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Abstract 

Antibiotic resistance is by far one of the most important health threats of our time. Only a global concerted effort of 
several disciplines based on the One‑Health concept will help in slowing down this process and potentially mitigate 
the ruin of healthcare we have come to enjoy. In this review, we attempt to summarize the most basic and important 
topics that serve as good information tools to create Awareness. The Availability of antibiotics or the lack thereof is 
another significant factor that must be given thought, and finally because antibiotic resistance is a problem that will 
not go away, it is important to have Alternatives. Together, we have the 3As, essential concepts, in dealing with this 
growing and complex problem.
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Background
Antibiotics—a medical blessing
Antibiotics changed the face of medical practice. What 
was perceived as the greatest weapon in fighting infec-
tion yet, soon initiated a series of unstoppable events, 
the brunt of which we bear today: antibiotic resistance. 
Each time antibiotics are administered sensitive bacteria 
are slowly wiped out and resistant bacteria thrive. Often, 
antibiotics are still prescribed carelessly and sold with-
out a prescription, by health professionals in many parts 
of the world [1]. Moreover, they are not just restricted 
to the treatment of humans but are also widely used in 
veterinary medicine. It is currently estimated that every 
year around 700,000 deaths are associated with drug 
resistance globally [2]. More people die from drug resist-
ant infections than they do from measles and rabies 
put together (ca. 190,000 deaths globally) [3]. In Ger-
many alone, around 400,000–600,000 people develop a 
nosocomial infection annually, of which 30,000–35,000 
are caused by a multidrug-resistant organism [4] and it 
is estimated that the number of patient deaths due to 

multidrug-resistance lie between 1000 and 4000 [4]. 
A study analyzing the resistance situation in Germany 
showed that MRSA-resistance  rates and the prevalence 
of methicillin-resistant Staphylococcus aureus (MRSA) 
have remained at a  stable level over the last few years, 
however, vancomycin-resistant enterococci (VRE) and 
multidrug-resistant Gram-negative (MRGN) bacteria 
have increased considerably [5]. There also is a rising ten-
dency in the presence of carbapenem-resistant Klebsiella 
pneumoniae isolates, as published by the antibiotic resist-
ance surveillance (ARS) of the Robert Koch Institute, the 
national health institute in Germany (ars.rki.de) [6].

Antibiotic resistance threatens global public health, 
and the judicious use of antibiotics is required more than 
ever before. The key lies in the ‘One-Health’ approach 
which necessitates a collaboration between the human 
and veterinary medical sectors to better understand the 
relationship between humans, animals and their environ-
ment with respect to their health.

Awareness
Antibiotic resistance and the One‑Health concept
It was the famous Rudolf Virchow, who made the link 
between infections in humans and animals, and coined 
the term zoonosis. His fascination for helminthology 
especially the life cycle of the nematode Trichinella 
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spiralis inspired by his childhood spent watching 
butchers at work made him a prominent advocate of 
meat inspection, a factor vital to public health, though 
it was the renowned veterinarian Robert von Ostertag 
who eventually came up with the first Handbook of 
Meat Inspection several years later [7, 8]. Sir William 
Osler, father of modern medicine, backed this concept 
to a great extent, though it was Calvin Schwabe, a twen-
tieth Century veterinarian, who is said to have come 
up with the expression One-Medicine and propagated 
its practice in modern times [9]. Today we know this 
concept as One-Health which recognizes that human 
health is linked with the health of animals and the envi-
ronment, and only a concerted effort of multiple disci-
plines and the bridging of the two professions (human 
and veterinary medicine) globally can achieve optimal 
health for humans and animals (Fig.  1). Zoonotic dis-
eases are those that can be transferred between humans 

and animals. Over 60% of all known pathogens that 
infect humans are zoonotic in nature [10, 11].

Escherichia coli is a bacterium that makes up part of 
the intestinal microbiota in both humans and animals. 
Given the right setting, however, these bugs can often 
cause mild to very severe infections, posing a problem 
for both human and veterinary medicine. Antibiotics 
have, however, now lost the power to treat many E. coli 
infections, the most common of these being those caused 
by extended spectrum β-lactamase (ESBL) producing E. 
coli, which are resistant to several β-lactam antibiotics, 
including the penicillins and cephalosporins and which 
are now widespread among both humans and animals 
[11, 12].

