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Background. Antibiotic resistance (ABR) is the greatest threat to human survival, leading to a loss of control over resistant bacterial 

strains. The aim of this work was to demonstrate the pathogenetic basis of ABR and potential solutions to this problem.
Methods. To achieve this goal, an analysis of current scientific publications regarding the mechanisms of ABR and innovative approaches 

to overcoming it was conducted.
Results. The main mechanisms of ABR include reduced membrane permeability, efflux pumps, modification of antibiotic targets, 

enzymatic inactivation, horizontal gene transfer, and the involvement of the host’s immune system.
Conclusion. Controlling ABR requires the rational use of antibiotics, optimization of traditional antibiotic therapy, modulation of the 

immune response, microbiome modulation, and phage therapy.
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АНТИБІОТИКОРЕЗИСТЕНТНІСТЬ: МОЛЕКУЛЯРНІ МЕХАНІЗМИ ФОРМУВАННЯ ТА СУЧАСНІ 

СТРАТЕГІЇ МЕНЕДЖМЕНТУ
Тернопільський національний медичний університет імені І. Я. Горбачевського Міністерства охорони здоров’я України, Терно-

піль, Україна
Актуальність. Антибіотикорезистентність (АБР)  – найбільша загроза виживанню людини, що веде до втрати контролю над 

резистентними штамами бактерій.
Метою роботи було продемонструвати патогенетичне підґрунтя АБР та можливості вирішення цієї проблеми. Для реалізації 

мети було проведено аналіз сучасних наукових публікацій щодо механізмів АБР та інноваційних підходів до її подолання.
Результати. Основні механізми АБР передбачають знижену проникність цитолеми, ефлюксні помпи, модифікацію мішеней для 

антибіотиків (АБ), ферментативну інактивацію, горизонтальний перенос генів, участь імунної системи макроорганізму.
Висновки. Контроль АБР – це раціональне використання АБ, оптимізація традиційної антибіотикотерапії, модуляція імунної 

відповіді, модуляція мікробіому та фаготерапія.
Ключові слова: антибіотикорезистентність, інфекція, імунний захист, фагоцити, раціональна антибіотикотерапія.
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Стаття поширюється на умовах ліцензії 

Introduction
Antibiotic resistance is a global public health issue, 

attracting increasing attention due to its real threat to the 
human population. Although resistance to antibiotics 
(ABs) is an inevitable consequence of bacterial evolution 
and natural selection, the misuse and overuse of ABs in 
modern medicine and dentistry significantly contribute to 
the worsening crisis. ABR reduces the ability of medicine 
to control socially dangerous infections (tuberculosis, 
syphilis, gonorrhea), and worsens treatment outcomes 
in patients undergoing chemotherapy, cesarean sections, 

hip prosthetics, organ transplants, and other complex 
medical interventions. The problem is exacerbated by 
uncontrolled antibiotic use in agriculture and the food 
industry. According to WHO, ABR is a global issue driven 
by lack of access to clean water, inadequate hygiene and 
prevention, lack of quality and affordable vaccines, and 
absence or disregard of legal regulations [1]. For Ukraine, 
this problem has become particularly acute since July 2022 
due to a large number of patients with complex war injuries 
requiring antibiotic therapy.

Aim of the Study. The aim of the study was to present 
currently known molecular mechanisms of bacterial adap- 
tation to antibiotics, to elucidate the role of the host organism 
in the pathogenesis of antibiotic resistance development, and 
to analyze scientific data on potential strategies for effective 
targeting of pathogens and enhancing the efficacy of antibiotic 
therapy using the existing arsenal of drugs.
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Materials and Methods
Research results and their discussion

To achieve this aim, a review and integrative analysis of 
scientific publications available in bibliometric databases 
was conducted. The selected sources reflect the underlying 
causes and mechanisms of antibiotic resistance, as well as 
approaches to addressing this global challenge.

Epidemiology of ABR and Issues Across Medical Fields. 
The discovery of antibiotics marked a crucial milestone 
in medicine, saving and continuing to save millions of 
lives annually. However, their effectiveness is threatened 
by the ability of bacteria to adapt to hostile environments 
and diminish or neutralize treatment. ABR arises from 
numerous mechanisms that enable certain bacteria to 
survive after the application of specific antibiotics, and the 
resulting resistance can be passed on to other bacteria as 
they reproduce [2; 3].

