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Abstract: The increasing misuse of antibiotics in human and veterinary medicine and in agroe-
cosystems and the consequent selective pressure of resistant strains lead to multidrug resistance
(AMR), an expanding global phenomenon. Indeed, this phenomenon represents a major public
health target with significant clinical implications related to increased morbidity and mortality and
prolonged hospital stays. The current presence of microorganisms multi-resistant to antibiotics
isolated in patients is a problem because of the additional burden of disease it places on the most
fragile patients and the difficulty of finding effective therapies. In recent decades, international
organizations like the World Health Organization (WHO) and the European Centre for Disease
Prevention and Control (ECDC) have played significant roles in addressing the issue of AMR. The
ECDC estimates that in the European Union alone, antibiotic resistance causes 33,000 deaths and
approximately 880,000 cases of disability each year. The epidemiological impact of AMR inevitably
also has direct economic consequences related not only to the loss of life but also to a reduction in the
number of days worked, increased use of healthcare resources for diagnostic procedures and the use
of second-line antibiotics when available. In 2015, the WHO, recognising AMR as a complex problem
that can only be addressed by coordinated multi-sectoral interventions, promoted the One Health
approach that considers human, animal, and environmental health in an integrated manner. In this
review, the authors try to address why a collaboration of all stakeholders involved in AMR growth
and management is necessary in order to achieve optimal health for people, animals, plants, and the
environment, highlighting that AMR is a growing threat to human and animal health, food safety
and security, economic prosperity, and ecosystems worldwide.

Keywords: multi-resistant strains; antibiotics; environmental impact; veterinary medicine

1. Introduction

Bacterial infections have impacted humans throughout the centuries, and were par-
ticularly harmful until the discovery of antibiotics, which revolutionized the treatment of
infectious diseases. Because of their ability to survive in different environments, bacteria are
increasingly able to face antibacterial treatments over time by means of different adaptative
strategies [1].

Antimicrobial resistance (AMR) threatens one of the greatest discoveries of modern
medicine, antibiotics, compromising their effectiveness in the fight against pathogenic
microorganisms [1,2]. Without global action, we risk entering a new post-antibiotic era
in which trivial infections can, as in the past, kill [3–6]. In 2015, the WHO recognised
AMR as a complex problem that can only be addressed via coordinated multi-sectoral
interventions, promoting the One Health approach that considers human, animal and
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environmental health in an integrated way (WHO, 2015), and in 2017, a One Health
Action Plan was developed involving European Member States in strong international
cooperation [2]. The Food and Agriculture Organization of the United Nations (FAO),
the UN Environment Programme (UNEP), the WHO, and the World Organisation for
Animal Health (WOAH) have launched the Antimicrobial Resistance Multi-Stakeholder
Partnership Platform to address the growing threats and impacts of AMR globally. The
platform aims to mobilize coordinated efforts by a large number of stakeholders and bring
together voices from all areas, sectors, and perspectives through a holistic and system-wide
One Health approach [6].

The goals were the following:

1. Preserve the possibility of effective treatment of infections in both humans and ani-
mals [7–9];

2. Implement legislation for monitoring AMR in zoonotic and commensal bacteria in
both animals and food [10,11];

3. Stimulate the creation of a network of linked laboratories in networking to improve
and monitor the isolation of multi-resistant microorganisms in humans [12–15];

4. In cooperation with European Food Safety Agency (EFSA), stimulate the identification
of resistant bacteria responsible for transmissible diseases in animals [16] and to this
end initiate surveillance programmes;

5. Support good practice in the control and prevention of hospital-associated infec-
tions [17,18];

6. Support research in the development of new antibiotic molecules within and outside
the EU [19,20].

It is therefore logical to adopt a “One Health” approach to address this problem. AMR
is one of the major health problems we face in the 21st century. Nowadays, we cannot
understand global health without the interdependence between the human, animal, and
environmental aspects, taking also into account the cross-talk with the agroecosystem
dimensions. In this review, we try to address why a collaboration of all stakeholders
involved in AMR growth and management is necessary in order to achieve optimal health
for people, animals, plants, and our environment.

2. Antibiotic Resistance in the Veterinary Sector

Antibiotics have played an essential role in the treatment of numerous infectious dis-
eases, contributing to a significant improvement in the health status of animals as well, and
speeding up their growth processes through the control of food-related infections [21–23].
This improvement risks being undermined by the increasing spread of pathogens resistant
to antibiotics [24–26]. The Antimicrobial Resistance Plan 2017–2020 reports that more than
50% of antibiotics used globally are consumed in veterinary medicine [27,28]. The incorrect
use of antibiotics in veterinary medicine also increases selective pressure and the spread
of resistant bacteria, which can be transferred from animals to humans [27–29] either by
direct contact or through food of animal origin, or indirectly through more complex cycles
of environmental contamination [30].

Indeed, the use of antibiotics in animal husbandry can disrupt the delicate balance of
the intestinal microbiome, a microbial community that plays a crucial role in maintaining
the health of both humans and animals [31,32]. The intricate connections between humans,
animals, and the environment are evident in the impact that antibiotic use in animals
can have on the microbiome, as it can potentially lead to imbalances with far-reaching
consequences. Understanding and addressing this interference is important, not only for the
well-being of animals, but also for the broader context of public health and environmental
sustainability [33–35].

Also, as aspect not to be underestimated is an increase in the potential health risk for
farmers, which may be responsible for a reduction in both farm efficiency and produc-
tion safety.
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The use of antibiotics in animal husbandry presents a multifaceted set of risks and
concerns. On one hand, it is well-established that there are risks of environmental contami-
nation due to the presence of antibiotic-resistant bacteria in the waste products of treated
animals [36]. Additionally, there is a direct risk for veterinarians, breeders, and workers
who may acquire antibiotic resistance through prolonged or repeated exposure to these
drugs [37–39].

However, the impact of antimicrobial use in animal husbandry on the risk of trans-
mitting antibiotic-resistant bacteria to humans, particularly through the consumption of
animal-derived food products, remains an area that requires further investigation [35–39].
This is a critical issue as it relates to food safety and public health, and ongoing research is
needed to better understand the extent of this risk and how it can be effectively managed.
The complex interplay of antibiotic use, resistance development, and transmission to hu-
mans, underscores the importance of a comprehensive and multidisciplinary approach to
address this issue [40,41].

The prudent use of antibiotics, moreover, can only be closely linked to the application
of high standards of farm welfare and biosecurity [36,37,42]. It follows that an integrated
approach to the phenomenon of antibiotic resistance is a key element in combating its
occurrence [38,39,41]. Key actions in veterinary medicine include a computerised system of
traceability of veterinary medicines, including the Electronic Veterinary Recipe, compulsory
from 16 April 2019; a drug classification system for risk categorisation within herds; good
pharmaco-surveillance; appropriate training of veterinarians, pharmacists, and operators;
guidelines for the prudent use of antibiotics; funding of research on antibiotic resistance
in the veterinary field; participation in the European surveillance system on the sale of
antimicrobials in the veterinary sector (ESVAC) project. The European Centre for Disease
Prevention and Control (ECDC) states in one of its latest reports that the veterinary sector
in Italy has significantly reduced the use of antibacterial drugs in the livestock sector since
2014, showing an even lower overall use of antibiotics per kg of biomass than in the human
sector. The improvement described so far has also been achieved thanks to the electronic
prescription system that started in Italy and Spain even two years before the entry into
force of the aforementioned new European regulation, which was also adopted in response
to antibiotic sales that were too high compared to those of other Member States [43]. The
European Medicines Agency (EMA) has issued a scientific opinion on the designation of
antimicrobials to be reserved for the treatment of certain human infections, to preserve
their efficacy and reduce the risk of antibiotic resistance to public health [44,45].

3. Antibiotic Resistance in the Environmental Sector

The misuse of antibiotics in human and veterinary medicine has led to the develop-
ment and proliferation of specific resistances in bacterial communities exposed to the effects
of human activities all over the planet [6,26]. The abundance and diversity of resistance
genes and resistant bacteria in the environment are closely related to the impact caused
locally by human activities [19,43]. Antibiotic resistance resulting from resistance genes to
synthetic and semi-synthetic antibiotics [13,23,39] spreads in the environment via multiple
contamination pathways as a result of different anthropogenic activities [46–48], in which
there is a high use of antibiotics [41]. Resistance genes can reach the environment both
through diffuse sources of contamination [49], i.e., areas of intensive agriculture [50,51],
industrial districts, and human activities distributed throughout the territory, and through
point sources, such as intensive livestock facilities [46], aquaculture, urban [52,53] and
hospital sewage discharges [47,50], and industrial activities for the production of antibi-
otic substances.

