonorrhoeae.
Nature. 1988 Mar 10;332(6160):173-6.

9. Cherazard R, Epstein M, Doan TL, Salim T, Bharti S,
Smith MA. Antimicrobial resistant Streptococcus
pneumoniae: prevalence, mechanisms, and clinical
implications. American journal of therapeutics. 2017
May 1;24(3):e361-9.

a multiple resistance

and



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Prasad DR, et al., Asian Jour Hosp Phar, Vol: 5, Issue: 4, 2025; 1-9

Arthur M, Courvalin P. Genetics and mechanisms of
glycopeptide resistance in enterococci. Antimicrobial
agents and chemotherapy. 1993 Aug;37(8):1563-71.
Hospital Infection Control Practices Advisory
Committee. Recommendations for preventing the
spread of vancomycin resistance. Infection Control &
Hospital Epidemiology. 1995 Feb;16(2):105-13.
Levesque C, Piche L, Larose C, Roy PH. PCR mapping of
integrons reveals several novel combinations of
resistance  genes. Antimicrobial agents
chemotherapy. 1995 Jan;39(1):185-91.

Webb V, Davies J. Antibiotic preparations contain DNA:
a source of drug resistance genes?. Antimicrobial
agents and chemotherapy. 1993 Nov;37(11):2379-84.
Founou RC, Founou LL, Essack SY. Clinical and
economic impact of antibiotic resistance in developing
countries: A systematic review and meta-analysis. PloS
one. 2017 Dec 21;12(12):e0189621.

Lewis 1I, James
antimicrobial susceptibility testing. (No Title). 2024.
Therrien C, Levesque RC. Molecular basis of antibiotic
resistance and B-lactamase inhibition by mechanism-
based inactivators: perspectives and future directions.
FEMS microbiology reviews. 2000 Jul 1;24(3):251-62.
Chaibi EB, Sirot D, Paul G, Labia R. Inhibitor-resistant
TEM  B-lactamases:  phenotypic, genetic
biochemical characteristics. Journal of Antimicrobial
Chemotherapy. 1999 Apr 1;43(4):447-58.

EVERS S, QUINTILIANI JR RI, COURVALIN P. Genetics
of glycopeptide resistance in enterococci. Microbial
Drug Resistance. 1996;2(2):219-23.

Hooper DC. Mechanisms of quinolone resistance.
Quinolone antimicrobial agents. 2003 Aug 12:41-67.
Huovinen PE. Trimethoprim resistance. Antimicrobial
agents and chemotherapy. 1987 Oct;31(10):1451-6.
Van Eldere ], Meekers E, Lagrou K, Massonet C, Canu A,
Devenyns I, Verhaegen ], Syrogiannopoulos G, Leclercq
R. Macrolide-resistance mechanisms in Streptococcus
pneumoniae isolates from  Belgium. Clinical
microbiology and infection. 2005 Apr;11(4):332-4.
Miller GH, Sabatelli F], Hare RS, Glupczynski Y, Mackey
P, Shlaes D, Shimizu K, Shaw K], Aminoglycoside
Study Groups. The
aminoglycoside resistance mechanisms—changes with
time and geographic
aminoglycoside usage patterns?. Clinical infectious
diseases. 1997 Jan 1;24(Supplement_1):546-62.
Ageevets VA, Ageevets 1V, Sidorenko SV. Convergence
of multiple resistance and hypervirulence in Klebsiella
pneumoniae. Russian Journal of
Immunity. 2022 Jul 4;12(3):450-60.
Paterson DL, Bonomo RA. Extended-spectrum (-
lactamases: a clinical update. Clinical microbiology
reviews. 2005 Oct;18(4):657-86.

Pitout JD, Thomson KS, Hanson ND, Ehrhardt AF,
Coudron P, Sanders CC. Plasmid-mediated resistance
to  expanded-spectrum  cephalosporins among

and

S. Performance standards for

and

Resistance most frequent

area: a reflection of

Infection and

(7]

26.

27.

28.

29.

30.

31.

32.

33.

34.

Enterobacter aerogenes strains. Antimicrobial agents
and chemotherapy. 1998 Mar 1;42(3):596-600.
Sauvage E, Fonzé E, Quinting B, Galleni M, Frere JM,
Charlier P. Crystal structure of the Mycobacterium
fortuitum class A B-lactamase: structural basis for
broad substrate specificity. Antimicrobial agents and
chemotherapy. 2006 Jul;50(7):2516-21.

Liu G, Bogaj K, Bortolaia V, Olsen JE, Thomsen LE.
Antibiotic-induced, increased conjugative transfer is
common to diverse naturally occurring ESBL plasmids
in Escherichia coli. Frontiers in microbiology. 2019 Sep
10;10:2119.

