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Abstract
The antibiotic resistance (antimicrobial resistance – AMR) and the particular emergence of multiresistant bacterial strains, is a problem of clinical relevance involving serious threats to public health worldwide. From early this decade, a lot of studies have demonstrated a significant increase in
the rates of antibiotic resistance by bacterial pathogens responsible for nosocomial and community
infections all over the world. The AMR leads to a reduced drug efficacy in the treatment options
available and therefore, to an increase in mortality rates. The original causes of the phenomenon
are: environmental factors which favor a mutation of the genetic bacterial inheritance, thereby inhibiting the active ingredient of the antibiotics; unsuitable administering of antibiotics in veterinary,
incorrect taking both in hospitals and at home and, lately, lack of investments in the development
of new drugs. The alarming epidemiological data prompted the World Health Organization (WHO)
in 2011 to coin the slogan "No action today, no cure tomorrow" in order to immediately implement
a new strategy to improve the use of available drugs and to accelerate the introduction of new ones
through a new phase of research involving private and public institutions. The European Union
has stressed that the surveillance is considered an essential factor for an effective response to this
problem but it has also highlighted that the results produced have been lower than expectations
because of serious shortcomings such as lack of methodological standards, insufficient data sharing
and no coordination among European countries. In Italy the situation is much more troubling; in
fact, according to the Ministry of Health, 5000-7000 yearly deaths are deemed due to nosocomial infections, with an annual cost of more than 100 million €.These figures explain how the fight against
infections is far from being won. The purpose of this review is to analyze the basic causes of the
recurrence of the phenomenon, to explain the steps taken by the most important international organizations to face AMR and finally to suggest a possible way to search for new classes of antibiotics.
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Introduction
The antibiotic resistance (antimicrobial resistance – AMR) is a global health problem that, because of
different policies both in the use of antibiotics and their applications not always rigorous in the infection control practices, presents epidemiological differences in several countries. Until the late 50s the
international medical community believed that the fight against infectious diseases had been won; unfortunately, in the last 30 years, the increasing rates of AMR revealed how that belief was illusory [1-3].
In 2008, the European Council invited the European Commission to promote cooperation between the
Commission, the agencies and the United States against AMR; in 2011the WHO defined it the most
serious threat to global public health, since discomforting reality of the loss previously effective drugs
in combination with the slow discovery of new antibiotics threatens a post-antibiotic era of infectious
incurable diseases [4-6].
The WHO reports that, despite the quality and completeness of the surveillance phase, epidemiological
data confirm that in recent years there has been an increase in the rates of AMR and this worrying
trend is not limited to specific pathogens or to a specific geographical area [7]. In 2013, it was estimated
that in the USA there had been 2 million serious infections, 23,000 deaths and 35 billion $ of social and
health costs [8,9]. The European Centre for Disease Prevention and Control (ECDC) has estimated that
infections caused by a subset of drug-resistant bacteria are responsible for about 25,000 yearly deaths in
Europe and that health care costs, added to the losses of productivity, amount to 1.5 billion € [10]. Today, the AMR remains the second leading cause of deaths worldwide and the third in the USA [11,12].
The WHO, in a report published in 2014, estimated 10 million deaths and 100 billion $ of economic
losses due to antimicrobial resistant infections within the year 2050. In the action plan issued by the
Commission in 2011, surveillance antimicrobial resistance is considered a sector where measures associated to a proper use of antibiotics are needed, along with the prevention and control of infections
and, lately, to the development of new antimicrobials [13-15]. It’s requested a close international cooperation in order to preserve both the future antimicrobial effectiveness as well the effectiveness of
treatments.