The appearance of genetically similar drug-resistant 
strains across several species is a further cause for worry. 
In 2014 Ewers et  al. published the results of a study, 
which identified a novel genotype among certain ST648 
extraintestinal pathogenic E. coli (ExPEC) subgroups of 

Fig. 1 Infographic about the One‑Health Concept considering all aspects of life
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the phylogenetic lineage D, isolated from animals. This 
genotype combined both multiresistance (CTX-M) and 
extraintestinal virulence [13]. It was interesting to find 
the CTX-M-15 genotype, a human linked β-lactamase 
type prevalent among companion animal isolates. The 
study concluded that non B2 lineages were relevant to 
both humans and animals and that ST648 strains were 
potentially zoonotic. A year later, when analysing fae-
ces from dogs within a clinical and non-clinical setting, 
Schaufler et al. found high rates of ESBL producing E. coli 
shed by dogs outside the clinical setting. What was more 
alarming was that when comparing strains from dogs in 
a clinical and non-clinical setting, several strains were 
found to be clonal [14]. Such findings started to become 
a regular occurrence. In 2016, Schaufler et al. once again 
provided evidence for an interspecies transmission of 
a new successful ESBL producing E. coli clone (ST410) 
between wildlife, humans, companion animals and the 
environment [15]. Meanwhile McNally et al., when stud-
ying the ecology of another multidrug-resistant E. coli 
lineage ST131, which is pandemic, looked at it from a 
different perspective of lineage evolution that combines 
core, accessory and gene regulatory region genome anal-
ysis. They found that human, dog, cat and wild bird iso-
lates can move freely across niches, without any obvious 
signals of ecological adaptation and niche segregation, 
once again providing evidence for the zoonotic nature 
of this clone [16]. In a separate study Günther et  al. 
emphasized the global environmental dimension and 
zoonotic character of ESBL producing E. coli, after find-
ing similarities between Mongolian wildlife isolates and 
European clinical isolates, and observing that environ-
mental isolates harbour stably integrated, chromosomally 
encoded resistance factors [17], while yet another study 
revealed that green sea turtles might be harbouring and 
spreading superbugs near the Great Barrier Reef. Entero-
bacteriales were isolated from cloacal swabs of captured 
green sea turtles, and found to be resistant to twelve dif-
ferent antibiotics from six different classes [18]. Almost 
40% of the isolated Enterobacteriales were found to be 
multidrug-resistant.

With global travel surging, the crowded skies are not 
just a worry for aviation agencies and air traffic control-
lers, but for public health experts alike. In 2015 Lübbert 
et  al. examined stool samples from travellers returning 
to Germany and found that 30% were colonized by ESBL 
E. coli following their travel, with those travelling back 
from India showing the highest colonization levels of 
ESBL producing Enterobacteriaceae (73%) [19]. This was 
confirmed in 2016, when it was reported that travellers 
returning from India and Southeast Asia were a relevant 
source of spread of multidrug-resistant E. coli [20]. Look-
ing at it from a different perspective Bengtsson-Palme 

et  al. examined stool isolates of Swedish students on 
exchange programs in the Indian peninsula and central 
Africa. They concluded that the human microbiome acts 
as a vehicle for antibiotic resistance genes, while main-
taining a stable taxonomic diversity [21].

The worldwide prevalence of an important drug-resist-
ant pathogen methicillin-resistant Staphylococcus aureus 
(MRSA) is well documented. Hospital-acquired (HA), 
Community-acquired (CA) and Livestock-associated 
(LA) MRSA are the most common terms used to cat-
egorize the incidence of MRSA. Cuny et  al. reported in 
2015 that 10% of the MRSA isolated from humans were 
in fact LA-MRSA [22]. In addition, the study showed, 
that 77–88% of humans with exposure to pigs on farms 
were likely to show nasal colonization of MRSA, of which 
transfer to family members occurred in 4–5% of these 
cases. This suggests that pig farmers can be easily colo-
nized by MRSA which therefore places them in a risk 
category in the recommendations for the prevention and 
control of MRSA. While being colonized by MRSA is 
no cause for worry, certain predisposing conditions like 
a weakened immune system or invasive surgeries could 
make it conducive for severe infection which is then dif-
ficult to treat.