According to the European Centre for Disease Prevention 
and Control (ECDC), more than 35,000  people die each 
year in Europe due to ABR [2]. The overall epidemiological 
situation in the EU remains concerning. Although the 
prevalence of methicillin-resistant Staphylococcus aureus 
(MRSA) is gradually decreasing, the prevalence of 
carbapenem-resistant strains of Klebsiella pneumoniae has 
increased by more than 50 % since 2019 [4].

According to WHO, in 2019, ABR caused more than 
1.27 million deaths globally [1], and by 2050, this number 
may exceed 39 million (Lancet prognosis). The economic 
consequences of such trends include an annual loss of 
$3.4  trillion and more than 24 million people falling into 
extreme poverty [5; 6].

The consequences of ABR are already evident in many 
areas of medicine. Excessive or unjustified use of antibiotics 
for viral infections contributes to the growth of ABR. This 
is especially relevant in pediatrics, where about 30 % of 
antibiotics are prescribed without proper indications or 
while ignoring local sensitivity data [7].

Chronic respiratory diseases (such as cystic fibrosis and 
COPD) require prolonged antibacterial treatment, which 
promotes the development of complex forms of ABR. 
Traditional susceptibility testing does not always reflect the 
actual conditions in the lungs, so comprehensive resistome 
analysis is key to developing personalized therapeutic 
strategies [8]. Obstetrics and surgery are also affected by the 
consequences of ABR, as antibiotics are frequently used not 
only for treatment but also for the prevention of infections 
[9]. In dermatoveneorology, antibiotics are widely applied 
to treat socially significant sexually transmitted infections 
(syphilis, gonorrhea) [10], as well as severe forms of 
acne, rosacea, and other skin infections [11]. Tuberculosis 
occupies a distinct place in this issue, being a historical 
example of both natural and acquired ABR. Treatment of 
drug-sensitive forms requires the administration of multiple 
medications over a period of 6–9 months, which is often 
interrupted by patients, thus promoting the emergence of 
drug-resistant forms [12; 13]. Drug-resistant tuberculosis 
(resistant to at least one of the first-line drugs) is transmitted 
just as easily as drug-sensitive forms, but its diagnosis and 
treatment are significantly more challenging. The rapid rise 
in the number of multidrug-resistant forms threatens the 
global capacity to control this disease [14; 15].

Microorganisms of Concern in Antibiotic Resistance. 
A significant step in addressing ABR was the establishment 
by the World Health Organization (WHO) in 2017 of a 
priority list of the most dangerous antibiotic-resistant 
microorganisms. This list is divided into three priority 
tiers: critical, high, and medium. The critical priority 
group includes bacteria posing the highest threat, such 
as Acinetobacter baumannii (carbapenem-resistant), 
Pseudomonas aeruginosa (carbapenem-resistant), and 
members of the Enterobacteriaceae family, particularly 
those producing extended-spectrum β-lactamases (ESBL) 
or exhibiting carbapenem resistance. These microorganisms 
are the leading cause of healthcare-associated infections, 
especially in patients with catheters or on mechanical 
ventilation. The high-priority group includes pathogens 
that are already widespread in the population and are 
progressively developing resistance to standard treatment 
regimens: Enterococcus faecium (vancomycin-resistant), 
Staphylococcus aureus (including MRSA and VRSA), 
Helicobacter pylori, Campylobacter, Salmonella, and 
Neisseria gonorrhoeae. The medium-priority group 
comprises pathogens that are already showing alarming 
resistance trends, including Streptococcus pneumoniae, 
Haemophilus influenzae, and Shigella spp. [16–18].

ESKAPE Pathogens. Particular attention is currently 
drawn to a group of pathogens known by the acronym 
ESKAPE  – Enterococcus faecium, Staphylococcus 
aureus, Klebsiella pneumoniae, Acinetobacter baumannii, 
Pseudomonas aeruginosa, and Enterobacter spp [17; 19].  
This group of bacteria was named for their ability to 
’escape’ the effects of available antimicrobial agents, 
making them some of the most dangerous pathogens in 
clinical practice [18; 19]. Their survival is due to high 
genetic plasticity, the ability to horizontally transfer 
resistance genes, biofilm formation, and resilience in hostile 
environments, particularly in hospital settings. They are the 
main representatives of nosocomial infections [20]. The 
greatest danger is associated with their resistance to last-
line ABs, particularly carbapenems. In 2020, every fifth 
case of urinary tract infections caused by Escherichia coli 
was resistant to standard AB. Klebsiella pneumoniae also 
demonstrates growing antimicrobial resistance. This forces 
doctors to resort to reserve ABs, which accelerates the 
formation of resistant strains [18]. In addition, the spread of 
new invasive pathogens, such as Candida auris – a fungus 
resistant to several classes of antifungal drugs, capable of 
causing outbreaks of nosocomial infections – is increasing 
[21; 22].