Antibiotic resistance: epidemiology
The ECDC, through the European Antimicrobial Resistance Surveillance Network (EARS-Net), has
recently alarmed about multidrug resistance of the pathogens Eskape, an acronym including enterococci, S. aureus, K. pneumoniae, A. baumanii, P. aeruginosa and Enterobacteriaceae resistant to cephalosporins, quinolones and carbapenems [16]. The methicillin-resistant Staphylococcus aureus (MRSA)
is the worldwide most serious cause of resistant infections related to hospitalization; in fact, MRSA
infections cause increased periods of hospitalization and mortality, with very high social and economic costs. In 2010, seven European countries such as Austria, Cyprus, Estonia, France, Greece, Ireland
and the United Kingdom (UK), have reported a significant decreasing trend for the spread of MRSA
as a result of aggressive interventions to control it. In countries like Italy, Hungary, Germany and Slovenia, the spread of MRSA strains was found increasing and the percentage rose to 25% in a quarter
of European countries; in Italy the percentage is up to 38%, one of the highest value in Europe with a
steady trend in recent years. Such epidemiological condition requires the use of anti-MRSA whenever
a possible staphylococcal infection etiology is suspected [17-19]. It is also significant the proportion of
pneumococci resistant to macrolides; Italy is among the first in Europe, with 27%, whereas the proportion of pneumococci not susceptible to penicillin is lower, about 10% in the last decade [17]. Among
the Gram-negative pathogens, strains of E. coli and K. pneumoniae resistant to fluoroquinolones and
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to third-generation cephalosporins have gone through a rapid and massive spread in Austria, Cyprus,
Hungary and Italy where the rates of resistance to fluoroquinolones are respectively of 41% and 46%,
whereas to the third-generation cephalosporins are of 20% and 46%. This phenomenon has caused a
considerable increase in the consumption of carbapenems which are promoting the spread of resistant
strains of the genus Acinetobacter and Enterobacteriaceae. In the case of some Gram-negative bacteria,
as the A.baumanii, you may find strains resistant to all currently available antibiotics [20]. Some strains
of K. pneumoniae carbapenem-resistant produce the enzymes responsible for the destruction of the
antibiotic; the gene coding for this enzyme is inserted into a plasmid, a DNA fragment which can easily
move from one bacterium to another, allowing the rapid spread of this resistance mechanism between
different species. Other strains of K. pneumoniae have acquired resistance to carbapenems producing
enzymes of different type, such as the metallo-beta-lactamase ones [21,22]. The first strain of these
microorganisms was identified in January 2008 in Sweden and, within the following three years, other
cases have occurred in the UK and the US and, among the microorganisms capable of producing these
enzymes, there is also the E. coli [10]. Some countries such as Israel, France and the UK have started
programs of active surveillance, checking positive findings to carbapenem-resistant Enterobacteriaceae
(CRE) in patients who enter hospitals or have been hospitalized in the previous six months, reporting
in any national health records the carrier state of pan-resistant microorganisms. Currently, the options
for the treatment of infections by CRE are limited: two drugs only are available: tigecycline and colistin.
Not all patients reply to these drugs and colistin implies a high risk of kidney damages, therefore, the
best means to fight against the spread of these microorganisms is the application of a good practice
sanitation inside hospitals [23].

Antibiotic resistance: mechanisms
Antibiotics interfere with the essential functions of the bacterial cells and the mechanisms of resistance
exploit every possible strategy to prevent drug to hit its target [24,25]. The main mechanisms by which
microorganisms develop their resistance are well known and include: destruction of antibiotics (e.g.,
through the beta-lactamase), modification of the target (e.g., mutation of the protein rpsL of the 30S
ribosomal subunit, which confers resistance to streptomycin), extrusion using efflux pumps (by means
pumps AcrAB-TolC which confer multidrug
resistance) (Table I) [26-28].
Antibiotics
Mechanism of action
The mechanisms of tolerance are still the subject
of studies and it has been proved that the perSynthesis inhibition of
Bacitracin
bacterial membrane
Cephalosporins
sistent bacteria are mainly responsible for the
components
Cycloserine
antibiotic tolerance as they can survive. These
Penicillins
are sleeping cells tolerant of the bactericidal
Irreversible alteration
Amphotericin b
antibiotics which need active targets to kill the
of bacterial membrane
Nystatin
cell. The mechanisms underlying the formation
permeability
Polymyxin
of persistent cells are not fully known as, besiAlteration of protein
Chloramphenicol
des having important implications in the clinisynthesis
Eritrocin
cal manifestations of infection, they favor the
Kanamycin
Neomycin
emergence of resistance. The persistent cells, in
Tetracyclines
fact, are destroyed more slowly by antibiotics
Dactinomycin
Alteration of bacterial
and resume growing when the concentration of
Rifampin
nuclear DNA
the drug decreases, so facilitating the onset of
relapses [29-31].
Table I. Mechanisms of action of antibiotics
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Environmental factors in antibiotics resistance
Recent studies have shown how, in the environment, microorganisms never come in contact with certain antibiotics, including certain of more recent introduction into clinical and have resistance to these
same molecules: an observation that led to the definition of the term bacterial resistoma [32]. It has
been observed, in fact, that the genes which confer resistance to these environmental organisms are
similar, but sometimes identical to those observed in their clinical omologous pathogens, among which
the same ones producing antibiotics and lately those ones bearing the genes of the resistance [33]. Molecular studies have demonstrated gene transfer between microorganisms, even belonging to different
genes; it is therefore plausible that the transfer of genes of AMR could also involve the human microbiota, even in the absence of selective pressure made by the use of antibiotics [34]. Such hypothesis
cannot explain whether these products can select resistors, moreover the absolute absence of antibiotic
sensitivity of microorganisms in the stationary phase of growth in vitro, if demonstrated in vivo, could
justify the various therapeutic failures [35].