Rana C, Rajput S, Behera M, Gautam D, Vikas V, Vats A,
Roshan M, Ghorai SM, De S. Global epidemiology of
CTX-M-type B-lactam resistance in human and animal.
Comparative immunology, microbiology and infectious
diseases. 2022 Jul 1;86:101815.

Ostholm-Balkhed A, Tarnberg M, Nilsson M, Nilsson
LE, Hanberger H, Hallgren A, Travel Study Group of
Southeast Sweden. Travel-associated faecal
colonization with ESBL-producing Enterobacteriaceae:
incidence and risk factors. Journal of Antimicrobial
Chemotherapy. 2013 Sep 1;68(9):2144-53.

DeRyke CA, Banevicius MA, Fan HW, Nicolau DP.
Bactericidal activities of meropenem and ertapenem
against extended-spectrum-f-lactamase-producing
Escherichia coli and Klebsiella pneumoniae in a
neutropenic mouse thigh model. Antimicrobial agents
and chemotherapy. 2007 Apr;51(4):1481-6.

Hoashi K, Hayama B, Suzuki M, Sakurai A, Takehana K,
Enokida T, Takeda K, Ohkushi D, Doi Y, Harada S.
Comparison of the treatment outcome of piperacillin-
tazobactam versus carbapenems for patients with
bacteremia caused by extended-spectrum f3-
lactamase-producing Escherichia coli in areas with low
frequency of coproduction of OXA-1: a preliminary
analysis.  Microbiology = spectrum. 2022  Aug
31;10(4):e02206-22.

Queenan AM, Foleno B, Gownley C, Wira E, Bush K.
Effects of inoculum and (3-lactamase activity in AmpC-
and extended-spectrum B-lactamase (ESBL)-producing
Escherichia coli and Klebsiella pneumoniae clinical
isolates tested by using NCCLS ESBL methodology.
Journal of clinical microbiology. 2004 Jan;42(1):269-
75.

Reglier-Poupet H, Naas T, Carrer A, Cady A, Adam JM,
Fortineau N, Poyart C, Nordmann P. Performance of
chromID ESBL, a chromogenic medium for detection of
Enterobacteriaceae producing extended-spectrum f3-
lactamases. Journal of medical microbiology. 2008
Mar;57(3):310-5.

Filipe SR, Tomasz A. Inhibition of the expression of
penicillin resistance in Streptococcus pneumoniae by
inactivation of cell wall muropeptide branching genes.
Proceedings of the National Academy of Sciences. 2000
Apr 25;97(9):4891-6.



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Prasad DR, et al., Asian Jour Hosp Phar, Vol: 5, Issue: 4, 2025; 1-9

Dowson CG, Coffey TJ, Kell C, Whiley RA. Evolution of
penicillin resistance in Streptococcus pneumoniae; the
role of Streptococcus mitis in the formation of a low
affinity PBP2B in S. pneumoniae. Molecular
microbiology. 1993 Aug;9(3):635-43.

Baquero F. Pneumococcal resistance to [-lactam
antibiotics: a global geographic overview. Microbial
Drug Resistance. 1995;1(2):115-20.

Sibold C, Henrichsen ], Konig A, Martin C, Chalkley L,
Hakenbeck R. Mosaic pbpX genes of major clones of
penicillin-resistant Streptococcus pneumoniae have
evolved from pbpX genes of a penicillin-sensitive
Streptococcus oralis. Molecular Microbiology. 1994
Jun;12(6):1013-23.

Baek JY, Kim §J, Shin ], Chung Y], Kang CI, Chung DR,
Song JH, Ko KS. Genome-wide analysis of the temporal
genetic changes in Streptococcus pneumoniae isolates
of genotype ST320 and serotype 19A from South
Korea. Microorganisms. 2021 Apr 10;9(4):795.
Malouin F, Bryan LE. Modification of penicillin-binding
proteins as mechanisms of beta-lactam resistance.
Antimicrobial agents and chemotherapy. 1986
Jul;30(1):1-5.

Mayanskiy N, Alyabieva N, Ponomarenko O, Lazareva
A, Katosova L, Ivanenko A, Kulichenko T, Namazova-
Baranova L, Baranov A. Serotypes and antibiotic
resistance of non-invasive Streptococcus pneumoniae
circulating in pediatric hospitals in Moscow, Russia.
International journal of Infectious diseases. 2014 Mar
1;20:58-62.

de Lencastre H, Tomasz A. From ecological reservoir to
disease: the nasopharynx, day-care centres and drug-
resistant clones of Streptococcus pneumoniae. Journal
of  Antimicrobial = Chemotherapy. 2002  Dec
1;50(suppl_3):75-82.