Interestingly, ESKAPE bacteria, which are responsible 
for the development of bacteremia, ventilator-associated 
pneumonia, endocarditis, and infections of the urinary tract, 
skin, and soft tissues, do not always behave as pathogens. 
They can colonize the skin or mucous membranes without 
causing disease. Problems arise when these microbes enter 
sterile areas of the body, such as the blood or cavities, 
where they quickly cause severe, often treatment-resistant 
infections. The unique ability of ESKAPE pathogens to 
evade AB action and colonize a wide range of environments 
makes them the main drivers of the modern ABR crisis [23].

Types and Mechanisms of ABR. ABR exists in natural 
and adaptive forms. Natural ABR can be intrinsic or induced. 
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Intrinsic ABR is always universal within a bacterial species, 
doesn’t depend on prior exposure to ABs, and isn’t linked to 
horizontal gene transfer. Induced ABR is initiated by genes 
consistently present in bacteria, but their expression to ABR 
levels is triggered by ABs [24; 25]. The most common 
mechanisms of intrinsic ABR are reduced permeability of 
the bacterial outer membrane (due to lipopolysaccharides 
in Gram-negative bacteria) and the natural activity of 
AB efflux pumps, which are also a common mechanism 
of induced AMR [25; 26]. Acquired ABR develops 
through the acquisition of genetic material via all major 
pathways – transformation, transposition, and conjugation – 
collectively known as horizontal gene transfer (HGT). 
Additionally, bacteria can undergo mutations in their own 
chromosomal DNA. In this case, ABR can be temporary or 
permanent [27]. Adaptive AMR occurs when the amount of 
ABs increases during treatment; it’s characterized by rapid 
resistance development and a swift return to a non-resistant 
phenotype after the AB is removed from the environment 
[28]. The mechanisms of ABR in pathogenic bacteria form 
the basis of multidrug resistance. Depending on the chemical 
structure of the AB, bacteria employ various counteracting 
mechanisms, including low outer membrane permeability, 
drug efflux pumps, AB inactivation, and modification of 
drug targets [29; 30].

Low Permeability of the Outer Membrane is a survival 
mechanism that microorganisms developed through 
evolution to protect themselves from toxic substances, 
including natural ABs. This mechanism involves a complex 
located on the outer and inner membranes of bacteria. 
This complex consists of lipid A, an oligosaccharide 
core, and O-antigen, which act as recognizers of anything 
foreign outside the bacterium. Through stabilization by 
Ca and Mg ions, lipopolysaccharide molecules connect, 
forming negatively charged phosphate groups that repel 
hydrophobic AB molecules. Hydrophobic ABs (like 
rifampicin and fluoroquinolones) can penetrate this lipid 
bilayer by diffusion. However, for hydrophilic ABs and 
nutrients, access is only possible through porin channels. 
These porins are less common in mycobacteria and allow 
for significantly lower uptake rates than in Gram-negative 
bacteria, which substantially limits drug entry [31].

Efflux pumps are another key mechanism in the 
development of ABR. These are transport proteins 
(transporters) involved in eliminating toxic substances 
from bacteria. These proteins are found in Gram-positive 
and Gram-negative bacteria, as well as in eukaryotes. There 
are five main families of efflux transporters: MF, MATE, 
RND, SMR, and ABC. The ABC family is powered by ATP 
hydrolysis, while all other families use a proton gradient 
[32]. For example, the cell wall of P. aeruginosa bacteria 
contains two efflux pumps: MexAB-OprM and MexXY. 
The MexAB-OprM pump spans both the inner and outer 
membranes of the bacterium and effectively expels toxins 
and ABs from the cell, reducing their concentration to 
an ineffective level. This complex consists of three key 
components: MexB  – an RND family protein embedded 
in the inner membrane, responsible for recognizing and 
transporting harmful substances; MexA  – a periplasmic 
protein that connects MexB to the outer channel; OprM – 
an outer membrane protein that forms the exit channel. The 

MexXY pump plays an important role in P. aeruginosa’s 
resistance, specifically to aminoglycosides. Its unique 
feature is that this protein complex does not have its own 
outer membrane channel. Instead, it utilizes OprM from the 
MexAB-OprM complex and is activated by the inactivation 
of the MexZ repressor, which in turn activates the MexXY 
gene. This leads to the active elimination of ABs by the 
MexXY/OprM pump, which lowers their concentration 
inside the bacterium and renders the ABs ineffective [33].