Antibiotic use in animals can impact human health in different ways, each presenting
its own set of complex challenges and considerations. These multifaceted effects need to be
thoroughly understood and addressed to develop effective policies and practices related
to antibiotic use in agriculture. The impact of the massive use of antibiotics causes not
only the release of resistant bacteria and resistance genes into the environment, but also
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significant quantities of the various antibiotics [54]. The parent substances not metabolised
by the human body and their metabolites are where they are generally not completely
removed. Antibiotics and metabolites are then released into streams, lakes, or the sea [55]
through treated water or into the soil through the use of sewage sludge as fertiliser for
fields [56]. This class of contaminants, despite its heterogeneity, is generally referred to
as ‘semi-persistent’ because its use is continuous and massive: significant quantities are
released into the environment on a daily basis as a result of use in human and veterinary
medicine. In practice, although some substances degrade rapidly in the environment, they
are always present due to continuous input. Prevention activities at the source of the
discharge and disposal of antibiotic substances into the environment represent the priority
strategy for action. It is important to strengthen environmental and urban wastewater
monitoring networks to support knowledge-based intervention measures and best available
techniques. In Italy, the Ministry of Ecological Transition, in collaboration with researchers
from the Italian National Institute for Environmental Protection and Research (ISPRA), the
National Research Council, universities, and scientific research institutes, has proposed a
number of priority actions to facilitate the proper management of antibiotic resistance in the
environment [57–59]; review the management of antibiotics and waste in intensive livestock
farms [23]; convey, through the tools of information and education of the population,
indications on the correct use and disposal of antibiotic drugs [58]; and promote research
activities on the relationship between antibiotic resistance and the environment [60].

Furthermore, the role of degradable plastics should not be underestimated, which
are not fully biodegradable and are increasing in use. What is relevant is the problem of
microplastic pollution (MPs), one of the main environmental issues of the last decade. MPs
are defined as particles of anthropogenic origin between 100 nm and 1 mm, if small, and
between 1 and 5 mm, if medium-sized. MPs are purposely added in several products to
change their consistency, stability or to impart functions, such as abrasive capacity; for
these purposes, they are added, for example, in fertilisers and plant protection products,
industrial and household detergents, paints, and products used in the oil and gas indus-
try [61–67]. MPs persist in the environment in large quantities, especially in marine and
aquatic ecosystems, and it is estimated that in the oceans, more than 68% of MPs derive
from undisposed or improperly disposed of and released into the environment.

All this contributes to the permanent pollution of ecosystems and their accumulation
along the food chain, with both direct and indirect negative effects on human health.
Human beings may, in fact, suffer a physical reaction, linked to the size of plastic fragments,
a chemical reaction, due to the possible release of monomers, additives and chemical agents,
and also due to the deterioration of plastic fragments, and finally, a biological reaction,
due to the colonisation of MPs by pathogenic microorganisms [60]. The compounds that
most commonly form MPs are compounds such as polyethylene and polyvinyl chloride,
materials that due to their chemical–physical properties facilitate the binding and transport
of chemical contaminants, such as antibiotics, and microbial agents [68–75], such as bacteria,
increasing their impact on the environment and human health [76–82].

Some studies on plastisphere, examined the role of polystyrene take-away food con-
tainers in the formation of MPs and their potential contribution to the growing problem
of antibiotic resistance [80,81]. Once polystyrene is transformed into MPs, it can serve as
an ideal substrate for hosting microorganisms and chemical contaminants. Moreover, it
can harbour genetic materials containing antibiotic resistance genes (ARGs) [82,83]. These
studies highlighted how the aging of these MPs in the environment makes them particularly
conducive to binding with ARGs [82,83].

The aging process of MPs can be triggered by factors such as mechanical abrasion,
exposure to solar radiation, and biodegradation. These processes increase the surface
area of MPs, break down their polymer structure, and alter their physical and chemical
properties. This, in turn, promotes microbial adhesion and the formation of biofilms.

Additionally, the widespread and often inappropriate use of antibiotics in various
human activities leads to their release into the environment, primarily through wastewater.
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In such environments, ARGs can transfer to pathogenic bacteria via horizontal gene transfer
methods like conjugation, transformation, or transduction [64–67].

The release of depolymerizing chemicals from MPs can change the membrane per-
meability of microorganisms, potentially facilitating the transfer of ARGs. Additives or
pollutants accumulated on MPs can also influence the presence of ARGs. For example,
the presence of copper and zinc on plastic surfaces can promote the binding of ARGs
related to resistance against certain antibiotics. Organic pollutants like polycyclic aromatic
hydrocarbons have been found to exert selective pressure on the transfer of ARGs through
mechanisms like co-selection or cross-selection [82,84].

Specifically, in 2023, the study of Tuvo et al. [82] reveals that the presence of copper
sulphate resistance genes can co-select resistance to various antibiotics that share the same
genetic element. MPs have the capacity to transport or facilitate the exchange of ARGs and
other pollutants across different environmental compartments, even over long distances.

In conclusion, the presence of ARGs on MPs dispersed in the environment presents
an emerging concern that will need to be addressed in the near future through proper
management of plastic waste disposal and effective water treatment methods. This is
especially critical in the case of hospital wastewater, where the concentration of ARGs and
the potential for antibiotic resistance spread is particularly high.

It is therefore essential to deepen our knowledge of the environmental behaviour
of MPs and their role in the transmission of ARGs by studying the MPs resistome and
how much of this is shared with the surrounding environment [23,24], to understand the
potential risk of exposure for humans [83–87]. The importance of the environment and
food of both animal and plant origin in the emergence of emerging diseases, such as SARS
and avian influenza, allowed the term ‘One Health’ to be coined in 2003 and laid the
foundations for the importance of collaboration between different professions to respond
with a strategic approach to prevention and surveillance of emerging diseases [3,8,70].

4. Antibiotic Resistance and Impact on Humans

Bacterial infections plagued human societies throughout history until the discovery of
antibiotics [72–76], which led to adapt in different environments, the threat of antibiotics by
means of different astute strategies [4,6,13,73]. They can modify the quaternary structure of
a target protein, substitute a metabolic pathway by synthesizing alternative biomolecules,
expel antibiotics from their cell by efflux pumps, produce enzymes able to inactivate the
antibiotic, hide their target structure, for example, behind an outer capsule [76,87–89].
Antimicrobial resistance genes may be carried on the bacterial gene chromosome, plasmid,
or transposons [90–95].

Bacteria are also capable of forming biofilms that physically prevent host immune
response cells and antibiotics from inhibiting the pathogen. In addition, biofilms protect
the dormant cells called persistent cells that are an expression of antibiotic tolerance, in
which case the microorganisms are resistant in vivo to high doses of antibiotics without
manifesting resistance to the minimum inhibitory concentration (MICs), in vitro [60,62].
Antibiotic tolerance can arise when bacteria are exposed to environmental conditions of
stress, temperature, reduced nutrient supply and treatment with antibiotics [96–101]. A
previous study in 2016 conducted by de Kraker et al. [97] on antimicrobial resistance
estimated that worldwide, by 2050, bacterial infections will cause around 10 million deaths
per year, far exceeding deaths from cancer (8.2 million), diabetes (1.5 million) or traffic
accidents (1.2 million) with a projected cost for “Combatting Bacterial Resistance in Europe:
COMBACTE-NET” exceeding euro 220,000,000.00.

The WHO List of Critically Important Antimicrobials for Human Medicine (WHO
CIA List) was initially established based on the recommendations from two successive
expert meetings jointly organized by the Food and Agriculture Organization of the United
Nations (FAO), the World Organization for Animal Health (OIE), and the World Health
Organization (WHO).
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During the first expert workshop, it was concluded that there was compelling evidence
of adverse impacts on human health due to the development of antimicrobial resistance
in non-human usage of antimicrobials. This included an increased frequency of infec-
tions, higher rates of treatment failures (sometimes resulting in fatalities), and greater
severity of infections. These consequences were well-documented, particularly in cases of
fluoroquinolone-resistant human Salmonella infections [101].