Close contact with animals whether based on occupa-
tion (farming industry) or simply by having pets at home, 
provides many opportunities for pathogens, including 
drug-resistant bacteria to be exchanged between humans 
and animals [23]. Walther et al. described this when they 
found pets and their owners colonized by Staphylococ-
cus pseudintermedius in a study in 2012 [24]. They also 
reported a novel MRSA variant identified in companion 
animals, which was not restricted to humans or rumi-
nants, therefore suggesting a potential zoonotic risk of 
this pathogen [25]. Additionally, Vincze et al. showed in 
separate studies that methicillin resistant and suscepti-
ble S. aureus strains from companion animal infections 
were highly similar to strains from human infections and 
colonization [26, 27]. These shared S. aureus populations 
serve as indicators for a potential exchange of strains 
between humans and companion animals. Previously, 
Paterson et al. were able to prove a direct MRSA trans-
mission between infected dogs and colonized humans in 
both directions [28]. When analyzing the possibility of 
contamination of commercial poultry meat (broiler and 
free-range) with pathogenic or multidrug-resistant E. coli 
in retail chain poultry meat markets in India, Hussain 
et al. found a higher prevalence of ESBL—E. coli among 
broiler chickens, and confirmed two globally emergent 
human pathogenic lineages of E. coli, suggesting that 
poultry may be an indirect public health risk, by being a 
possible carrier of non-pathogenic multidrug-resistant E. 
coli as well as human E. coli pathotypes [29]. With all the 
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evidence piling up, the need of the hour is dealing with 
this problem, which is only possible in a combined effort 
of interdisciplinary sectors modelled on the One-Health 
concept, to help slow down the spread of drug-resistance.

What came first, antibiotics or resistance?
In 2011, a group of scientists dug up ancient DNA hid-
den and preserved below ground at Dawson City, Yukon, 
which lies on the Tintina Fault, with its subarctic climate, 
population of 1375 and underlain with permafrost. They 
reported targeted metagenomics analyses of rigorously 
authenticated DNA, obtained from 30,000-year-old Ber-
ingian permafrost sediments [30] and went on to identify 
a highly diverse collection of genes encoding resistance to 
ß-lactam, tetracycline and glycopeptide antibiotics. Pre-
viously, the same group suggested that soil could serve 
as an under recognized reservoir for resistance that has 
already emerged or has the potential to emerge in clini-
cally important bacteria [31]. Their research findings 
are proof of antibiotic resistance being a natural phe-
nomenon. This is significant when human and veteri-
nary medical sectors work together using a One-Health 
approach. In a study in Germany, GPs, hospital physi-
cians, pig farmers, veterinarians and members of the gen-
eral public were surveyed to understand the perceptions 
and attitudes towards antibiotic resistance. Each group 

tended to identify drivers of antibiotic resistance as being 
from outside their own area of activity [32]. When talking 
about the problem of resistance to antibiotics, playing the 
blame game is futile, because antibiotic resistance does 
eventually find its way into the ecosystem.

To understand this, one must once again go back to the 
fundamentals of microbiology. There are several mecha-
nisms by which an organism becomes resistant to anti-
biotics (Fig.  2), but a distinction is to be made between 
natural (intrinsic) resistance and acquired resistance 
[33]. Natural resistance describes the intrinsic proper-
ties of a bacterium which do not permit an antibiotic to 
work. Acquired resistance on the other hand describes 
the resistance of a bacterium to an antibiotic to which 
it was previously susceptible. Additionally, bacteria can 
become resistant through the acquisition of extrachro-
mosomal elements or foreign DNA carrying information 
for antibiotic resistance, the best example being, colistin 
resistance, transferred by the mcr gene harboured on a 
plasmid [34]. This kind of resistance is crucial, as it can 
spread easily between and across bacterial species.

Antibiotics: knowing when, knowing how
Sometimes, choosing and prescribing antibiotics can be 
quite a predicament for professionals. As a start, the pre-
scriber needs to be certain that prescribing the antibiotic 

Fig. 2 Infographic about the mechanisms of antibiotic resistance in bacteria
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is the correct choice in that individual situation, in order 
to avoid unnecessary use of antibiotics. Following the 
initial decision, choosing the right antibiotic might be 
the next hurdle. Good antimicrobial stewardship is the 
rational and responsible use of antibiotics and focusses 
on the choice of antibiotic, therapy duration and dose, 
route of administration, as well as evidence of a bacterial 
infection [35]. The aim of antimicrobial stewardship is to 
obtain the best clinical outcome and reduce toxicity for 
the patient, while simultaneously ensuring reduced selec-
tion and resistance [35, 36]. Antimicrobial stewardship 
programmes are important in hospitals and clinics, with 
infectious disease specialists, clinical microbiologists and 
clinical pharmacists working together to constitute the 
core of such programmes promoting responsible anti-
biotic use [37], though such programmes are not imple-
mented everywhere. Medical professionals must be given 
appropriate training in good antimicrobial stewardship 
in order to encourage rational prescribing of antibiotics 
in private practices and outpatient clinics. With success-
ful antimicrobial stewardship programmes and trainings 
in place, a significant contribution can be made towards 
reducing and slowing down the development and spread 
of resistance.