Porin Channels. In bacteria, especially Gram-negative 
ones with a large outer membrane, many substances, 
including ABs, enter the cell through special protein 
channels called porins. Typically, these channels allow 
hydrophilic molecules to pass through. Bacteria develop 
ABR by affecting porins in two main ways. First one, 
decreasing the number of porins or blocking their synthesis: 
Bacteria can reduce the total number of porins in their 
outer membrane or block the production of specific types. 
Members of the Enterobacteriaceae family often use this 
mechanism to acquire ABR, particularly to carbapenems. 
The fewer “entry gates” there are, the less AB can get into 
the bacterium. And second one, initiating mutations that 
alter porin channel structure: This method either reduces 
or completely prevents the entry of certain ABs while 
still allowing essential nutrients to pass. For example, 
such mutations in E. aerogenes have caused ABR to 
imipenem and some cephalosporins. Similarly, in Neisseria 
gonorrhoeae, a mutation in loop 3 of the penB locus led to 
resistance against beta-lactams and tetracycline [34; 35].

Induction of Chromosomally-Encoded β-Lactamases. 
When there’s a downregulation or absence of outer 
membrane OprD porins, beta-lactam antibiotics can still 
get into the bacterial cell. Once inside, they can induce 
the chromosomally-encoded β-lactamase AmpC. This 
essentially “turns on” the AmpC gene, leading to the 
production of a large amount of inducible cephalosporinase, 
which then breaks down the ABs. Additionally, the 
blaOXA-50 gene is consistently produced in bacteria, 
encoding a constitutively expressed oxacillinase (OXA-50).  
This enzyme also destroys ABs that are susceptible to its 
action [36]

Horizontal gene transfer is a mechanism through 
which ABR genes spread among bacteria. It involves the 
transmission of genetic material to a bacterium that is not its 
offspring via conjugation, transformation, or transduction. 
Conjugation is a contact-dependent process whereby 
mobile genetic elements, such as plasmids, integrative and 
conjugative elements (ICEs), are transferred through a pilus 
or pore between adjacent bacteria, either within the same 
genus or across different species. This enables the rapid 
dissemination of ABR genes. Transformation involves the 
uptake by recipient bacteria of extracellular DNA released 
from donor bacteria lysed by antibiotics. Once absorbed, 
this DNA integrates into the recipient bacterium’s genome, 
conferring new traits, including ABR. Transduction refers 
to the use of a temperate bacteriophage as a vector for 
transferring both chromosomal and extrachromosomal 
DNA from donor to recipient bacteria, thereby conferring 
new characteristics [37].

Modification of antibiotic targets. Bacteria possess 
numerous cellular components that serve as targets for 



103ISSN 2226-2008 ОДЕСЬКИЙ МЕДИЧНИЙ ЖУРНАЛ № 1 (198) 2026

ФАРМАКОЛОГІЯ І ФАРМАЦІЯ

antibiotics. In the case of ABR, the quantity and/or structure 
of penicillin-binding proteins in the bacterial cell wall and 
membrane are altered due to the acquisition of van genes. 
Changes also occur in the structure of peptidoglycans and 
the surface charge of the bacterial membrane, which may 
become more positive. In ribosomes, mutations can lead 
to methylation of the ribosomal subunit or the protection 
of ribosomes by specific proteins. Target modification also 
encompasses metabolic alterations, including the synthesis 
of nucleic acids through changes in DNA gyrase or 
topoisomerase IV, and altered metabolism due to mutations 
in genes encoding enzymes involved in folate synthesis 
(DHPS, DHFR) [27; 38].