Use of antibiotics in veterinary medicine
Over the past three decades there has been an abnormal use of antibiotics in farm animal and this phenomenon is mainly due to two factors: growth in consumer’s demand for animal products in middleincome countries and the spread of large herds, where antibiotics are not administered for therapeutic
purposes, but both for preventive purposes and for the promotion of growth, that is, at low doses and for
long periods [36]. At the level of health care, there has been a higher incidence of zoonotic diseases, of
which 56 are responsible for 2.5 billion cases of infections in humans every year [37]. According to the
WHO, a half of all antibiotics produced in the world is for animals and the percentage rises to 80% in
the US, where farm animals, according to a recent report by the FDA (Food and Drug Administration),
consume yearly 13,000 tons of antibiotics [7]. Each year, 100,000 people in the USA die in hospitals for
bacterial infections, 70% of these infections are resistant to treatments established by the protocol [38];
moreover, MRSA is responsible for the death of 19,000 patients and causes seven million visits both
at the doctors’ premises or emergency rooms. The AMR in the USA has an estimated yearly cost of 20
billions $ [39]. The European Union (EU) reacted in 2006, prohibiting the use of antibiotics to boost
animal growth; however, a study has evaluated the presence of antibiotics in 67.7 mg per kilo of meat
produced in farms and French are still consuming more than a thousand tons of antibiotics each year
[40]. Stated the widespread use of antibiotics, some bacteria responsible for ordinary intestinal or respiratory tract infections in animal species, have a higher resistance to the drugs most commonly used
in veterinary medicine. The reasons leading to these practices are several: to avoid rapidly spreading
infections in factory farms with a large numbers of young animals confined in limited areas and to speed
production keeping in effective costs and times; however, rather than improving the hygienic conditions
of breeding and the amount of food available for the animals, it’s preferred to use massive quantities of
antimicrobials with an exponential increase in the selection pressure of resistant pathogens. Antibiotics
allow a reduction of one-third of the production costs and without their use 175,000 tons of food in
addition would be required [8,39]. A lot of studies have shown that an excessive use of antibiotics in
livestock can facilitate the development of food infections because of antibiotic resistant strains that pass
from the gastrointestinal tract of animals to humans through ingestion of meat or dairy products. This
practice has led to the emergence of new multi-resistant strains of bacteria including those of the genus
Campylobacter, Salmonella, E. coli and MRSA, mainly identified in pig farms, which may be transmitted
to humans through contact with animals or with the ingestion of contaminated food [40,41]. It’s inte-
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resting to note that the spread of resistance to antimicrobials in livestock, for example salmonella and
campylobacter resistant to fluoroquinolones, is a phenomenon that goes side by side with the same phenomena found in hospitals since similar antibiotics are also used in both environments. A study in 2011
revealed that half the beef, chicken, pork and turkey sold in department stores in the USA contains germs
resistant to antibiotics, particularly MRSA [42]. Some studies carried out in South America, have shown
that children, never treated with antibiotics, have contracted food infections, due to the consumption of
chicken meat contaminated with bacteria resistant to antibiotics [43-45]. The preventive administration
of enrofloxacin, belonging to the family of fluoroquinolones, to treat infections of respiratory type in
poultry, cause resistance to ciprofloxacin, an antibiotic from the same family, which is administered to
humans to treat infections from Campylobacter and Salmonella spp. Tylosin, belonging to the family of
macrolides, used in the past in the EU countries as a growth promoter and today for the prevention and
control of infections in pigs is liable for the emergence of strains resistant to erythromycin, an antibiotic
administered to humans in the treatment of infections of respiratory type [46,47]. The results of these
studies prove that zoonotic infections are difficult to treat because of the limited number of therapeutic
options, wherefore Europe, to reduce the risk of cross-resistance to antibiotics used in human medicine,
by means of the EC Regulation 1831/2003 banned antibiotics for non therapeutic uses and let them be
administered upon veterinary prescriptions to be reported to health authorities [48].