In 2008, the American Society of Infectious Diseases coined the acronym ESKAPE. To
date, ESKAPE pathogens are responsible for the majority of hospital infections and owe
their name to their ability to escape (from the English ‘to escape’) the biocidal action of an-
timicrobial agents [102,103]. The acronym ESKAPE includes the six nosocomial pathogens
that show multi-resistance and virulence: Enterococcus faecium, Staphylococcus aureus, Kleb-
siella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter Species.
ESKAPE pathogens are responsible for the majority of nosocomial infections and are able
to ‘escape’ the biocidal action of antimicrobial agents. They are also associated with the
highest risk of mortality, leading to increased healthcare costs [104–107]. The World Health
Organisation also recently included ESKAPE pathogens in its list of 12 bacteria against
which new antibiotics are urgently needed [105]. Three categories of pathogens are de-
scribed: critical, high, and medium priority, depending on the urgency of the need for new
antibiotics. Carbapenemase-resistant A. baumamannii and Pseudomonas aeruginosa [94,95]
together with extended-spectrum β-lactamase (ESBL) or carbapenemase-resistant K. pneu-
moniae and Enterobacter spp. [108,109] are listed in the critical priority list of pathogens;
whereas vancomycin-resistant E. faecium (VRE) and methicillin- and vancomycin-resistant
S. aureus (MRSA AND VRSA) are in the high priority group list [110–115].

According to the European Centre for Disease Prevention and Control (ECDC), the
most common and clinically relevant bacterial species in European hospital isolates include
Escherichia coli, Pseudomonas Aeruginosa, Klebsiella Pneumoniae, Staphylococcus Aureus, and
Enterococcus Faecium [116–121].

Among hospital-acquired (HA) infections in Europe, 41% of S. aureus infections are
methicillin-resistant, and particularly in Northern Europe (i.e., the United Kingdom and
France), a steady decrease in the prevalence of HA-MRSA was observed between 2015
and 2018 and was largely attributed to improved national infection control programs. In
comparison, the rates of HA-MRSA in Southern Europe (i.e., Portugal, Spain, Italy, and
Greece) remain high [117–126].

In Europe 32% of P. aeruginosa infections are resistant to carbapenems (ESBL-carba) [119].
Furthermore, the bacteria remain a major contributor of hospital-acquired infection [120,121].
Widespread distribution of P. aeruginosa nosocomial isolates resistant to last-resort and
polymyxin- and carbapenem-class antibiotics is well documented [115,127].

With regard to Klebsiella pneumoniae, the Italian 2019 statistics report that 30% of the
strains isolated are multi-drug-resistant (MDR), and in particular, between 2005 and 2010,
we showed an increase in isolates causing invasive infections [115,128–133].

Twelve countries reported rates of 25% or more, six of which reported AMR rates of
50% or more (Belarus, Georgia, Greece, Republic of Moldova, Russian Federation, and
Ukraine) [116,134–138].

5. Antibiotic Resistance in Agroecosystems

Currently, communication across the One Health triad (humans, animals, environment)
regarding agricultural AMR is hindered by ambiguous language, complicated by cultural
and linguistic differences that can lead to the conclusion that the other participant is not
aware of the facts or has ulterior motives [139,140].

Antibiotic use in agriculture is just one factor contributing to the rise in antimicrobial
resistance. Modern factory farms are the ideal breeding grounds for antibiotic-resistant
infections: many animals are raised in crowded, unsanitary conditions. The debate regard-
ing the impact of antibiotic use in agriculture on the development of clinically relevant
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antibiotic resistance in human medicine is fuelled and perpetuated by the challenge of
obtaining direct, quantitative data to assess the scale and nature of this contribution [139].

In fact, a substantial portion of antibiotics produced in the United States, are used
in agricultural practices [10]. This use has undoubtedly played a role in the prevalence
of antibiotic-resistant bacteria in the gut flora of food animals like chickens and swine.
However, regulating the use of antibiotics in agriculture has been a contentious issue.
Policymakers have been tasked with balancing the evident benefits of antibiotic use for
animal health and economic advantages for food producers, pharmaceutical companies,
and potentially consumers, against the nebulous threat to human health that is often
challenging to precisely quantify [10].

It is important to note that antibiotic drugs and their bioactive breakdown products,
while not technically classified as having “antibiotic resistance” characteristics themselves,
are widely recognized as the primary driver of antibiotic resistance [141]. The presence of
these drugs and their metabolites in the environment is a significant concern. Discussions
aimed at addressing agricultural and environmental antibiotic resistance often revolve
around the impact of anthropogenically controlled drugs in various environmental matrices.

The release of antibiotics into the environment, whether through agricultural use,
wastewater discharges, or other means, can contribute to the selection and proliferation
of antibiotic-resistant bacteria [142]. These resistant bacteria can, in turn, pose a risk to
human and animal health as they may enter the food chain, spread in the environment,
and potentially transfer resistance genes to other bacteria.

Efforts to address AMR must consider the environmental dimension and the role
of antibiotics in driving resistance. It is essential to explore strategies for responsible
antibiotic use in agriculture, effective wastewater treatment, and measures to mitigate the
environmental impact of these drugs to help combat the growing challenge of AMR.

As an example, significant is the use of ionophores in agriculture, with over 4 million
kilograms sold in the United States in 2016 [143–145]. Even if on one hand, ionophores are
the second most widely used class of antibiotics in agriculture, on the other hand are not
used in human medicine, there has been an assumption that their use in agriculture does
not directly impact human health, leading in this way that have not been subjected to the
same regulatory scrutiny as medically important antibiotics [144,145].

However, there is a growing concern that the current evidence base is insufficient to
definitively conclude that ionophores do not contribute to antimicrobial resistance relevant
to human health. Several factors contribute to this uncertainty:

(1) Cross-Resistance: It is unclear whether resistance to ionophores in bacteria can lead to
cross-resistance to medically important antibiotics. This is a significant concern, as cross-
resistance could undermine the effectiveness of crucial human antibiotics [145,146].

(2) Co-selection: Recent evidence suggests that the use of ionophores may have the
unintended consequence of co-selecting for resistance to antibiotics used in human
medicine. For example, there are indications that ionophore use might contribute to
vancomycin resistance in some cases [145].

Given these concerns, there is a need for further research and investigation into
the potential risks associated with ionophore use in agriculture. The goal is to better
understand the implications of antibiotics, such as ionophore resistance and their potential
impacts on human health. This ongoing examination is essential to inform responsible and
evidence-based regulations and practices in the use of antibiotics in agriculture, ensuring
the protection of both animal and human health.

6. Therapeutic Advances against ESKAPE Pathogens

Today, for ESKAPE pathogens, there are few antimicrobial products on the mar-
ket [128]. The first antibiotic, penicillin, dates back to 1928, when Alexander Fleming
noticed the antibacterial activity of a mould (Penicillium notatum) against colonies of Staphy-
lococcus aureus. S. aureus first showed resistance to methicillin in 1961, as a consequence of
the widespread use of penicillin. The introduction of penicillin also increased the emergence
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of penicillinase-producing S. aureus. Since the introduction of the first drugs with antibiotic
activity in the 1940s and with their subsequent spread worldwide, antibiotics have saved
hundreds of millions of lives (World Bank, 2016, [130]). Since the early 1960s, only four
new classes of antibiotics have been introduced: quinolones, lincosamides, oxazolidinones,
and cyclic lipopeptides [96] (as shown in Table 1).

Table 1. Overview of the development of bacterial resistance against common antibiotics.