Inactivation of ABs. Bacteria have developed effective 
strategies to counteract ABs, among which inactivation 
plays a key role. This process occurs either through 
hydrolysis of the AB by β-lactamases [38–40], or via the 
chemical modification of antibiotics by the addition of 
acetyl, phosphoryl, or adenylyl groups, which renders the 
compound inactive [27].

Biofilm formation. Due to the protective properties of 
their matrix and physiological changes in the cells – leading 
to the development of metabolically dormant cells  – 
biofilms exhibit exceptional resistance to various chemical 
and physical environmental factors. Initially, planktonic 
microorganisms reversibly adhere to biological surfaces 
within seconds of contact. This is followed, within minutes, 
by irreversible attachment of the microorganisms. The 
subsequent stage of biofilm formation involves cell growth 
and division, occurring over the course of several hours. In 
the following days, exopolysaccharides are produced, and 
water channels begin to form. These structures hinder the 
penetration of ABs through the mucosal surfaces of organs 
and into the deeper layers of the biofilm. The slow diffusion 
of ABs through the biofilm, combined with the action of 
bacterial enzymes and chemical substances, results in the 
inactivation and degradation of the ABs. Over the ensuing 
months, additional bacteria adhere to the biofilm layers 
and disperse across its surface. Moreover, bacteria within 
biofilms utilise horizontal gene transfer mechanisms, which 
further enhance their resistance to ABs [41].

The Role of the Host Organism in the Development of 
ABR.The host immune system, particularly phagocytic 
cells, plays a crucial role in the pathogenesis of ABR. 
Macrophages and neutrophils employ a wide range of 
antibacterial mechanisms, including reactive oxygen species 
(ROS), reactive nitrogen species (NO), proteolytic enzymes 
(e.g., cathepsins, lysozyme), antimicrobial peptides (such 
as LL-37), and phospholipases. The generation of ROS and 
RNS is mediated by the enzyme systems Nox2 and NOS2, 
respectively. The products of these reactions, including 
peroxynitrite, can damage bacterial cells but at the same 
time contribute to the development of ABR by inducing 
a state of metabolic dormancy [42]. In Staphylococcus 
aureus, for instance, peroxynitrite disrupts the function 
of aconitase, thereby blocking the tricarboxylic acid 
cycle and driving the bacterium into a therapy-resistant 
state. Similar effects have been observed in infections 
caused by Mycobacterium tuberculosis and Salmonella 
typhimurium, indicating a potentially universal mechanism. 
Neutrophil extracellular traps (NETs) and macrophage 

extracellular traps (mETs) further contribute to bacterial 
localisation and are essential for pathogen control under 
conditions where classical phagocytosis is impaired [43]. 
Of particular concern is the global spread of methicillin-
resistant S. aureus (CA-MRSA), which is epidemiologically 
associated with severe skin infections and pneumonia, 
largely due to its high virulence. A major contributing factor 
is the strong selective pressure exerted by ABs on S. aureus, 
which activates both horizontal and vertical gene transfer 
mechanisms, leading to resistance against penicillins and 
structurally related β-lactam antibiotics. Phenol-soluble 
modulins of the alpha-type (PSMα), a novel group of S. 
aureus peptides, recruit, activate, and ultimately lyse human 
neutrophils, increasing bacterial virulence and reducing the 
efficacy of antimicrobial therapy [44]. Moreover, S. aureus 
is capable of evading the host immune response partly due 
to the anti-inflammatory cytokine IL-10, which promotes 
biofilm formation under conditions of macrophage anti-
inflammatory programming (into the M2 subpopulation) 
[45]. Mycobacterium tuberculosis exploits both resident 
and recruited macrophages for survival, ultimately inducing 
their death. The released bacterial aggregates can evade 
phagocytosis and destroy macrophages in a contact-
dependent manner by disrupting the plasma membrane, 
inducing calcium accumulation in the cytosol, and triggering 
pyroptosis. These effects are dependent on the Mtb ESX-1 
secretion system and the presence of the surface lipid 
phthiocerol dimycocerosate [46].