Irrational use of antibiotics in hospitals and communities
Each year more than 4 million patients in the EU are affected by infections related to health care with
an estimate of 147,000 deaths. The most frequent infections are pneumonia, mainly those related to
communities and hospitals, which are 19.4% of all infections, post surgical (19.6%) and urinary tract
infections (19%). Bloodstream infections (10.7%) and gastrointestinal ones (7.7%) are particularly frequent too [7,40]. The phenomenon of multidrug resistance to antibiotics is of particular concern because of the risk of infection in hospitals, both Italian and European, where the rate of infection is very
high especially for enterobacteria that commonly colonize the intestine without causing serious consequences. Unfortunately, some of them, because of the excessive use of antibiotics become resistant and
among these especially E.coli (15.9%) and K. pneumoniae (8.7%), the latter with high resistance to most
or all antibiotics [10]. Italy is at fifth place in Europe for excessive use of antibiotics for human health,
the average European consume out of hospitals during 2014 is of 21.6 daily doses per 1.000 inhabitants
and varies from 10.6 in Netherlands to 34.6 in Greece. Italy, with 27.8 doses, is at the fifth place, behind
France, Romania and Belgium. As to the consumption of antibiotics in hospitals the European average
is steady at 2 daily doses every 1.000 inhabitants. Again, the most virtuous are the Dutch, with one dose
a day, while the worst are the Finns with 2.6, while Italy remains above the European average with 2.2
and, apart from the Finnish exception, Southern Europe prevails in consumption [49]. In Table II are
summarized the main cause of abuse in antibiotics administering.

Improper use of antibiotics
•
•
•
•
•

Late administration in critically sick patients
Broad-spectrum antibiotics used too often or narrow-spectrum antibiotics used incorrectly
Antibiotics doses lower or higher compared to the ones suitable for specific patients
Antibiotic treatment duration too short or too long
Antibiotic treatment optimized depending on the results of microbiological culture

© SEEd All rights reserved

Reviews in Health Care 2016; 7(1)

7

Antibiotic resistance: current issues and future strategies

A research carried out in Italy showed that 54% of admissions in all the operating units of infectious
diseases are caused by bacterial infections, a growing trend in recent decades. In the USA, at least 2
million people are yearly affected by infections of bacteria resistant to antibiotics and there are at least
23,000 deaths as a direct result. The increase of resistance in the hospitals settings which affects particularly departments such as intensive care or other critical departments, is favored in addition to improper use of antimicrobial drugs as well as by surgical and invasive procedures through the horizontal
transfer of resistant strains between patients colonized or infected (clonal dissemination mechanism)
[50,51]. The epidemic of Enterobacteriaceae resistant to carbapenems, which involved a few years ago
15 hospitals in New York, is an example [52]. Some bacteria such as C. difficile can form spores resistant to the action of many biocides and can survive for a long time in the hospital environment
so favoring epidemics [53,54]. The acquisition of resistance determinants, the selective pressure of
antibiotics and the clonal dissemination of resistant microorganisms are the main factors responsible
for the proliferation and spread of antimicrobial resistance in communities, although each of them
carries a different impact on the species as to microbial and geographic areas. Community pathogens
such as S. pneumoniae have become more and more resistant to traditional antibiotics, and community
infections from MRSA are associated with a high morbidity and mortality even in young or adults not
immune-compromised. Finally, the presence of strains of Mycobacterium tuberculosis XDR (extensively drug resistant) resistant to isoniazid, rifampin, fluoroquinolones, is a matter of concern [41,42,55].
The control of resistance does not obviously depend on good policies of antibiotic therapy only, but also
on the rules of hygiene and infection control measures; in this regard lack of logistics in hospitals are
proved; in fact, the single rooms are 24.2% in Europe, 10.5% in Italy [56,57].