Antibiotic Class Mechanism of Action Examples of Antibiotics Year Introduced
to the Market

Year Antibiotic
Resistance Identified

Penicillins (β-Lactam) Inhibition of bacterial cell wall
synthesis. Penicillin 1943 1940, 1965, 1967, 1976

Ampicillin 1961 1962, 1964
Amoxicillin 1972 1977
Methicillin 1960 1960

Cephalosporins (β-Lactam) Cefotaxime 1980 1983
Ceftaroline 2010 2011

Avibactam inhibits serine
β-lactamases enzyme

Ceftazidime (3rd Generation
cephalosporins) 1984 1987

Ceftazidime–avibactam 2015 2015
Aminoglycosides Protein biosynthesis inhibition Streptomycin 1944 1946

Tobramycin 1967 1981
Amikacin 1976 1981

Gentamicin 1963 1973
Neomycin 1952 1950
Kanamycin 1957 1967

Chloramphenicol Chloramphenicol 1948 1960
Glycopeptides Cell wall synthesis inhibition Vancomycin 1972 1988

Teicoplanin (derivative of
Vancomycin) 1984 1986

Ansamycins RNA synthesis inhibition Rifampin 1968 1972
Sulfonamides DNA synthesis inhibition Prontosil 1936, 1935 1942

Sulfamethoxazole 1961 1960
Tetracyclines Protein biosynthesis inhibition Tetracycline 1950 1959

Macrolide Erythromycin 1953 1956
Azithromycin 1980 2011

Oxazolidinones Linezolid 2000 2001
Quinolones DNA synthesis inhibition Ciprofloxacin 1987 2007

Levofloxacin 1996 1996

Lipopeptides

Cell wall synthesis disruption
disrupting multiple aspects of

bacterial cell membrane
function

Daptomycin 2003 2004

Bacitracin 1945 1955
Aztreonam 1984, 1986 1986
Imipenem 1985 1996

Lincosamides Interference with the synthesis
of proteins Clindamycin 1966 1971

The acronym AWaRE stands for Access, Watch and Reserve, which are the categories in
which antibiotics are classified in the WHO model list of essential medicines [131]. In 2019,
the WHO launched the AWaRe campaign to promote the use of a tool to help governments
curb the growth of antibiotic resistance and make the use of antibiotics safer and more
effective, reducing costs and the occurrence of adverse events.

The ‘Access’ category includes the antibiotics of choice for the 25 most common
infections.

The use of ‘Access’ antibiotics reduces the risk of resistance because they have a limited
spectrum.

The ‘Watch’ category includes most of the important antibiotics of high priority and
criticality, for use in both human and veterinary medicine. These antibiotics are only
recommended for specific and limited indications.

Antibiotics in the ‘Reserve’ category should be used as a last resort, when all other
antibiotics have failed [132].
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According to the WHO General Programme of Work 2019–2023, in order to optimise
the use of antibiotics and reduce resistance, it is necessary to increase the proportion of
‘Access’ antibiotics to at least 60% of national consumption and reduce the use of those at
greater risk of developing resistance in the ‘Watch’ and ‘Reserve’ categories. Italy is among
the European countries with the lowest consumption of antibiotics in the Access group, i.e.,
those of first choice, while it has a higher incidence of drugs in the Watch group, antibiotics
that should be used with caution because of the greater risk of inducing resistance. External
pressures from governments and consumers play a significant role in influencing farming
practices, particularly in the context of responsible animal welfare and antibiotic use.

Alternative therapies to the use of antibiotics include bacteriophage therapy, pro-
biotics [133–135], drug repurposing [136], monoclonal antibody (MAb), and (v) faecal
microbiota transplantation (FMT) [137], which are some of the many novel approaches
currently being investigated to control the AMR. Balancing these factors can be challenging,
and it requires collaboration between the agricultural industry, consumers, and policymak-
ers [138]. This shift towards more responsible practices is a part of a larger global effort to
ensure a safer, more ethical, and sustainable food supply chain.

7. Future Perspectives

Antibiotic resistance is a phenomenon that affects all countries in the world and
is burdened by high mortality in countries (South East Asia, Africa) that have not yet
undertaken surveillance and prevention programmes [147,148]. The phenomenon was
exacerbated by the acquisition by Gram-positive and Gram-negative bacteria of resistance
genes, which made them able to escape the biocidal action of antibiotics, AMR ESKAPE
pathogens [148]. Hospital infections caused by these micro-organisms are burdened with
increased costs for prolonged hospitalisation and treatment and correlate with increased
hospital mortality rates when the bacteria cause sepsis [147].

Addressing antimicrobial resistance in livestock farming is indeed a complex challenge.
The decisions regarding antibiotic use should ideally prioritize the welfare of the animals
while also minimizing the risk of antimicrobial resistance. This involves several key principles:

(1) Avoiding Prophylactic Use: Antibiotics should not be used routinely or prophylactically
but rather in response to identified infections or under the guidance of a veterinarian.

(2) Choosing the Right Antibiotic: When antibiotics are necessary, selecting the correct
antibiotic is essential. This should be based on diagnostic tests and knowledge of the
specific bacteria causing the infection.

(3) Correct Dosage and Duration: Using the right dose for the right duration is critical to en-
sure the infection is properly treated, reducing the likelihood of resistance development.

(4) Prevention: The most effective strategy is to prevent infections from occurring in
the first place. This includes maintaining good hygiene, implementing biosecurity
measures, and managing animal health and living conditions.

The agricultural sector plays a crucial role in the One Health framework, and the
sector’s active involvement is vital in the global effort to address AMR comprehensively
and sustainably. In addition, involving agricultural experts in the conversation and decision-
making processes, we can tap into their practical insights and expertise. This collaborative
approach ensures that AMR mitigation strategies are not only scientifically sound but
also feasible and effective within the agricultural context. However, it is important to
acknowledge that reducing antibiotic use and implementing infection prevention measures
can result in additional costs for farmers. These may include increased labour costs for
more intensive management practices, improved animal housing, and enhanced biosecurity.
These costs can be a concern for farmers as they may affect their economic sustainability.
Additionally, reducing the use of antibiotics can potentially reduce the growth rate of
livestock, leading to higher production costs.

These economic challenges can, in turn, affect food prices. As the cost of livestock
production increases, this may lead to higher prices for animal-derived products. This has
implications for consumers and can be a point of concern for policymakers.
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Balancing the need for responsible antibiotic use and animal welfare with the economic
sustainability of farmers and affordable food prices is a complex and ongoing challenge
that requires collaboration between stakeholders, including farmers, veterinarians, policy-
makers, and consumers, to find sustainable and equitable solutions.

The One Health community comprises professionals from diverse disciplines, each
with its unique culture, language, and conceptual framework. One of the significant
challenges in addressing AMR within the One Health framework is the recognition that
public health, animal health, and agroecosystem professionals often use similar terms, but
they may define these terms differently. This disconnect in terminology and definitions
can lead to misunderstandings and hinder effective collaboration between these disci-
plines. It is essential to bridge these gaps by fostering clear communication and shared
understanding. Establishing common definitions and a unified language for discussing
AMR-related concepts is crucial to facilitate cooperation and harmonize efforts across the
One Health spectrum. Such collaboration is vital for successfully addressing the complex
and interconnected issue of antibiotic resistance.

Furthermore, the antibiotic-resistant genes constituting the environmental ‘resistome’
get transferred to human and veterinary pathogens, a prevention strategy is needed that
involves humans, animals, and the environment in a One Health perspective.

8. Conclusions

Addressing AMR comprehensively requires coordinated efforts to promote responsible
antibiotic use, develop alternative therapies, enhance surveillance and monitoring, and
implement policies that safeguard the effectiveness of existing antibiotics. The present
review underscores the critical need for collaboration among all stakeholders engaged in
the growth and management of AMR, underlining that achieving optimal health for people,
animals, plants, and the environment requires a unified effort. This collaboration should
involve stakeholders from various sectors, including human and veterinary medicine,
agriculture, environmental science, policy making, and more. In addition, in addressing
AMR from a One Health viewpoint, it is imperative to include an agricultural perspective.
Farmers, ranchers, and agricultural professionals possess invaluable, firsthand knowledge
of the intricate systems within their industry. They are the individuals on the front lines,
responsible for implementing on-farm control measures to prevent AMR.

By bringing together diverse expertise and perspectives, stakeholders can work to-
wards solutions that protect public health, ensure food safety, sustain economic well-being,
and preserve the health of ecosystems. The global nature of AMR necessitates a united
front in the pursuit of One Health strategies to mitigate its impact and secure a healthier
future for all.

Author Contributions: Conceptualization of original idea, D.D.V.; methodology, D.D.V., P.N. and
M.Z.; data collection D.D.V., P.N. and M.Z.; bibliographic research, D.D.V. and A.B.; investigation:
D.D.V. and A.B.; methodology: D.D.V. and A.B.; writing—original draft: D.D.V. and M.Z.; funding
acquisition: D.D.V.; writing—review and editing: D.D.V. and A.B.; supervision and final approval:
D.D.V. and A.B.; critical revision of the manuscript for important intellectual content: D.D.V. and A.B.
Finally, A.B. and P.N. equally contributed as co-first authors. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.