Overcoming of the ABR Problem. Tackling ABR 
is a multifaceted challenge due to the complexity and 
diversity of resistance mechanisms. One promising 
approach under active investigation is the modulation 
of the host immune response. For instance, it has been 
demonstrated that streptazolin  – a natural compound 
derived from Streptomyces  – enhances the phagocytic 
activity of macrophages by activating the NF-κB signalling 
pathway, stimulating ROS production, and inducing 
cytokine secretion. Bosutinib, a SRC kinase inhibitor, 
has been shown to further augment phagocytic activity, 
ROS generation, and macrophage survival, thereby 
improving their capacity to eliminate resistant strains 
such as vancomycin-resistant Enterococcus (VRE), 
methicillin-resistant Staphylococcus aureus (MRSA), and 
Pseudomonas aeruginosa. The combined application of 
bosutinib and mitoxantrone has demonstrated an additive 
effect [47]. Antioxidants such as N-acetylcysteine (NAC) 
and tempol help to reduce oxidative stress and enhance 
AB efficacy, particularly against intracellular pathogens. 
Furthermore, immunomodulatory agents  – including 
PPARγ agonists and glucocorticoids – facilitate macrophage 
adaptation for more effective pathogen clearance [48]. 
In one study, a nanoparticle named COSBN@CFS@PS 
was developed to combat recurrent infections caused by 
intracellular, antibiotic-resistant bacteria. This nanoparticle 
is pH- and H₂O₂-responsive, allowing for targeted action 
within macrophages. It is composed of chitosaccharides 
(COS), cefoxitin (CFS)  – a β-lactam antibiotic  – and 
a pinacol ester of phenylboronic acid (a β-lactamase 
inhibitor). The surface coating of phosphatidylserine (PS) 
facilitates the nanoparticle’s uptake by macrophages. Once 
inside the macrophage, under acidic conditions and in the 
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presence of H₂O₂, the nanoparticle releases boronic acid, 
which inhibits β-lactamase and prevents degradation of the 
AB. This targeted delivery system significantly enhances 
the antibacterial efficacy of cefoxitin in the treatment of 
intracellular infections [49].

Drug repositioning is another promising approach in 
the fight against ABR. This strategy involves identifying 
new therapeutic applications for existing, already-
approved drugs originally developed for other diseases. 
One particularly interesting direction is the investigation of 
antibiotics, traditionally used to treat bacterial infections, 
for their potential antiviral properties. Studies have 
indicated that certain classes of ABs, including macrolides, 
glycopeptides, tetracyclines, fluoroquinolones, and 
aminoglycosides, may exhibit antiviral activity against a 
range of RNA and DNA viruses, including SARS-CoV-2. 
Although the mechanisms underlying this antiviral activity 
are not yet fully understood, they are thought to involve 
both direct effects on the viral particles and indirect effects 
such as the immunomodulatory and anti-inflammatory 
properties of these ABs, which may influence the host’s 
response to viral infection. Despite the promising nature of 
these findings, the use of antibiotics to treat viral infections 
remains controversial and is not currently accepted as 
standard medical practice. Robust clinical trials are required 
to confirm the efficacy and safety of antibiotics in this novel 
role. To date, no antibiotic has been officially approved for 
use as an antiviral agent [50].

Optimisation of Existing Antibiotics. In addition to the 
development of new drugs, considerable efforts are being 
directed towards the optimisation of treatment regimens 
using existing, or “old”, antibiotics. In the United States, 
the National Institute of Allergy and Infectious Diseases 
(NIAID) is actively conducting research focused on 
refining the use of established ABs. This includes exploring 
novel routes of administration, determining the most 
effective and shortest possible duration of therapy, and 
evaluating combination treatment strategies – specifically, 
the concurrent use of two or more antibiotics [51; 52].

Microbiome-Based Approaches. Researchers are 
exploring non-traditional strategies for treating antibiotic-
resistant infections, including the development of live 
microbiome-based therapeutics. Scientists from the NIAID 
have collaborated with researchers in Thailand on a project 
demonstrating that Bacillus  – a “beneficial” bacterium 
commonly found in probiotic digestive supplements – can 
aid in eliminating Staphylococcus aureus. NIAID is also 
investigating the use of faecal microbiota transplantation 
as a treatment for recurrent Clostridium difficile-associated 
disease (CDAD), a potentially life-threatening form of 
diarrhoea. This procedure involves introducing stool 
from a healthy donor – screened for infectious agents and 
antibiotic-resistant organisms – into the recipient’s colon to 
restore a healthy and diverse gut microbiome [53].