Causes of the decline in the development of new antibiotics
Over the past 50 years two classes of synthetic antibiotics have been developed: fluoroquinolones and
oxazolidinones, the former being broad-spectrum, whereas in the last 40 years three compounds of
natural origin have been introduced: daptomycin, quinupristin-dalfopristin and fidaxomicin. No doubt
that the development of antibiotics has dramatically dropped in the last 25 years; in fact, since 2004
five new antibacterial molecular entities were discovered. A recent survey conducted by IDSA the Task
Force Antimicrobial confirmed the reluctance to start a new phase of research for new generation of antibiotics [58]. Antibiotic therapy is effected for a short period of time, usually not longer than two weeks,
in contrast with the drugs used to treat chronic diseases, which are taken for a long time even for the
whole life of the patient. Clinical trials designed to test the effectiveness of new antibiotics involve some
difficulties as the need to evaluate their effectiveness against resistant pathogens and the impossibility to
insert a placebo group for ethical reasons. In addition, the ability of bacteria to develop resistance to antibiotics shortens the period of time wherein these drugs can show the maximum of their effectiveness.
Unfortunately, antibiotics provide a lower return on investments than other drugs, such as antiretrovirals [59,60]: before the expiry of the patent, a torvastatin, which is taken daily, generated yearly takings
of 12 billion $, whereas the best-selling antibiotic, that levofloxacin, is taken only few days and grants
yearly sales of 2.5 billion $. The development of antibiotics is facing increasing challenges, because of
the high costs, currently estimated between 400-800 million $ for each approved agent [61]. For these
reasons, research and development of new antibiotics have met a clear decline and many pharmaceutical
companies have completely abandoned this sector finding it not profitable. In recent years, thanks to the
changed economic conditions, the legislators of the USA and EU have removed some of the obstacles
which have slowed the development of antibiotics granting a priority review for innovative medicines.
The FDA has launched in 2012 the Generating Antibiotics Incentives Now (GAIN) Act, which provides
incentives for companies that invest in research and development of new antibacterial molecules intro-
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ducing at the same time new business models which may solve the problem of low sales volumes [62].
In March 2015, it was proposed to the USA Congress to double funds for the fight against the antibiotic
resistance from 600 million to 1.2 billion $, strengthening the public research of new molecules and
new diagnostic tests along with the promotion of a responsible use of these in both human and veterinary areas, including international co-operations, too. The Action Plan was published with detailed
indications of the specific objectives to be achieved within 2020 with specific actions to be implemented
[63]. In 2013, the EU announced to have financed a 800 million € research against both drug resistant
bacteria and the use of last generation of antibiotics and additional 91 million € for 15 research projects
involving 44 medium-size enterprises for the realization of new antibiotics to be used in food chains and
consequently develop nanotechnologies useful to provide new antimicrobial drugs [64].
Another disincentive factor for the start of a new phase of research is the use of broad unsuitablespectrum antimicrobials because they are considered a panacea against all infections and their use has
reduced the effectiveness [65]. On the regulatory hand, the pharmaceutical companies have expressed
their concern about the lack of formal guidance documents and the inconsistencies and the requirements of the protocol required to develop drugs as well as the uncertainty that the process currently
required by the FDA will be accepted in the future, when a new drug will be tested. The availability of
these guidelines by the FDA would remove this regulatory uncertainty, greatly increasing the ability of
the companies to carry out the development of new antibiotics. The FDA, after collecting the proposals,
has published a clinical protocol with the guidelines in five areas, so to carry out clinical trials for the
development of new anti-infective agents [66].

Research and development of new antibiotics
The pharmaceutical industry has opposed to the spread of antibiotic resistance by focusing on the
development of synthetic antibiotics using approaches based on high-tech genomics, recombinant chemistry and high-throughput screening (HTS). It was thought that a promising approach was to use as
a target essential proteins and preserved bacteria, identified through genomic studies, but pharmaceutical companies have not been able up today to synthesize drugs with a spectrum of activities as appropriate. In fact, although in vitro studies have identified inhibitors of specific targets, these compounds
did not possess the properties necessary to overcome the membrane of the bacterial cell, especially
Gram-negative bacteria [67]. The international medical community has come to the conclusion that
the new most promising antibiotics are the species-specific ones as they involve a lower risk of toxicity,
since they are addressed against specific bacteria targets and do not damage the normal bacterial flora [68,69]. The species-specific antibiotics have also promising properties in relation to the potential
development of resistance: while resistance against broad-spectrum compounds may emerge in any
bacterium, including the commensal bacteria and then be transferred to the pathogen, this possibility
is much lower in the case of a narrow-spectrum antibiotic, which acts against the target pathogen only
[70,71]. The development of this class of antibiotics, however, will require the introduction of diagnostic tests able to quickly identify the bacterium responsible for the disease, in order to administer the
drug indicated for the MRSA [72,73].
The antibiotics addressed against Gram-negative bacteria should be developed taking into account the
fact that these pathogens are equipped with a membrane hardly accessible and of efflux pumps able to
eject a large number of drugs. To overcome this, the new antibiotics should be relatively hydrophilic
compounds, with a mass lower than 600 Da and include atoms which are not often found in natural
compounds, such as fluoride and boron [74,75]. The hope for the introduction of new classes’ antibiotics in next years is linked to development of effective platforms allowing the development of drugs’
combination. As we learned from the use of drugs addressed against the tubercular micro-bacterium,
© SEEd All rights reserved
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a therapy based on the combination reduces greatly the ability of pathogens to develop resistance. Therefore, with the possibility to develop a combination of new drugs to put on the market in an only pill
should considerably slacken the development of the bacteria antibiotic resistance. The new platform
should also permit the development of new drugs able to contemporarily act against more bacterium
targets [76]. Lately, a promising approach for the development of new antibiotics consists in making
them as pro-drugs, being activated by a specific enzymes of the bacterium of the compounds reactant
against non-specific molecules to be linked to in a covalent bond [77]. Some current antibiotic present
some features very similar to this ideal pro-drug: isoniazide, pirazinamide, etonamide and metronizadolo, the first three used in the therapy against the tubercular bacterium and the fourth as a broadspectrum antibiotic against anaerobic bacteria; they all are drugs turned into active molecules inside
the bacterium cells and linked to the target by a covalent bond. However, these drugs targets are specific
molecules of the bacterium, whereas the ideal pro-drug should link to the molecule of the bacterium
cell in a not-specific way so to increase the reactivity [78].