Microorganisms 2023, 11, 2797 11 of 16

References
1. Sommer, M.O.A.; Munck, C.; Toft-Kehler, R.V.; Andersson, D.I. Prediction of antibiotic resistance: Time for a new preclinical

paradigm? Nat. Rev. Microbiol. 2017, 15, 689–696. [CrossRef]
2. European Commission. A European One Health Action Plan against Antimicrobial Resistance (AMR); European Commission: Brussels,

Belgium, 2017.
3. Boutin, J.P. One Health, Only the Future Counts. Med. Sante Trop. 2019, 29, 229. [CrossRef] [PubMed]
4. Wright, G.D. Q&A: Antibiotic resistance: Where does it come from and what can we do about it? BMC Biol. 2010, 8, 123.

[CrossRef]
5. Ventola, C.L. The antibiotic resistance crisis: Part 1: Causes and threats. Pharm. Ther. 2015, 40, 277–283.
6. Available online: https://www.who.int/news/item/18-11-2022-quadripartite-launches-a-new-platform-to-tackle-antimicrobial-

resistance-threat-to-human-and-animal-health-and-ecosystems (accessed on 9 November 2011).
7. Goutard, F.L.; Bordier, M.; Calba, C.; Erlacher-Vindel, E.; Góchez, D.; de Balogh, K.; Benigno, C.; Kalpravidh, W.; Roger, F.; Vong,

S. Antimicrobial policy interventions in food animal production in South East Asia. BMJ 2017, 358, j3544. [CrossRef] [PubMed]
8. Adisasmito, W.B.; Almuhairi, S.; Behravesh, C.B.; Bilivogui, P.; Bukachi, S.A.; Casas, N.; Cediel Becerra, N.; Charron, D.F.;

Chaudhary, A.; Ciacci Zanella, J.R.; et al. One Health: A new definition for a sustainable and healthy future. PLoS Pathog. 2022,
18, e1010537. [CrossRef]

9. Dos SRibeiro, C.; van de Burgwal, L.H.M.; Regeer, B.J. Overcoming challenges for designing and implementing the One Health
approach: A systematic review of the literature. One Health 2019, 7, 100085. [CrossRef]

10. Durso, L.M.; Cook, K.L. One health and antibiotic resistance in agroecosystems. EcoHealth 2018, 16, 414–419. [CrossRef] [PubMed]
11. Carmo, L.P.; Nielsen, L.R.; Alban, L.; da Costa, P.M.; Schüpbach-Regula, G.; Magouras, I. Veterinary Expert Opinion on Potential

Drivers and Opportunities for Changing Antimicrobial Usage Practices in Livestock in Denmark, Portugal, and Switzerland.
Front. Vet. Sci. 2018, 5, 29. [CrossRef]

12. Wortel, M.T.; Agashe, D.; Bailey, S.F.; Bank, C.; Bisschop, K.; Blankers, T.; Cairns, J.; Colizzi, E.S.; Cusseddu, D.; Desai, M.M.; et al.
Towards evolutionary predictions: Current promises and challenges. Evol. Appl. 2022, 16, 3–21. [CrossRef]

13. Sultan, I.; Rahman, S.; Jan, A.T.; Siddiqui, M.T.; Mondal, A.H.; Haq, Q.M.R. Antibiotics, resistome and resistance mechanisms:
A bacterial perspective. Front. Microbiol. 2018, 9, 2066. [CrossRef]

14. Konno, N.; Iwasaki, W. Machine learning enables prediction of metabolic system evolution in bacteria. Sci. Adv. 2023, 9, eadc9130.
[CrossRef] [PubMed]

15. Murugaiyan, J.; Kumar, P.A.; Rao, G.S.; Iskandar, K.; Hawser, S.; Hays, J.P.; Mohsen, Y.; Adukkadukkam, S.; Awuah, W.A.; Jose,
R.A.M.; et al. Progress in Alternative Strategies to Combat Antimicrobial Resistance: Focus on Antibiotics. Antibiotics 2022,
11, 200. [CrossRef] [PubMed]

16. Usui, M.; Yoshii, Y.; Thiriet-Rupert, S.; Ghigo, J.M.; Beloin, C. Intermittent antibiotic treatment of bacterial biofilms favors the
rapid evolution of resistance. Commun Biol. 2023, 6, 275. [CrossRef]

17. Pelfrene, E.; Botgros, R.; Cavaleri, M. Antimicrobial multidrug resistance in the era of COVID-19: A forgotten plight? Antimicrob.
Resist. Infect. Control 2021, 10, 21. [CrossRef]

18. Courvalin, P. Predictable and unpredictable evolution of antibiotic resistance. J. Intern. Med. 2008, 264, 4–16. [CrossRef] [PubMed]
19. EFSA. The European Union summary report on antimicrobial resistance in zoonotic and indicator bacteria from humans, animals

and food in 2016. EFSA J. 2018, 16, e05182. [CrossRef]
20. Kauss, T.; Arpin, C.; Bientz, L.; Nguyen, P.C.; Vialet, B.; Benizri, S.; Barthélémy, P. Lipid oligonucleotides as a new strategy for

tackling the antibiotic resistance. Sci. Rep. 2020, 10, 1054. [CrossRef]
21. Aidara-Kane, A.; Angulo, F.J.; Conly, J.M.; Minato, Y.; Silbergeld, E.K.; McEwen, S.A.; Collignon, P.J.; Balkhy, H.; Friedman, C.;

Hollis, A.; et al. World Health Organization (WHO) guidelines on use of medically important antimicrobials in food-producing
animals. Antimicrob. Resist. Infect. Control 2018, 7, 7. [CrossRef]

22. Andersen, V.D.; Aarestrup, F.M.; Munk, P.; Jensen, M.S.; de Knegt, L.V.; Bortolaia, V.; Knudsen, B.; Lukjancenko, O.; Birkegård, A.;
Vigre, H. Predicting effects of changed antimicrobial usage on the abundance of antimicrobial resistance genes in finisher’gut
microbiomes. Prev. Vet. Med. 2020, 174, 104853. [CrossRef]

23. Checcucci, A.; Trevisi, P.; Luise, D.; Modesto, M.; Blasioli, S.; Braschi, I.; Mattarelli, P. Exploring the animal waste Resistome: The
spread of Antimicrobial Resistance Genes Through the use of Livestock Manure. Front. Microbiol. 2020, 11, 1416. [CrossRef]
[PubMed]

24. Blau, K.; Samuel, J.; Su, J.-Q.; Zhu, Y.-G.; Smalla, K.; Jechalke, S. Manure and doxycycline affect the bacterial community and its
resistome in lettuce rhizosphere and bulk soil. Front. Microbiol. 2019, 10, 725. [CrossRef]

25. Bohrer, R.E.G.; Carissimi, E.; Lopez, D.A.R.; Wolff, D.B.; da Silva, D.M.; Prestes, O.D. Composting of swine waste in the treatment
of veterinary drug residues. Semin. Ciências Agrárias Londrina 2019, 40, 2813–2830. [CrossRef]

26. Chen, B.; Hao, L.; Guo, X.; Wang, N.; Ye, B. Prevalence of antibiotic resistance genes of wastewater and surface water in livestock
farms of Jiangsu Province, China. Environ. Sci. Pollut. Res. 2015, 22, 13950–13959. [CrossRef] [PubMed]