Phage Therapy. Bacteriophages (phages) are viruses 
that selectively infect and destroy bacteria. Phage therapy 
has been employed to treat patients suffering from severe, 
multidrug-resistant infections under compassionate use 
protocols, with encouraging outcomes. However, significant 
knowledge gaps currently hinder the development, 
standardisation, and regulatory approval of phage-based 

treatments [54]. While the complete elimination of 
antimicrobial resistance is unachievable – given that it is a 
natural evolutionary process – modifying our approaches to 
antibiotic use can have a substantial impact in slowing the 
spread of this global threat [55].

Adjuvant Coupling: Synergistic Therapy. The usage of 
adjuvants enables the restoration of bacterial sensitivity 
to existing antibiotics by blocking resistance mechanisms 
(e.g., efflux pumps) or facilitating drug penetration into 
the cell. Combining antibiotics with mucolytics (e.g., 
N-acetylcysteine) and enzybiotics (peptidoglycan-
degrading enzymes) is effective for the disruption of 
bacterial biofilms. This allows the antimicrobial agent to 
penetrate the deep layers of the infectious focus [56].

Discovery of New Classes: Lantibiotics. It is a class 
of ribosomally synthesized antimicrobial peptides 
(bacteriocins) containing unconventional amino acids 
(lanthionines). They possess a unique, typically dual 
mechanism of action: binding to lipid II, which disrupts 
cell wall synthesis, and pore formation in the membrane. 
This renders the development of resistance extremely 
difficult. Representatives of this class, such as Nisin and 
the novel lichenicidins, are considered potent alternatives 
for combating methicillin-resistant Staphylococcus aureus 
(MRSA) and vancomycin-resistant enterococci (VRE) [57].

Rational Use of Antibiotics in Medical Practice. To 
combat the growing threat of antibiotic resistance, the 
WHO has developed key strategies aimed at promoting 
the rational use of antibiotics [58]. In our view, the most 
essential and effective measures for healthcare systems 
include the following:

1. Optimal dosing and treatment duration. Inadequate 
antibiotic dosing or premature discontinuation of therapy 
may result in the survival and subsequent proliferation 
of resistant bacterial strains. Conversely, excessive use 
increases the risk of adverse effects for the patient and 
promotes the development of ABR [59].

2.  Use of antibiotics only when clinically indicated. 
Antibiotics should be prescribed exclusively in cases 
where a bacterial infection has been confirmed or is 
highly suspected. Their use in viral illnesses – such as the 
common cold or influenza – is entirely inappropriate and 
counterproductive.

3. Expansion of infection prevention systems. The most 
effective way to reduce the need for antibiotics is to prevent 
infections in the first place. Vaccination (e.g.,  against 
influenza or pneumococcal disease) and proper hand 
hygiene play critical roles in this regard.

4.  Monitoring of ABR. Systematic collection and 
analysis of data on microbial susceptibility allow for the 
adjustment of antibiotic prescribing guidelines at both local 
and national levels, enabling timely responses to evolving 
resistance patterns.

Regulatory Framework for Rational Antibiotic Therapy 
in Ukraine. Ukraine, recognising the global challenges 
posed by antimicrobial resistance, has taken active steps 
to promote the rational use of ABs. One of the most 
significant regulatory measures is the Order of the Ministry 
of Health of Ukraine No.  1513, dated 23  August 2023, 
entitled “On the Approval of the Standard of Medical 
Care: Rational Use of Antibacterial and Antifungal 
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Agents for Therapeutic and Prophylactic Purposes.” 
This order serves as a foundational document, marking  
a substantial shift in the approach to prescribing and using 
antimicrobial agents within the Ukrainian healthcare 
system. Its adoption represents a crucial step in aligning 
Ukrainian legislation with international and European 
standards in the fight against ABR. The document clearly 
regulates the prescription of ABcs, emphasising the 
importance of using clinical protocols and microbiological 
test results, and restricts the uncontrolled use of broad-
spectrum antibiotics. Furthermore, it introduces a system 
for ABR monitoring, enabling the collection, analysis, and 
exchange of data on microbial susceptibility – an essential 
element for formulating up-to-date recommendations 
and detecting emerging threats. In addition, the order 
establishes requirements for detailed accounting of 
antibiotic consumption and mandates regular reporting. 
The implementation of this regulation aims not only to 
reduce inappropriate antibiotic use and slow the progression 
of ABR but also to improve the quality of infectious 
disease treatment and alleviate the financial burden on the 
healthcare system.