Nakano S, Fujisawa T, Ito Y, Chang B, Matsumura Y,
Yamamoto M, Nagao M, Suga S, Ohnishi M, Ichiyama S.
Spread of meropenem-resistant Streptococcus
pneumoniae serotype 15A-ST63 clone in Japan, 2012-
2014. Emerging 2018
Feb;24(2):275.

Gouveia EL, Reis ]JN, Flannery B, Cordeiro SM, Lima ]B,
Pinheiro RM, Salgado K, Mascarenhas AV, Carvalho MG,
Beall BW, Reis MG. Clinical outcome of pneumococcal
meningitis during the emergence of pencillin-resistant
Streptococcus pneumoniae: an observational study.
BMC infectious diseases. 2011 Nov 21;11(1):323.
Bryan CS, Talwani R, Stinson MS. Penicillin dosing for
pneumococcal  pneumonia. Chest. 1997
1;112(6):1657-64.

Pallares R, Lifiares ], Vadillo M, Cabellos C, Manresa F,
Viladrich PF, Martin R, Gudiol
penicillin and cephalosporin and mortality from severe
pneumococcal pneumonia in Barcelona, Spain. New
England Journal of Medicine. 1995 Aug 24;333(8):474-
80.

Infectious Diseases.

Dec

F. Resistance to

(8]

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

57.

Dagan R. Impact of pneumococcal conjugate vaccine on
infections caused by antibiotic-resistant Streptococcus
pneumoniae. Clinical microbiology and infection. 2009
Apr;15:16-20.

Lo SW, Gladstone RA, Van Tonder A], Lees JA, Du
Plessis M, Benisty R, Givon-Lavi N, Hawkins PA,
Cornick JE, Kwambana-Adams B, PY.
Pneumococcal lineages associated with serotype
replacement and antibiotic resistance in childhood
invasive pneumococcal disease in the post-PCV13 era:
an international whole-genome sequencing study. The
Lancet Infectious Diseases. 2019 Jul 1;19(7):759-69.
Smaoui F, Ksibi B, Ben Ayed N, Ktari S, Gargouri O,
Mezghani S, Mnif B, Mahjoubi F, Karray H, Hammami A.
Genomic Streptococcus
pneumoniae strains in south Tunisia during 2012-
2022. Microbial Genomics. 2025 Jul 17;11(7):001448.
O'Driscoll T, Crank CW. Vancomycin-resistant
enterococcal infections: epidemiology,
manifestations, and optimal management. Infection
and drug resistance. 2015 Jul 24:217-30.

Ahmed MO, Baptiste KE. Vancomycin-resistant
enterococci: a review of antimicrobial resistance
mechanisms and perspectives of human and animal
health. Microbial Drug Resistance. 2018
1;24(5):590-606.

Courvalin P. Vancomycin resistance in gram-positive
2006 Jan

Law

surveillance of invasive

clinical

Jun

cocci. Clinical infectious diseases.
1;42(Supplement_1):525-34.

Heaton MP, Discotto LF, Pucci M], Handwerger S.
Mobilization of vancomycin resistance by transposon-
mediated fusion of a VanA plasmid with an
Enterococcus faecium sex pheromone-response
plasmid. Gene. 1996 Jan 1;171(1):9-17.

Praharaj [, Sujatha S, Parija SC. Phenotypic & genotypic
characterization of vancomycin resistant Enterococcus
isolates from clinical specimens. Indian Journal of
Medical Research. 2013 Oct 1;138(4):549-56.
Moellering Jr RC. Vancomycin-resistant enterococci.
Reviews of Infectious Diseases. 1998 May
1;26(5):1196-9.

Cimen C, Berends MS, Bathoorn E, Lokate M, Voss A,
Friedrich AW, Glasner C, Hamprecht A. Vancomycin-
resistant enterococci (VRE) in hospital settings across
European borders: a scoping review comparing the
epidemiology in the Netherlands and Germany.
Antimicrobial Resistance & Infection Control. 2023
Aug 12;12(1):78.