27. de Greeff, S.C.; Mouton, J.W.; Schoffelen, A.F.; Verduin, C.M. NethMap 2019: Consumption of Antimicrobial Agents and Antimi-
crobial Resistance among Medically Important Bacteria in the Netherlands/MARAN 2019: Monitoring of Antimicrobial Resistance and
Antibiotic Usage in Animals in the Netherlands in 2018; National Institute for Public Health and the Environment: Utrecht, The
Netherlands, 2019. [CrossRef]

https://doi.org/10.1038/nrmicro.2017.75
https://doi.org/10.1684/mst.2019.0907
https://www.ncbi.nlm.nih.gov/pubmed/31573514
https://doi.org/10.1186/1741-7007-8-123
https://www.who.int/news/item/18-11-2022-quadripartite-launches-a-new-platform-to-tackle-antimicrobial-resistance-threat-to-human-and-animal-health-and-ecosystems
https://www.who.int/news/item/18-11-2022-quadripartite-launches-a-new-platform-to-tackle-antimicrobial-resistance-threat-to-human-and-animal-health-and-ecosystems
https://doi.org/10.1136/bmj.j3544
https://www.ncbi.nlm.nih.gov/pubmed/28874351
https://doi.org/10.1371/journal.ppat.1010537
https://doi.org/10.1016/j.onehlt.2019.100085
https://doi.org/10.1007/s10393-018-1324-7
https://www.ncbi.nlm.nih.gov/pubmed/29541967
https://doi.org/10.3389/fvets.2018.00029
https://doi.org/10.1111/eva.13513
https://doi.org/10.3389/fmicb.2018.02066
https://doi.org/10.1126/sciadv.adc9130
https://www.ncbi.nlm.nih.gov/pubmed/36630500
https://doi.org/10.3390/antibiotics11020200
https://www.ncbi.nlm.nih.gov/pubmed/35203804
https://doi.org/10.1038/s42003-023-04601-y
https://doi.org/10.1186/s13756-021-00893-z
https://doi.org/10.1111/j.1365-2796.2008.01940.x
https://www.ncbi.nlm.nih.gov/pubmed/18397243
https://doi.org/10.2903/j.efsa.2018.5182
https://doi.org/10.1038/s41598-020-58047-x
https://doi.org/10.1186/s13756-017-0294-9
https://doi.org/10.1016/j.prevetmed.2019.104853
https://doi.org/10.3389/fmicb.2020.01416
https://www.ncbi.nlm.nih.gov/pubmed/32793126
https://doi.org/10.3389/fmicb.2019.00725
https://doi.org/10.5433/1679-0359.2019v40n6p2813
https://doi.org/10.1007/s11356-015-4636-y
https://www.ncbi.nlm.nih.gov/pubmed/25948386
https://doi.org/10.21945/RIVM-2019-0038


Microorganisms 2023, 11, 2797 12 of 16

28. He, Y.; Yuan, Q.; Mathieu, J.; Stadler, L.; Senehi, N.; Sun, R.; Alvarez, P.J.J. Antibiotic resistance genes from livestock waste:
Occurrence, dissemination, and treatment. npj Clean Water 2020, 3, 4. [CrossRef]

29. Teuber, M. Veterinary use and antibiotic resistance. Curr. Opin. Microbiol. 2001, 4, 493–499. [CrossRef] [PubMed]
30. Tasho, R.P.; Cho, J.Y. Veterinary antibiotics in animal waste, its distribution in soil and uptake by plants: A review. Sci. Total

Environ. 2016, 563, 366–376. [CrossRef]
31. Inchingolo, F.; Santacroce, L.; Cantore, S.; Ballini, A.; Del Prete, R.; Topi, S.; Saini, R.; Dipalma, G.; Arrigoni, R. Probiotics and

EpiCor® in human health. J. Biol. Regul. Homeost. Agents 2019, 33, 1973–1979. [CrossRef] [PubMed]
32. Pilmis, B.; Le Monnier, A.; Zahar, J.-R. Gut Microbiota, Antibiotic Therapy and Antimicrobial Resistance: A Narrative Review.

Microorganisms 2020, 8, 269. [CrossRef]
33. Palleja, A.; Mikkelsen, K.H.; Forslund, S.K.; Kashani, A.; Allin, K.H.; Nielsen, T.; Hansen, T.H.; Liang, S.; Feng, Q.; Zhang, C.;

et al. Recovery of gut microbiota of healthy adults following antibiotic exposure. Nat. Microbiol. 2018, 3, 1255–1265. [CrossRef]
[PubMed]

34. Ballini, A.; Scacco, S.; Boccellino, M.; Santacroce, L.; Arrigoni, R. Microbiota and Obesity: Where Are We Now? Biology 2020,
9, 415. [CrossRef] [PubMed]

35. Westphal-Settele, K.; Konradi, S.; Balzer, F.; Schönfeld, J.; Schmithausen, R. The environment as a reservoir for antimicrobial
resistance: A growing problem for public health? Bundesgesundheitsblatt Gesundh. Gesundh. 2018, 61, 533–542. [CrossRef]
[PubMed]

36. Vitiello, A.; Sabbatucci, M.; Boccellino, M.; Ponzo, A.; Langella, R.; Zovi, A. Therapeutic and Unconventional Strategies to
Contrast Antimicrobial Resistance: A Literature Review. Discov. Med. 2023, 35, 750–756. [CrossRef]

37. Lovreglio, P.; Bukvic, N.; Fustinoni, S.; Ballini, A.; Drago, I.; Foà, V.; Guanti, G.; Soleo, L. Lack of genotoxic effect in workers
exposed to very low doses of 1,3-butadiene. Arch. Toxicol. 2006, 80, 378–381. [CrossRef]

38. Bengtsson-Palme, J.; Hess, S. Strategies to Reduce or Eliminate Resistant Pathogens in the Environment. In Antimicrobial Drug
Resistance; Wiley: Hoboken, NJ, USA, 2019; pp. 637–673.

39. Meersche, T.V.D.; Rasschaert, G.; Haesebrouck, F.; Van Coillie, E.; Herman, L.; Van Weyenberg, S.; Daeseleire, E.; Heyndrickx,
M. Presence and fate of antibiotic residues, antibiotic resistance genes and zoonotic bacteria during biological swine manure
treatment. Ecotoxicol. Environ. Saf. 2019, 175, 29–38. [CrossRef] [PubMed]

40. Bengtsson-Palme, J.; Jonsson, V.; Heß, S. What is the role of the environment in the emergence of novel antibiotic resistance.
Environ. Sci. Technol. 2021, 55, 15734–15743. [CrossRef] [PubMed]

41. Zhang, M.; He, L.-Y.; Liu, Y.-S.; Zhao, J.-L.; Liu, W.-R.; Zhang, J.-N.; Chen, J.; He, L.-K.; Zhang, Q.-Q.; Ying, G.-G. Fate of veterinary
antibiotics during animal manure composting. Sci. Total Environ. 2019, 650, 1363–1370. [CrossRef] [PubMed]

42. Di Domenico, M.; Ballini, A.; Boccellino, M.; Scacco, S.; Lovero, R.; Charitos, I.A.; Santacroce, L. The Intestinal Microbiota May Be
a Potential Theranostic Tool for Personalized Medicine. J. Pers. Med. 2022, 12, 523. [CrossRef]

43. European Centre for Disease Prevention and Control (ECDC); European Food Safety Authority (EFSA); European Medicines
Agency (EMA). Third joint inter-agency report on integrated analysis of consumption of antimicrobial agents and occurrence of
antimicrobial resistance in bacteria from humans and foodproducing animals in the EU/EEA: JIACRA III 2016–2018. Sci. Rep.
2021, 19, e06712. [CrossRef]

44. Ferri, M.; Ranucci, E.; Romagnoli, P.; Giaccone, V. Antimicrobial Resistance: A Global Emerging Threat to Public Health Systems.
Crit. Rev. Food Sci. Nutr. 2015, 57, 2857–2876. [CrossRef]

45. Chokshi, A.; Sifri, Z.; Cennimo, D.; Horng, H. Global Contributors to Antibiotic Resistance. J. Glob. Infect. Dis. 2019, 11, 36–42.
[CrossRef]

46. Berglund, F.; Ebmeyer, S.; Kristiansson, E.; Larsson, D.G. Evidence for wastewaters as environments where mobile antibiotic
resistance genes emerge. J. Commun. Biol. 2023, 6, 321. [CrossRef] [PubMed]

47. Wang, M.; Wei, H.; Zhao, Y.; Shang, L.; Di, L.; Lyu, C.; Liu, J. Analysis of multidrug-resistant bacteria in 3223 patients with
hospital-acquired infections (HAI) from a tertiary general hospital in China. Bosn. J. Basic Med. Sci. 2019, 19, 86. [CrossRef]
[PubMed]

48. Mathew, A.G.; Cissell, R.; Liamthong, S. Antibiotic resistance in bacteria associated with food animals: A United States perspective
of livestock production. Foodborne Pathog. Dis. 2007, 4, 115–133. [CrossRef] [PubMed]

49. Azabo, R.R.; Mshana, S.E.; Matee, M.I.; Kimera, S.I. Antimicrobial Resistance Pattern of Escherichia coli Isolates from Small Scale
Dairy Cattle in Dar es Salaam, Tanzania. Animals 2022, 12, 1853. [CrossRef] [PubMed]

