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ABSTRACT

The discovery of antibiotics is among the greatest breakthroughs in the 20th century. The first discoverers
of these substances, winners of the Nobel Prize in Medicine, paved the way for the discovery and synthesis of
many new analogs with similar effects.

Unfortunately, the rapid and widespread introduction of antibiotics into treatment practice was followed by
the equally rapid development of resistant strains of microorganisms. According to the latest WHO report
(May 2024), the following are assessed as critical for practice: Acinetobacter baumannii and Enterobacterales—
resistant to carbapenem, Enterobacterales—resistant to third-generation cephalosporins, Mycobacterium
tuberculosis—resistant to rifampicin. Research indicates their widespread presence in both hospital and out-
patient settings. Multidrug resistant bacteria (MDR) pose a significant burden for patients in intensive care
units and a daily challenge for healthcare providers aiming to ensure effective treatment. The widespread use
of antibiotics outside of human medicine raises global issues that require coordinated action measures. The
adopted One Health strategy unites cooperation and communication between all organizations related to the

assessment of public health risks and the development and implementation of complex impact measures.
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The discovery of antibiotics is one of the great-
est breakthroughs in medicine and is associated with
the contribution of a pleiad of scientists. The pioneer
in this work is undoubtedly the professor, bacteriol-
ogist—Alexander Fleming. In 1928, he accidentally
discovered a substance secreted by the Penicillium
chrysogenum mold that killed a culture of Staphy-
lococcus aureus, and subsequently called it penicil-
lin. He published the result of his observations in
the British Journal of Experimental Pathology (June
1929).

This was followed by the remarkable discover-
ies of Selman Waxman et al., who studied soil acti-
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nomycetes and thus isolated Streptomyces griseus, a
substance later called streptomycin. In addition to
Gram-positive and Gram-negative microorganisms,
streptomycin has also shown high efficacy against
the causative agent of tuberculosis—M. tuberculo-
sis (hominis), becoming the first effective treatment
for this disease. For their overall research and con-
tributions, Fleming and Waxman received the No-
bel Prize in Medicine in 1945 and 1952, respectively.

Today we can confidently assess that successful
major surgeries, organ transplants, treatment of pre-
mature newborns, chemotherapy patients, as well as
the care for those who have developed a healthcare-
acquired infection (HAI) and HIV infection would
not be possible without access to effective treatment
of bacterial infections.

However, the success of the use of antibiotics
was compromised by the development of resistance
to them, very soon after their introduction into med-
ical practice. Sir Alexander Fleming in his Nobel
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Prize speech from December 11, 1945, warned: "The
use of antimicrobials can and will lead to resistance.”

The reduced effectiveness of these valuable
medicines for humans leads to serious consequences:
an increased risk of severe infections, expensive and
long-term treatment, and increased mortality. Fore-
casts show that by 2050 the mortality rate from in-
fections caused by resistant microorganisms will ex-
ceed that from oncological diseases (over 10 million).
Their treatment will cost the global economy more
than $100 trillion a year (1).

Today, fewer and fewer new antibiotics are avail-
able, as their production is not a priority for pharma-
ceutical companies, mainly due to rapidly developing
resistance. This does not justify the widespread be-
lief that science can solve problems in practice, and
resistance has become a fundamental public health
problem (2).

According to the latest WHO Annual Review,
27 antibiotics are in clinical development, targeting
priority bacterial pathogens, updated May 17, 2024
(3). Of these, only 6 are classified as innovative.

The development of resistance in the bacteria
can be defined as a function of the natural evolution
of parasitic systems and the emergence of new inte-
grative capabilities of the microorganisms in them.
At the same time, there is a drastic discrepancy be-
tween the adaptive capabilities of the macroorgan-
ism and the factors determining the variety of mech-
anisms of resistance of microorganisms to the entire
spectrum of chemotherapeutics used.

The constant discovery of new mechanisms for
the acquisition of resistance by bacteria is an inevita-
ble consequence of their systematic and widespread
application in various spheres of human activity—
in human medicine, in livestock care, in agricultural
activities, even in pet breeding.