Conclusions
An increasing number of bacteria acquires resistance to use antibiotics actually used and are available
very few new drugs to tackle the problem. Nowadays, antibiotic resistance causes about 700.000 deaths
worldwide every year and within 2050 it is estimated that 10 million people will be at risk of death. The
excessive and unsuitable use of antibiotics in farms along with their misuse and overuse at home even
to treat diseases for which they are useless, makes it necessary to develop new drugs and then use them
consistently on both humans and animals [79]. Since the targets affected by antibiotics, to slow the
growth of the microorganism or kill it belong to a restricted set of chemical molecules, the resistance
acquired through mutations tends to protect the bacterium against entire classes of antibiotics, rather
than of a single one. Pharmaceutical companies have faced this problem by studying the genetics of
bacteria and carrying out studies to identify new targets for antibiotics; from these studies new classes
of compounds were created as inhibitors of leucyl-tRNA synthetase that, according to preliminary
data, should not be subject to resistance mechanisms that affect the current antibiotics in use [80,81].
The new targets include enzymes from fatty acid synthesis, filamentous proteins sensitive to temperature (fts), DNA polymerase IIIa (dnaE), UDP-3-ON-acetylglucosamine deacetylase (LpxC) and deformilasi. Most antibiotics in advanced stages of development include now drugs referable to existing
classes, such as glycopeptides. However, among the drugs both in pre-clinical and phase I of development, there are 8 drugs with innovative action mechanism and if this will take extensive validation
studies, these new therapeutic approaches are promising [82]. Most governments in the industrialized
world devote approximately 1% of their GDP to research and development of drugs what gives rise to
intellectual property, but each country should allocate a fixed percentage of its GDP to research and development of new antibacterial drugs. Other stakeholders, such as health insurance private companies
could financially contribute and achieve long-term savings through reduced stay in hospitals of their
customers. It’s essential to reduce the cost of drugs’ development and risks for companies that carry
out research; today, more than 10 years are needed to bring a new drug on the market and the costs
exceed one billion $ of which more than half incurred during the phase III of clinical trials [83,84].
Stated that in phase II are tested the safety and efficacy of antibiotics, there is the need to replace part of
a phase III with a larger phase II of large clinical trials, in order to provide patients with antibiotics in
shorter times and at lower costs. This protocol has been successively achieved in the fight against AIDS
through the quick approval of ARVs [85]. The development of new antibiotics is of global importance
and must be sustained and intensified since the microbial evolution will non-stop continue, and drug
resistance will emerge because of a natural selection. A way forward is to implement systems of antimi-
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crobial stewardship, that is of guidance of antibiotic therapies, based on a greater involvement
of infectivologists and a strict application of prevention and infection control measures [86, 87].
In this way next generations will be granted a
better future.
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Questions for further research
• Awaken the public to the suitable use of
antimicrobials
• Strengthen prevention and control of nosocomial infections
• Reconsider end points for marketing authorization of new antibiotics
• Prepare follow- up reports
• Strengthen and coordinate research activities and clinical trials
• Tax incentives for industries and an establishment of public-private partnerships
• Train doctors on good practices

The review in brief
Clinical
question

Antibiotic resistance has become a problem of global concern. The purpose of this review is not only to
analyze the basic causes of the resurgence of antibiotic resistance but also to explain the steps taken by
the most important international organizations in the fight against the phenomenon and then suggest a
possible way to search for new antibiotics.

Type of the
review

Narrative

Search of the A number of full text articles published in English from 2000 to 2014 have been reviewed. The first search
literature
on the site PubMed allowed initially to collect 126.150 articles. The PubMed database has been considered
for the bibliographic research and the following keywords were applied: antibiotic resistance bacteria,
antibiotic resistance mechanism and evolution, research study of new antibiotics class.The exclusion criteria
were: comments, letters to publishers, reviews and studies carried out before 2000. From each selected
study, the following data were collected: year of publication, study period, type of study.
Conclusions

Due to the number of antibiotic resistant bacteria, very few effective drugs against infections are left.
Therefore, this drove both pharmaceutical laboratories as well public agencies and universities to start a
new phase of research based on leucyl-tRNA synthetase inhibitors and glycopeptides. Tests have shown
good pre-clinical results.

Limitations

Clinical studies concerning patients with infections only, and not with other concomitant diseases, have
been considered in order to prevent the non-statistical significance of epidemiological data.

References
1.
2.
3.
4.