50. March, A.; Aschbacher, R.; Pagani, E.; Sleghel, F.; Soelva, G.; Hopkins, K.L.; Doumith, M.; Innocenti, P.; Burth, J.; Piazzani, F.; et al.
Changes in colonization of residents and staff of a long-term care facility and an adjacent acute-care hospital geriatric unit by
multidrug-resistant bacteria over a four-year period. Scand. J. Infect. Dis. 2014, 46, 114–122. [CrossRef] [PubMed]

51. Guéneau, V.; Plateau-Gonthier, J.; Arnaud, L.; Piard, J.C.; Castex, M.; Briandet, R. Positive biofilms to guide surface microbial
ecology in livestock buildings. Biofilm 2022, 4, 100075. [CrossRef] [PubMed]

52. Bengtsson-Palme, J.; Kristiansson, E.; Larsson, D.G.J. Environmental factors influencing the development and spread of antibiotic
resistance. Microbiol. Rev. 2018, 42, fux053. [CrossRef]

53. Almakki, A.; Jumas-Bilak, E.; Marchandin, H.; Licznar-Fajardo, P. Antibiotic resistance in urban runoff. Sci. Total Environ. 2019,
667, 64–76. [CrossRef]

https://doi.org/10.1038/s41545-020-0051-0
https://doi.org/10.1016/S1369-5274(00)00241-1
https://www.ncbi.nlm.nih.gov/pubmed/11587923
https://doi.org/10.1016/j.scitotenv.2016.04.140
https://doi.org/10.23812/19-543-L
https://www.ncbi.nlm.nih.gov/pubmed/31858774
https://doi.org/10.3390/microorganisms8020269
https://doi.org/10.1038/s41564-018-0257-9
https://www.ncbi.nlm.nih.gov/pubmed/30349083
https://doi.org/10.3390/biology9120415
https://www.ncbi.nlm.nih.gov/pubmed/33255588
https://doi.org/10.1007/s00103-018-2729-8
https://www.ncbi.nlm.nih.gov/pubmed/29633037
https://doi.org/10.24976/Discov.Med.202335178.70
https://doi.org/10.1007/s00204-005-0046-0
https://doi.org/10.1016/j.ecoenv.2019.01.127
https://www.ncbi.nlm.nih.gov/pubmed/30878661
https://doi.org/10.1021/acs.est.1c02977
https://www.ncbi.nlm.nih.gov/pubmed/34792330
https://doi.org/10.1016/j.scitotenv.2018.09.147
https://www.ncbi.nlm.nih.gov/pubmed/30308823
https://doi.org/10.3390/jpm12040523
https://doi.org/10.2903/j.efsa.2021.6712
https://doi.org/10.1080/10408398.2015.1077192
https://doi.org/10.4103/jgid.jgid_110_18
https://doi.org/10.1038/s42003-023-04676-7
https://www.ncbi.nlm.nih.gov/pubmed/36966231
https://doi.org/10.17305/bjbms.2018.3826
https://www.ncbi.nlm.nih.gov/pubmed/30579325
https://doi.org/10.1089/fpd.2006.0066
https://www.ncbi.nlm.nih.gov/pubmed/17600481
https://doi.org/10.3390/ani12141853
https://www.ncbi.nlm.nih.gov/pubmed/35883400
https://doi.org/10.3109/00365548.2013.859392
https://www.ncbi.nlm.nih.gov/pubmed/24344762
https://doi.org/10.1016/j.bioflm.2022.100075
https://www.ncbi.nlm.nih.gov/pubmed/35494622
https://doi.org/10.1093/femsre/fux053
https://doi.org/10.1016/j.scitotenv.2019.02.183


Microorganisms 2023, 11, 2797 13 of 16

54. Lin, Z.; Yuan, T.; Zhou, L.; Cheng, S.; Qu, X.; Lu, P.; Feng, Q. Impact factors of the accumulation, migration and spread of antibiotic
resistance in the environment. Environ. Geochem. Health 2021, 43, 1741–1758. [CrossRef]

55. Van Boeckel, T.P.; Pires, J.; Silvester, R.; Zhao, C.; Song, J.; Criscuolo, N.G.; Gilbert, M.; Bonhoeffer, S.; Laxminarayan, R. Global
trends in antimicrobial resistance in animals in low- and middle-income countries. Science 2019, 365, eaaw1944. [CrossRef]
[PubMed]

56. Akinola, O.T.; Onyeaghasiri, F.U.; Oluranti, O.O.; Elutade, O.O. Assessment of well water as a reservoir for extended-spectrum
β-lactamases (ESBL) and carbapenem resistant Enterobacteriaceae from Iwo, Osun state, Nigeria. Iran. J. Microbiol. 2022, 14,
351–361. [CrossRef] [PubMed]

57. Shao, S.; Hu, Y.; Cheng, J.; Chen, Y. Research progress on distribution, migration, transformation of antibiotics and antibiotic
resistance genes (ARGs) in aquatic environment. Crit. Rev. Biotechnol. 2018, 38, 1195–1208. [CrossRef] [PubMed]

58. Wang, J.; Chu, L.; Wojnárovits, L.; Takács, E. Occurrence and fate of antibiotics, antibiotic resistant genes (ARGs) and antibiotic
resistant bacteria (ARB) in municipal wastewater treatment plant: An overview. Sci. Total Environ. 2020, 744, 140997. [CrossRef]

59. Foti, C.; Romita, P.; Rigano, L.; Zimerson, E.; Sicilia, M.; Ballini, A.; Ghizzoni, O.; Antelmi, A.; Angelini, G.; Bonamonte, D.; et al.
Isobornyl acrylate: An impurity in alkyl glucosides. Cutan. Ocul. Toxicol. 2016, 35, 115–119. [CrossRef]

60. Hall, C.W.; Mah, T.F. Molecular mechanisms of biofilm-based antibiotic resistance and tolerance in pathogenic bacteria. FEMS
Microbiol. Rev. 2017, 41, 276–301. [CrossRef] [PubMed]

61. Janse, M.E.M.; Zinkweg, D.B.; Larsen, O.F.A.; van de Burgwal, L. Innovations in the veterinary intestinal health field: A patent
landscape analysis. One Health 2022, 15, 100419. [CrossRef]

62. Stewart, P.S. Antimicrobial Tolerance in Biofilms. Microbiol. Spectr. 2015, 3, 1–13. [CrossRef]
63. Jutkina, J.; Marathe, N.P.; Flach, C.-F.; Larsson, D. Antibiotics and common antibacterial biocides stimulate horizontal transfer of

resistance at low concentrations. Sci. Total Environ. 2017, 616–617, 172–178. [CrossRef]
64. Li, X.Z.; Plesiat, P.; Nikaido, H. The challenge of efflux-mediated antibiotic resistance in Gram-negative bacteria. Clin. Microbiol.

Rev. 2015, 28, 337–418. [CrossRef]
65. Masi, M.; Winterhalter, M.; Pages, J.M. Outer membrane porins. Subcell. Biochem. 2019, 92, 79–123. [CrossRef] [PubMed]
66. Wilson, D.N. Ribosome-targeting antibiotics and mechanisms of bacterial resistance. Nat. Rev. 2014, 12, 35–48. [CrossRef]

[PubMed]
67. Thomas, C.M.; Nielsen, K.M. Mechanisms of, and barriers to, horizontal gene transfer between bacteria. Nat. Rev. Microbiol. 2005,

3, 711–721. [CrossRef] [PubMed]
68. Yong, D.; Toleman, M.A.; Giske, C.G.; Cho, H.S.; Sundman, K.; Lee, K.; Walsh, T.R. Characterization of a new metallo-β-lactamase

gene, bla NDM-1, and a novel erythromycin esterase gene carried on a unique genetic structure in Klebsiella pneumoniae
sequence type 14 from India. Antimicrob. Agents Chemother. 2009, 53, 5046–5054. [CrossRef] [PubMed]

69. Lyu, M.; Ayala, J.C.; Chirakos, I.; Su, C.C.; Shafer, W.M.; Yu, E.W. Structural basis of Peptide-Based Antimicrobial Inhibition of a
resistance-Nodulation-Cell Division multidrug Efflux Pump. Microbiol. Spectr. 2022, 10, e0299022. [CrossRef]

70. Zhou, N.; Cheng, Z.; Zhang, X.; Lv, C.; Guo, C.; Liu, H.; Dong, K.; Zhang, Y.; Liu, C.; Chang, Y.F.; et al. Global Antimicrobial
Resistance: A System Wide Comprehensive Investigation using the Global One Health Index. Infect. Dis. Poverty 2022, 11, 92.
[CrossRef]

71. Reygaert, W.C. An overview of the antimicrobial resistance mechanisms of bacteria. AIMS Microbiol. 2018, 4, 482. [CrossRef]
72. Prestinaci, F.; Pezzotti, P.; Pantosti, A. Antimicrobial resistance: A global multifaceted phenomenon. Pathog. Glob. Health 2015,

109, 309–318. [CrossRef]
73. Perry, J.; Waglechner, N.; Wright, G. The prehistory of antibiotic resistance. Cold Spring Harb. Perspect. Med. 2016, 6, a025197.