Antimicrobial Resistance (AMR) in Livestock
and Aquaculture

The use of antimicrobials in livestock raised for
food is significantly higher than in humans due to
two main reasons: the rapid development of inten-
sive, industrialized production, caused by increased
demand for animal products, and the greater bio-
mass of animals compared to humans, 131,109 tons
[95% confidence interval (CI)] in 2013 with a prog-
nosis estimating that the global consumption may

reach 200,235 tons [95% CI (150,848 to 297,034 tons)]
by 2030, and these quantities will be used mainly
for growth promotion and prevention (4). The most
commonly used groups for these purposes are tetra-
cyclines, beta-lactams, quinolones, and sulfamides.
In all of them, an amount ranging from 75 to 90% is
excreted unmetabolized in the intestines of animals.
For example, tetracyclines show bioavailability of 5
to 15% in pigs and less than 5% in poultry (5).

Unabsorbed antibiotics that have reached the
intestines are a constant factor generating resistance
in the intestinal microbiome. In addition, the large
amounts of fecal masses (in kg) and resistant bacte-
ria contained in them, as well as antibiotic residues,
released into the environment, in subinhibitory con-
centrations, remain active, affect the soil microflo-
ra, creating conditions for the formation of reservoirs
of resistance in the external environment (6). In this
sense, fertilization with manure is also indicated as a
risk factor for the acquisition of resistance in herbi-
vores. Van den Meersche T. et al. found bacteria re-
sistant to critical antimicrobial classes—quinolones
and carbapenems—in the manure of animals that
had not received antibiotics (7).

The proven presence of antibiotics in milk,
eggs, and especially in meat, as well as thermal resis-
tance in tetracyclines, macrolides, beta-lactams, and
aminoglycosides, gives a reason to consider the food
chain as the main mechanism for the transfer of re-
sistant bacteria and resistant genes from animals to
humans (8).

The close daily contact between humans, do-
mestic animals, and companion animals has been
cited as another important factor in maintaining the
mechanism of transmission of resistant, fecal micro-
flora from animals to humans (9,10).

In the European Union, the introduced Farm to
Fork strategy aims to reduce the sale of antimicro-
bials for livestock and aquaculture by up to 50% by
2030 (11,12,13).

Aquaculture is an important source of protein,
which is why both demand and production have in-
creased since 2000 by 5.8% per year, However, it is
also another hotspot of the problem of antimicrobi-
al resistance. The main producers are the countries
of the Asia-Pacific region, with China alone supply-
ing up to 61% of world production. Global consump-
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tion in 2017 was estimated to be 10,259 tons. By 2030,
the amount is expected to increase by 33%, reaching
up to 13600 tons. With the highest utilization rate are
first-generation cephalosporins at 85 mg *¢, lincos-
amides are at 33 mg "¢, and tetracyclines—at 23 mg
k&1 (95% UI 11-45) (14). Adverse effects are reported
at different levels:

% Up to 80% of the antibiotics used in aquacul-
ture food are released in active form in aquat-
ic ecosystems and remain stable for a long time.
These amounts are more significant in lakes
and lower in the marine environment. For ex-
ample, in Chinese lakes, the concentration of
fluoroquinolones is up to 369.74 ng/L (15,16).

& The entry of antibiotics into the aquatic envi-
ronment leads to their accumulation in fish,
mollusks, crabs, and shrimps, which is a risk
factor for the formation of resistance in com-
mensals and pathogens, such as Salmonella spp.
and Vibrio spp. (17).

® The long-term presence of antibiotics in active
form in the environment has a direct impact on
natural microbial populations and is an impor-
tant condition for the formation of reservoirs of
resistance in the local fauna (18).

& The use of sludge to fertilize agricultural land,
for example, from salmon, is reported to be an-
other source of the spread of resistance in the
environment (19).

Environmental Impacts of Antibiotics

The presence of antibiotics in the environment
as pollutants is mainly associated with their excretion
through the feces of humans and animals, through
the wastewater of hospitals, farms, and pharmaceuti-
cal industries, and the inadequate or absent treatment
of household wastewater. Many of the major groups
of antibiotics either do not break down or only par-
tially break down in the external environment. The
quantities that are detected are usually low—nano-
grams per liter or kg of soil (20). The reported effects
on natural microbial populations are most frequent-
ly selection of resistance or, in the long term, genera-
tion of genetic and phenotypic variability (21,22,23).
The processes of degradation of antibiotics in the en-
vironment depend on various influences—temper-
ature, composition and humidity of soils, etc., and
they can slow them down in time, for months and

years. Some ecosystems are under constant antibiot-
ic influence, e.g., in places with sewage spillage from
anthropogenic activity. Thus, they remain constant-
ly contaminated, regardless of the timing of decay
(24). Apart from these impacts, genes for antibiot-
ic resistance that are not related to direct antibiotic
contamination are also encountered in the environ-
ment (soils, waters). They have been found to be non-
biodegradable and show the possibility of autorep-
lication (25,26). Cross-resistance to antibiotics and
heavy metals has also been proven, which is another
important factor in maintaining antibiotic resistance
in areas contaminated with heavy metals (27).