Infectious Diseases Society of America. Bad bugs, no drugs: as antibiotic discovery stagnates,
a public health crisis brews. Alexandria, VA: Infectious Diseases Society of America, 2004
Fauci A. Infectious diseases: considerations for the 21st century. Clin Infect Dis 2001; 32:
675-685; http://dx.doi.org/10.1086/319235
World Health Organization (WHO).Antimicrobial resistance: global report on
surveillance. Geneva, 2014
Alanis A. Resistance to antibiotics: are we in the post-antibiotic era? Arch Med Res 2005;
36: 697-705; http://dx.doi.org/10.1016/j.arcmed.2005.06.009

© SEEd All rights reserved

Reviews in Health Care 2016; 7(1)

11

Antibiotic resistance: current issues and future strategies

5.
6.
7.
8.
9.
10.
11.
12.

13.
14.
15.
16.
17.

18.

19.

20.

21.

22.

23.
24.

12

McDonald L. Trends in antimicrobial resistance in health care–associated pathogens and effect on
treatment. Clin Infect Dis 2006; 42(Suppl 2): S65-71; http://dx.doi.org/10.1086/499404
Laxminarayan R, Duse A, Wattal C, et al. Antibiotic resistance - the need for global solutions. Lancet Infect Dis 2013; 13: 1057-98; http://dx.doi.org/10.1016/S1473-3099(13)70318-9
WHO – Regional Committee for Europe. European strategic action plan on antibiotic resistance.
EUR/RC61/14, 2011
European Centre for Disease Prevention and Control (ECDC). Annual report of the European
Antimicrobial Resistance Surveillance Network (EARS-Net).2013
Spellberg B, Powers J, Brass E, et al. Trends in antimicrobial drug development: implications for
the future. Clin Infect Dis 2004; 38: 1279-86; http://dx.doi.org/10.1086/420937
ECDC/EMEA. European Centre for Disease Control & European Medicines Agency. The bacterial
challenge: time to react. London, UK: 2009
Fischbach MA, Walsh CT. Antibiotics For Emerging Pathogens. Science 2009; 325: 1089-93; http://
dx.doi.org/10.1126/science.1176667
Roberts R, Hota B, Ahmad I, et al. Hospital and societal costs of antimicrobial-resistant infections
in a Chicago teaching hospital: implications for antibiotic stewardship. Clin Infect Dis 2009; 49:
1175-84; http://dx.doi.org/10.1086/605630
Spellberg B, Lewis R, Boucher H, et al. Design of clinical trials of antibacterial agents for community
acquired bacterial pneumonia(CABP). Clin Invest 2011; 1: 19-32; http://dx.doi.org/10.4155/cli.10.1
Klevens R, Edwards J, Richards C, et al. Estimating health care-associated infections and deaths in
U.S. hospitals, 2002. Public Health Rep 2007; 122: 160-6
Di Massa J, Hansen R, Grabowski H. The price of innovation: new estimates of drug development
costs. J Health Econ 2003; 22: 151-85; http://dx.doi.org/10.1016/S0167-6296(02)00126-1
McKenna M. Antibiotic resistance: The last resort. Nature 2013; 499: 394-6; http://dx.doi.
org/10.1038/499394a
EARSS (European Antimicrobial Resistance Surveillance System), Antimicrobial resistance in
Europe. Annual Report Annual report of the European Antimicrobial Resistance Surveillance
Network (EARS-Net) 2010
Khanna T, Friendship R, Dewey C, et al. Methicillin resistant Staphylococcus aureus colonization
in pigs and pig farmers. Vet Microbiol 2008; 128: 298-303; http://dx.doi.org/10.1016/j.
vetmic.2007.10.006
Jones T, Kellum M, Porter S, et al. An outbreak of community acquired foodborne illness caused
by methicillin-resistant Staphylococcus aureus. Emerg Infect Dis 2002; 8: 82-4; http://dx.doi.
org/10.3201/eid0801.010174
Wright M. Multi-resistant gram-negative organisms in Maryland: a statewide survey of resistant
Acinetobacter baumannii. Am J Infect Control 2005; 33: 419-21; http://dx.doi.org/10.1016/j.
ajic.2005.01.009
Shin SY, Bae IK, Kim J, et al. Resistance to carbapenems in sequence type 11 Klebsiella pneumoniae
is related to DHA-1 and loss of OmpK35 and/or OmpK36. J Med Microbiol 2012; 61: 239-45;
http://dx.doi.org/10.1099/jmm.0.037036-0
Yigit H, Queenan A, Rasheed J, et al. Carbapenem-resistant strain of Klebsiella oxytoca harboring
carbapenem-hydrolyzing -lactamase KPC-2. Antimicrob. Agents Chemother 2003; 47: 3881-9;
http://dx.doi.org/10.1128/AAC.47.12.3881-3889.2003
Paterson D. Resistance in Gram-negative bacteria: Enterobacetriaceae. Am J Med 2006; 119: S20-8;
http://dx.doi.org/10.1016/j.amjmed.2006.03.013
CaiY, Chai D, Wang R, et al. Colistin resistance of Acinetobacter baumannii: clinical reports,
mechanisms and antimicrobial strategies. J Antimicrob Chemother 2012; 67: 1607-15; http://
dx.doi.org/10.1093/jac/dks084