[CrossRef]
74. Prescott, J.F. The resistance tsunami, antimicrobial stewardship, and the golden age of microbiology. Vet. Microbiol. 2014, 171,

273–278. [CrossRef]
75. Olaitan, A.O.; Rolain, J.M. Ancient resistome. Paleomicrobiol. Hum. 2016, 4, 75–80. [CrossRef]
76. Baran, A.; Kwiatkowska, A.; Potocki, L. Antibiotics and bacterial resistance—A Short Story of an Endless Arms Race. Int. J. Mol.

Sci. 2023, 24, 5777. [CrossRef] [PubMed]
77. Kumar, A.; Schweizer, H.P. Bacterial resistance to antibiotics: Active efflux and reduced uptake. Adv. Drug Deliv. Rev. 2005, 57,

1486–1513. [CrossRef] [PubMed]
78. Colella, M.; Charitos, I.A.; Ballini, A.; Cafiero, C.; Topi, S.; Palmirotta, R.; Santacroce, L. Microbiota revolution: How gut microbes

regulate our lives. World J. Gastroenterol. 2023, 29, 4368–4383. [CrossRef] [PubMed]
79. Wellington, E.M.; Boxall, A.B.; Cross, P.; Feil, E.J.; Gaze, W.H.; Hawkey, P.M.; Johnson-Rollings, A.S.; Jones, D.L.; Lee, N.M.; Otten,

W.; et al. The role of the natural environment in the emergence of antibiotic resistance in Gram-negative bacteria. Lancet Infect.
Dis. 2013, 13, 155–165. [CrossRef]

80. Li, C.; Wang, L.; Ji, S.; Chang, M.; Wang, L.; Gan, Y.; Liu, J. The ecology of the plastisphere: Microbial composition, function,
assembly, and network in the freshwater and seawater ecosystems. Water Res. 2021, 202, 117428. [CrossRef]

81. Miao, L.; Li, W.; Adyel, T.M.; Yao, Y.; Deng, Y.; Wu, J.; Zhou, Y.; Yu, Y.; Hou, J. Spatio-temporal succession of microbial communities
in plastisphere and their potentials for plastic degradation in freshwater ecosystems. Water Res. 2023, 229, 119406. [CrossRef]

https://doi.org/10.1007/s10653-020-00759-0
https://doi.org/10.1126/science.aaw1944
https://www.ncbi.nlm.nih.gov/pubmed/31604207
https://doi.org/10.18502/ijm.v14i3.9772
https://www.ncbi.nlm.nih.gov/pubmed/37124853
https://doi.org/10.1080/07388551.2018.1471038
https://www.ncbi.nlm.nih.gov/pubmed/29807455
https://doi.org/10.1016/j.scitotenv.2020.140997
https://doi.org/10.3109/15569527.2015.1055495
https://doi.org/10.1093/femsre/fux010
https://www.ncbi.nlm.nih.gov/pubmed/28369412
https://doi.org/10.1016/j.onehlt.2022.100419
https://doi.org/10.1128/microbiolspec.MB-0010-2014
https://doi.org/10.1016/j.scitotenv.2017.10.312
https://doi.org/10.1128/CMR.00117-14
https://doi.org/10.1007/978-3-030-18768-2_4
https://www.ncbi.nlm.nih.gov/pubmed/31214985
https://doi.org/10.1038/nrmicro3155
https://www.ncbi.nlm.nih.gov/pubmed/24336183
https://doi.org/10.1038/nrmicro1234
https://www.ncbi.nlm.nih.gov/pubmed/16138099
https://doi.org/10.1128/AAC.00774-09
https://www.ncbi.nlm.nih.gov/pubmed/19770275
https://doi.org/10.1128/spectrum.02990-22
https://doi.org/10.1186/s40249-022-01016-5
https://doi.org/10.3934/microbiol.2018.3.482
https://doi.org/10.1179/2047773215Y.0000000030
https://doi.org/10.1101/cshperspect.a025197
https://doi.org/10.1016/j.vetmic.2014.02.035
https://doi.org/10.1128/microbiolspec.PoH-0008-2015
https://doi.org/10.3390/ijms24065777
https://www.ncbi.nlm.nih.gov/pubmed/36982857
https://doi.org/10.1016/j.addr.2005.04.004
https://www.ncbi.nlm.nih.gov/pubmed/15939505
https://doi.org/10.3748/wjg.v29.i28.4368
https://www.ncbi.nlm.nih.gov/pubmed/37576701
https://doi.org/10.1016/S1473-3099(12)70317-1
https://doi.org/10.1016/j.watres.2021.117428
https://doi.org/10.1016/j.watres.2022.119406


Microorganisms 2023, 11, 2797 14 of 16

82. Tuvo, B.; Scarpaci, M.; Bracaloni, S.; Esposito, E.; Costa, A.L.; Ioppolo, M.; Casini, B. Microplastics and Antibiotic Resistance:
The Magnitude of the Problem and the Emerging Role of Hospital Wastewater. Int. J. Environ. Res. Public Health 2023, 20, 5868.
[CrossRef]

83. Zainab, S.M.; Junaid, M.; Xu, N.; Malik, R.N. Antibiotics and antibiotic resistant genes (ARGs) in groundwater: A global review
on dissemination, sources, interactions, environmental and human health risks. Water Res. 2020, 187, 116455. [CrossRef]

84. Yu, B.; Xie, G.; Shen, Z.; Shao, K.; Tang, X. Spatiotemporal variations, assembly processes, and co-occurrence patterns of
particle-attached and free-living bacteria in a large drinking water reservoir in China. Front. Microbiol. 2023, 13, 1056147.
[CrossRef]

85. Yuan, Q.; Sun, R.; Yu, P.; Cheng, Y.; Wu, W.; Bao, J.; Alvarez, P.J.J. UV-aging of microplastics increases proximal ARG donor-
recipient adsorption and leaching of chemicals that synergistically enhance antibiotic resistance propagation. J. Hazard. Mater.
2021, 427, 127895. [CrossRef] [PubMed]

86. Amarasiri, M.; Sano, D.; Suzuki, S. Understanding human health risks caused by antibiotic resistant bacteria (ARB) and antibiotic
resistance genes (ARG) in water environments: Current knowledge and questions to be answered. Crit. Rev. Environ. Sci. Technol.
2019, 50, 2016–2059. [CrossRef]

87. Alcock, B.P.; Raphenya, A.R.; Lau, T.T.Y.; Tsang, K.K.; Bouchard, M.; Edalatmand, A.; Huynh, W.; Nguyen, A.-L.V.; Cheng, A.A.;
Liu, S.; et al. CARD 2020: Antibiotic resistome surveillance with the comprehensive antibiotic resistance database. Nucleic Acids
Res. 2019, 48, D517–D525. [CrossRef] [PubMed]

88. Zovi, A.; Ferrara, F.; Pasquinucci, R.; Nava, L.; Vitiello, A.; Arrigoni, R.; Ballini, A.; Cantore, S.; Palmirotta, R.; Di Domenico,
M.; et al. Effects of Vitamin D on the Renin-Angiotensin System and Acute Childhood Pneumonia. Antibiotics 2022, 11, 1545.
[CrossRef] [PubMed]

89. Boccellino, M.; Pedata, P.; Castiglia, L.; La Porta, R.; Pieri, M.; Quagliuolo, L.; Acampora, A.; Sannolo, N.; Miraglia, N. Doxorubicin
can penetrate nitrile gloves and induces apoptosis in keratinocytes cell lines. Toxicol. Lett. 2010, 197, 61–68. [CrossRef]
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