Recognizing the importance of the natural mi-
crobiome for the stability of ecosystem communities
and the risks of transfer of resistant genes from the
external environment to human pathogens, the EU
adopted Decision 2015/495, which added macrolide
antibiotics to the Watch List of Substances Posing a
Significant Risk to the Aquatic Environment (28). The
other groups are not yet subject to systematic control
as environmental pollutants.

Climate Change and AMR

Climate change affects human health mainly in
two ways:

@ Directly—through unusually high tempera-
tures, prolongation of the warm months of the
year, and frequent natural disasters of high in-
tensity, leading to an increase in morbidity,
mortality, and changed conditions for the de-
velopment of agricultural activities;

¢ Indirectly—through changes in the environ-
ment, ecosystems, limitation of water resourc-
es, and, in particular, the opportunities for pro-
viding clean drinking water (29,30,31,32).
According to the WHO, as a result of these

changes, an increase of more than 250,000 deaths per
year can be expected by 2050 (33).

There is growing evidence of a direct link be-
tween rising temperatures and the emergence of new
infectious pathogens, with new defense mechanisms
and accelerated bacterial growth (34). A relationship
between the heat factor and facilitated horizontal
gene transfer for resistance is also reported (35).

A large-scale study by Kaba et al. conducted in
30 European countries shows that the spread of car-
bapenem-resistant Pseudomonas aeruginosa (CRPA)
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and Klebsiella pneumoniae (CRKP), multi-resistant
Escherichia coli (MREC), and methicillin-resistant
Staphylococcus aureus (MRSA) is strongly related to
the change in temperature during the warm season
(36).

According to some authors, warmer climates
can affect the concentrations of heavy metals and
biocides in soil and water, as well as their uptake by
bacteria, triggering AMP through cross-resistance
mechanisms (37,38,39).

The extension of the hot and warm periods dur-
ing the year will lead to an expansion of the distri-
bution area of a number of vector-borne infections,
such as malaria, dengue fever, zika, etc., considered
until recently as tropical diseases (40,41).

The increased temperatures of water bodies and
the adaptation to these conditions of pathogens, such
as Campylobacter, Salmonella, and Vibrio cholerae,
is a prerequisite for emergencies and a wider spread
of these diseases (41,42).

Extreme weather events associated with floods
and deterioration of drinking water quality also have
the potential to increase waterborne infections and
the need for effective treatment (43,44,45).

A Comprehensive Approach to Limiting
AMR—One Health

In order to limit the adverse impacts on public
health and the environment, the One Health strat-
egy was developed. It launches an interdisciplinary
approach to achieve optimal health, taking into ac-
count the relationship between humans, animals,
plants, and the shared common living environment.
It brings together the World Health Organization
(WHO), the World Organization for Animal Health
(WOAH), the Food and Agriculture Organization of
the United Nations (FAO), the United Nations Envi-
ronment Programme (UNEP), and the Joint Action
Plan—One Health for the period 2022-2026.

In the European Union, the One Health ap-
proach was approved for the first time in relation to
the problem of AMR and a plan was established and
approved in 2017. It was emphasized that the imple-
mentation of the One Health approach requires close
cooperation between agencies involved in assessing
public health risks—the European Centre for Dis-
iease Prevention and Control (ECDC), the Europe-
an Chemicals Agency (ECHA), the European Food

Safety Authority (EFSA), and the European Medi-
cines Agency (EMA). Joint efforts are focused on five
strategic goals until 2026:

& facilitation and strategic coordination;

& promoting research coordination;

% improving the capacity building of One Health;

& strengthening One Health communication
and stakeholder engagement;

& supporting the development of partnerships
through the joint activities of One Health.
Through these initiatives, efforts are consoli-

dated to limit the spread of new or forgotten infec-
tious diseases, limit AMR, improve food safety con-
trols, and promote the protection of ecosystems.
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