Antimicrobial stewardship programmes can extend 
beyond human medicine into the veterinary sector. For 

example, when selecting an appropriate antibiotic for 
treating infections in farm animals, one must consider 
many factors, including diagnosis, route of administra-
tion, duration of therapy, spectrum of activity, herd-spe-
cific resistance problems, type of activity (Bacteriostatic 
vs. Bactericidal) and pharmacokinetics (Fig.  3), much 
like it ought to be done in human medicine. In addition, 
antibiotics must be approved for the specific treatment, 
and “Reserve antibiotics” must be thought about very 
carefully before being selected. When treating bacterial 
infections, using single antimicrobials (monotherapy) 
over combinations might be a good idea. A combination 
of bacteriostatic and bactericidal antibiotics could result 
in reduced effectivity against the pathogen being treated 
[38–40]. In the event of a secondary bacterial infection or 
mixed infections a combination therapy only makes sense 
if no antibiotic can be found that would effectively kill 
every pathogen in question. This applies to both human 
and veterinary medicine.

The World Health Organisation (WHO) very recently 
updated their ‘Essential Medicines List’ with new advice 
on the use of antibiotics. Experts have placed antibiot-
ics into three categories—Access, Watch and Reserve—
with recommendations on when these should and can 
be used [41]. The purpose of the new recommendation is 
to ensure that antibiotics are available to everyone when 

Fig. 3 Infographic depicting the possibilities of combining antibacterial agents
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they are absolutely required, infection-appropriate anti-
biotics are prescribed, development of antibiotic resist-
ance is reduced and “last-resort” antibiotics are saved for 
a time when all other antibiotics fail.

To deal with one of the most complex problems affect-
ing global health, one must therefore understand the 
problem in its entirety. Antibiotic resistance affects many 
spheres of life with many factors driving its spread. There 
is no easy way out; and so, we have first in foremost sum-
marized the most basic and important topics that serve 
as good information tools to create Awareness, which can 
assist us in dealing with the problem of antibiotic resist-
ance. In a One-Health scenario each one has their part to 
play and if done well, it stands to benefit every sector in 
question.

Awareness, however, also goes beyond basic knowl-
edge of antibiotic resistance. A significant aspect here 
is an awareness about the problems of failing antibi-
otics and the consequences of untreatable infections 
which is crucial for the rational and appropriate use of 
antibiotics. Conversely the lack of awareness can cre-
ate uncertainty and poor judgement in prescribers and 
patients alike. A recent study showed that patients who 
have used antibiotics might have more knowledge as 
a result of them having to deal with the topic of anti-
biotic use, and the authors suggest that health literacy 
could be a preventive mechanism with regard to using 
antibiotics critically [42]. Worldwide, educational pro-
grammes and campaigns are being successfully imple-
mented in an effort to create awareness not just among 
professionals, but among the general public as well 
[43–46]. In Germany, much is being done in an effort 
to deal with the problem of antibiotic resistance. Pri-
orities for antibiotic resistance prevention are set at dif-
ferent levels: nationally with the German Antimicrobial 
Resistance Strategy (DART2008, updated in 2015) and 
regionally by networks created in 2004 with support 
from the National Public Health Institute, the Robert 
Koch Institute [47]. The 2015 German national action 
plan on drug resistance, DART2020, aims at imple-
menting and strengthening the One-Health concept 
nationally and internationally, detect early resistance 
development, improve therapeutic options, prevent 
infections, create awareness, as well as support further 
research that would be beneficial in the fight against 
resistance [48]. A good example of one such research 
projects, funded by the Federal Ministry of Educa-
tion and Research (BMBF), is InfectControl 2020: a 
consortium of academics and business partners com-
ing together to find solutions on a national level. For 
the first time in Germany, a pilot project of Infect-
Control 2020, Rational Antibiotic Use via Information 

and Communication (RAI), which is modelled on the 
One-Health concept, has brought together stakehold-
ers from various areas of human and veterinary medi-
cal sciences as well as the communication sciences to 
address this issue [49]. The RAI-project (http://www.
rai-proje kt.de) aims at promoting rational antibiotic 
use in veterinary medicine, in particular, pig farming, 
as well as in human medicine, surgery and intensive 
care units, travel medicine, and primary care, primarily 
through awareness and intervention strategies [32, 50].