Another critically important regulatory act addressing 
the rational use of antibiotics in wartime conditions in 
Ukraine is the Ministry of Health’s Order No.  1004, 
dated 1 June 2023, entitled “On Approval of the Standard 
of Medical Care ’Prevention of Infectious Complications 
of Combat Injuries with Antibacterial Drugs at the 
Pre-Hospital Stage.’” This order holds exceptional 
relevance in the context of the ongoing full-scale 
military aggression against Ukraine. It governs the use 
of antibiotics under the extreme conditions of armed 
conflict, where timely and appropriate administration 
can be vital for saving the lives and preserving the 
health of the injured. The document clearly defines the 
circumstances under which prophylactic antibiotic use is 
justified and necessary already at the pre-hospital stage 
for patients with various types of wounds. It specifies 
the recommended antibiotics for prophylactic use, based 
on their spectrum of activity against the most likely 
pathogens associated with combat-related infections, 
and outlines the optimal routes of administration under 
field conditions. The primary goal of such prophylactic 
application is to minimise the risk of purulent-septic 
complications, which are common in combat trauma due 
to the high level of wound contamination. Early antibiotic 
intervention can prevent infection from spreading or 
becoming systemic.This order is of critical importance 
for safeguarding the lives and health of wounded military 
personnel and civilians, as timely and evidence-based 
antibiotic use in the pre-hospital phase can significantly 
improve clinical outcomes, reduce the need for complex 
surgical interventions, and shorten rehabilitation periods.

According to the Order of the Ministry of Health 
of Ukraine No.  1614 dated August  3, 2021, “On the 
Organization of Infection Prevention and Control in 
Healthcare and Social Assistance/Social Protection 
Institutions,” a multidisciplinary team must be established 
in every hospital to implement the antimicrobial resistance 

containment strategy. This team must necessarily include 
a clinical pharmacist, who is responsible for the following 
processes:

•	 Pre-authorization: Approval of the prescription of 
“Reserve” group antibiotics;

•	 Prospective Audit and Feedback: Real-time review 
of prescriptions regarding their appropriateness, dosage, 
and duration;

•	 Consultative Support: Providing recommendations 
to physicians on drug selection based on the facility’s local 
antimicrobial resistance profile;

•	 Educational Function: Training staff on the 
principles of rational antibiotic therapy.

These and other regulatory acts issued by the Ministry 
of Health of Ukraine form a robust foundation for 
a  systematic approach to antibiotic therapy management. 
They integrate the principles of rational antibiotic use into 
routine clinical practice and ensure effective control over the 
circulation of these vital medications. The implementation 
of antimicrobial stewardship programs involves the 
coordinated efforts of physicians and clinical pharmacists. 
This ensures continuous oversight of the appropriateness 
of prescriptions, the selection of the optimal drug, and the 
monitoring of treatment efficacy at all stages of healthcare 
system.This is especially critical in the context of wartime, 
where the resilience of the healthcare system and the 
ability to effectively manage infectious complications are 
of paramount importance.

Conclusions
Antibiotic resistance represents a global public health 

crisis, driven both by the natural evolution of bacteria and 
the irrational use of antibiotics. Bacteria have developed 
sophisticated defence mechanisms, including reduced 
membrane permeability, active efflux of antibiotics, target 
site modification, enzymatic inactivation, horizontal 
gene transfer of resistance traits, and biofilm formation. 
Simultaneously, the human host, through complex 
inflammatory and immune responses, may also contribute to 
the emergence and persistence of antimicrobial resistance. 
Effective response to this threat requires a comprehensive 
and multifaceted approach. This includes modulation 
of the immune response, development of new drugs and 
pharmaceutical formulations, and the assessment and 
optimisation of existing antibiotic therapies. Microbiome-
based strategies – such as the use of probiotics and faecal 
microbiota transplantation  – alongside phage therapy, 
represent promising adjunctive approaches. Crucially, 
the rational use of antibiotics in medical practice remains 
a cornerstone of antibiotic resistance control. This involves 
appropriate dosing, treatment duration, and prescription 
based strictly on clinical indications. Infection prevention 
measures and state-level regulatory oversight, including 
the implementation of modern antibiotic resistance 
monitoring systems, are essential.The adoption of these 
strategies is vital not only for maintaining the effectiveness 
of antibacterial therapies but also for safeguarding 
global public health security in the face of an escalating 
antimicrobial resistance threat.
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