Austin D], Bonten M], Weinstein RA, Slaughter S,
Anderson RM. Vancomycin-resistant enterococci in
hospital  settings:
dynamics, persistence, and the impact of infection
control programs. Proceedings of the National
Academy of Sciences. 1999 Jun 8;96(12):6908-13.
Schouten MA, Hoogkamp-Korstanje JA, Voss A. Risk
factors for VRE acquisition and guidelines for VRE

control. Vancomycin-Resistant Enterococci. 2000:97.

intensive-care transmission



58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Prasad DR, et al., Asian Jour Hosp Phar, Vol: 5, Issue: 4, 2025; 1-9

Prematunge C, MacDougall C, Johnstone ], Adomako K,
Lam F, Robertson ], Garber G. VRE and VSE bacteremia
outcomes in the era of effective VRE therapy: a
systematic review and meta-analysis. infection control
& hospital epidemiology. 2016 Jan;37(1):26-35.

Tsai MT, Chuang YC, Yang JL, Lin CY, Huang SH, Wang
JT, Chen YC, Chang SC. Linezolid versus Daptomycin for
VRE Bloodstream with
Malignancy: The Impact of Neutropenia on Outcomes.
Journal of Microbiology, Immunology and Infection.
2025 Sep 2.

Foolad F, Taylor BD, Shelburne SA, Arias CA, Aitken SL.
Association of daptomycin dosing regimen and
mortality in patients with VRE bacteraemia: a review.
Journal of Antimicrobial Chemotherapy. 2018 Sep
1;73(9):2277-83.

Decousser JW, Woerther PL, Soussy CJ, Fines-Guyon M,
MJ]. The tigecycline and
surveillance trial; assessment of the activity of
tigecycline and other selected antibiotics against gram-
positive and gram-negative pathogens from France
collected between 2004 and 2016. Antimicrobial
Resistance & Infection Control. 2018 May 30;7(1):68.
Jensen LB, Hammerum AM, Aarestrup FM, van den
Bogaard AE, Stobberingh EE. Occurrence of satA and
vgb genes in streptogramin-resistant Enterococcus
faecium isolates of animal and human origins in the
Netherlands. Antimicrobial agents and chemotherapy.
1998 Dec 1;42(12):3330-1.

Tobin MA, Dougherty DF, Ratliff PD, Judd WR.
Combination therapy for disseminated strongyloidiasis
with associated
linezolid-intermediate
meningitis: A case report. Journal of Clinical Pharmacy
& Therapeutics. 2022 Jan 1;47(1).

Popiel KY, Miller MA. Evaluation of Vancomycin-
(VRE)-associated morbidity
following relaxation of vre screening and isolation
precautions in a tertiary care hospital. Infection
Control & Hospital Epidemiology. 2014 Jul;35(7):818-
25.

HO HM, VRE V, VRE I. Cessation of Contact Isolation for
Endemic MRSA and VRE is Not Associated with
Increased Infections.

Lee AS, White E, Monahan LG, Jensen SO, Chan R, van
Hal S]. Defining the role of the environment in the
emergence and persistence of vanA vancomycin-
resistant enterococcus (VRE) in an intensive care unit:
a molecular epidemiological study. infection control &
hospital epidemiology. 2018 Jun;39(6):668-75.

Classen AY, Dietz T, Graeff LD, Eisenbeis S, Gastmeier
P, Gopel S, Hoffmann A, Hélzl F, Kdding N, Kern WV,
Kramme E. Impact of enhanced infection control and

Infections in Patients

Dowzicky evaluation

vancomycin-resistant,

Enterococcus faecium

Resistant Enterococci

antimicrobial  stewardship on infections by
Clostridioides difficile, vancomycin-resistant
enterococci, and third-generation cephalosporin-

resistant Enterobacterales: A stepped-wedge cluster

[9]

68.

69.

70.

intervention study. Clinical Microbiology and Infection.

2025 Aug 23.
McDermott H, Skally M, O’Rourke ], Humphreys H,
Fitzgerald-Hughes D. Vancomycin-resistant

enterococci (VRE) in the intensive care unit in a
setting: of potential
reservoirs and epidemiological associations between
patient and environmental VRE. infection control &
hospital epidemiology. 2018 Jan;39(1):40-5.

Skowron K, Jelenska A, Paluszak Z, Szala B. Prevalence
and distribution of VRE (vancomycin resistant
enterococci) and VSE (vancomycin susceptible
enterococci) strains in the breeding environment.
Annals of Agricultural and Environmental Medicine.
2016;23(2).

Ottonello A, Wyllie JA, Yahiaoui O, Sun S, Koelln RA,
Homer JA, Johnson RM, Murray E, Williams P, Bolla JR,
Robinson ~ CV.  Shapeshifting  bullvalene-linked
vancomycin dimers as effective antibiotics against
multidrug-resistant bacteria.
Proceedings of the National Academy of Sciences. 2023
Apr 11;120(15):e2208737120.

nonoutbreak identification

gram-positive