Availability
The availability of antibiotics or the lack thereof, is an ele-
ment of antibiotic resistance which must be given careful 
thought. The discrepancy in the availability of antibiot-
ics in developed and developing countries suggests a 
need for change in attitudes and policies. The costs of 
not addressing the rise in antimicrobial resistance could 
lead to an annual reduction in gross domestic product 
by 3–8% by the year 2050 with low- and middle-income 
countries being hit the hardest [51]. In many developing 
countries, particularly in rural areas, patients sometimes 
have no access to medical personnel, let alone antibiot-
ics. Meanwhile in larger towns and cities of these same 
countries, antibiotics are sold over the counter to those 
who can afford them even without a prescription from a 
healthcare professional [1]. In developed countries, there 
ends up being a surplus of available antibiotics, espe-
cially when administered unjustifiably [52]. In Germany, 
the total antibiotic consumption in human medicine 
is around 800 tons, of which 600 tons are used in out-
patient care, more than half of which are prescribed by 
GPs [50]. Though Germany is one those countries with a 
lower level of antibiotic consumption, the proportion of 
reserve antibiotics used is still high [50]. There is a need 
to balance access to essential medications, particularly in 
low- and middle-income countries where the burden of 
infectious diseases still outweighs the burden of resistant 
infections [53]. While we go about saving the antibiotics 
that we still have through good stewardship practices, 
many ethical questions must be asked, when looking at 
this problem from the perspective of a patient who has 
no hope of recovery from treatable infections, with no 
access to good healthcare and antibiotics. Besides this, 
we face the problem of a lack of availability of new anti-
biotics for several reasons, which cannot be dealt with in 
detail within the scope of this review. This aspect there-
fore needs to be tackled at the policy level especially 
when implementing regulations regarding the availabil-
ity, use and sale of antibiotics. Rochford et al. have rightly 
proposed an international agreement to ensure that anti-
biotics are available for future generations [51].

http://www.rai-projekt.de
http://www.rai-projekt.de
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Alternatives
Because antibiotic resistance is a problem that will not 
go away, it is important to have other alternatives. With 
this in mind it is essential, that the alternatives we look 
for are not necessarily substances that might replace the 
function of antibiotics per se, that is fight off infection, 
but methods and technologies that can support medicine 
in strengthening the immune system, besides preventing 
and treating infections.

Bacteriophages were used in 1917 by their discoverer 
Felix d’Herelle to successfully treat bacterial infections 
[54]. Due to the success with antibiotics later discov-
ered, bacteriophages were set aside, but very recently 
researchers and doctors at the University of California 
San Diego School of Medicine used novel phage therapy 
to treat a patient near death, suffering from an infection 
with a multidrug-resistant strain of Acinetobacter bau-
mannii, thus saving his life [55]. CRISPR technology is 
also being reviewed as an option to treat resistant infec-
tions [56, 57]. In 2016, Zipperer et  al. discovered that a 
human commensal Staphylococcus lugdunensis produces 
lugdunin, a novel antibiotic, which shows bactericidal 
activity against many major harmful bacteria, includ-
ing Methicillin-resistant Staphylococcus aureus (MRSA) 
and Vancomycin-resistant Enterococcus isolates, both of 
which are one of the major causes for concern for anti-
biotic resistance [58]. In 2018, Geldart et al. engineered 
the E. coli Nissle 1917 strain to produce and secrete anti-
microbial peptides to specifically target and kill Ente-
rococcus, with first results in a Vancomycin resistant 
Enterococcus (VRE) colonization mouse model appear-
ing very promising [59].

We would like to focus on the human microbiome as a 
promising alternative with its immense scope and poten-
tial, as well as the fact that new research provides increas-
ing evidence for links between the gut microbiome and 
health [60, 61]. The gut microbiota is known to play a role 
in anxiety, mood, cognition and pain which is exerted 
via the gut-brain axis and probiotics are frequently being 
used to treat a range of conditions including constipa-
tion, allergic reactions and infections [62]. In addition, 
the microbiome has already made headlines with a severe 
case of antibiotic resistance. A few years ago in a clinical 
trial, a faecal microbiota transplant (“Stool Transplant”) 
using purified intestinal bacterial cultures was success-
fully carried out in a patient suffering from a Clostridium 
difficile infection that had repeatedly failed standard anti-
biotics [63]. This is therefore a very promising method, 
given that in some cases it may be a last resort treatment 
option.

All of these promising technologies may not always 
be an easy solution, let alone feasible, especially in areas 
where access to basic healthcare and medicines is still a 

huge problem; however, these alternatives might soon 
be the only way forward. It may be a while before these 
methods become the new standard treatment, though 
from a global public health perspective, we need to take 
all these aspects into consideration when planning for a 
healthy future for every individual. Finally, if we do not 
find ways to tackle antibiotic resistance, we could find 
ourselves being afraid of a simple twig which could turn 
out to be a potentially deadly weapon.
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