Reviews in Health Care 2016; 7(1)

© SEEd All rights reserved

G. Scarafile

25. Queenan A, Shang W, Flamm R, et al. Hydrolysis and inhibition profiles of β- lactamases from
molecular classes A to D with doripenem, imipenem, and meropenem. Antimicrob Agents Chemother 2010; 54: 565-69; http://dx.doi.org/10.1128/AAC.01004-09
26. Hooper D. Efflux pumps and nosocomial antibiotic resistance: a primer for hospital epidemiologists.
Clin Infect Dis 2005; 40: 1811-7; http://dx.doi.org/10.1086/430381
27. Papp-Wallace K, Mallo S, Bethel C, et al. A kinetic analysis of the inhibition of FOX-4 β-lactamase,
a plasmid-mediated AmpC cephalosporinase, by monocyclic β-lactams and carbapenems. J Antimicrob Chemother 2014; 69: 682-90; http://dx.doi.org/10.1093/jac/dkt434
28. Leclercq R. Mechanisms of resistance to macrolides and lincosamides: nature of the resistance
elements and their clinical implications. Clin Infect Dis 2002; 34: 482-92; http://dx.doi.
org/10.1086/324626
29. Wellington E, Boxall A, Cross P, et al. The role of the natural environment in the emergence of
antibiotic resistance in Gram-negative bacteria. Lancet Infect Dis 2013; 13: 155-65; http://dx.doi.
org/10.1016/S1473-3099(12)70317-1
30. Orman M, Brynildsen M. Dormancy is not necessary or sufficient for bacterial persistence. Antimicrob Agents Chemother 2013; 57: 3230-9; http://dx.doi.org/10.1128/AAC.00243-13
31. Bahar A, Liu Z, Garafalo M, et al. Controlling Persister and Biofilm Cells of Gram-Negative
Bacteria with a New 1,3,5-Triazine Derivative. Pharmaceuticals (Basel) 2015; 8: 696-710; http://
dx.doi.org/10.3390/ph8040696
32. D’Costa V, McGrann K, Hughes D, et al. Sampling the antibiotic resistome. Science 2006; 311: 37477; http://dx.doi.org/10.1126/science.1120800
33. Gaze W, Krone S, Larsson D, et al. Influence of humans on evolution and mobilization of
environmental antibiotic resistome. Emerg Infect Dis 2013; 19: e120871; http://dx.doi.org/10.3201/
eid1907.120871
34. Guo J, Wang Q, Wang X, et al. Horizontal gene transfer in an acid mine drainage microbial
community. BMC Genomics 2015; 16: 496; http://dx.doi.org/10.1186/s12864-015-1720-0
35. Damas P, Canivet J, Ledoux D, et al. Selection of resistance during sequential use of preferential
antibiotic classes. Intensive Care Med 2006; 32: 67-74; http://dx.doi.org/10.1007/s00134-0052805-z
36. European Commission. Ban on antibiotics as growth promoters in animal feed enters into effect.
IP/05/1687, Brussels, 2005
37. Karesh W, Dobson A, Lloyd-Smith J, et al. Ecology of zoonoses: natural and unnatural histories.
Lancet 2012; 380: 1936-45; http://dx.doi.org/10.1016/S0140-6736(12)61678-X
38. Hollis A, Ahmed Z. Preserving antibiotics, rationally. N Engl J Med 2013; 369: 2474-6; http://
dx.doi.org/10.1056/NEJMp1311479
39. Food and Drug Administration(FDA). Summary report on antimicrobials sold or distributed for
use in food-producing animals. Washington DC: Department of Health and Human Services,
2011
40. ESAC-Net surveillance. Summary of the latest data on antibiotic consumption in the European
Union. November 2015
41. Crombé F, Vanderhaeghen W, Dewulf J, et al. Colonization and transmission of methicillinresistant Staphylococcus aureus ST398 in nursery piglets. Appl Environ Microbiol 2012; 78: 1631-4;
http://dx.doi.org/10.1128/AEM.07356-11
42. Waters A, Contente-Cuomo T, Buchhagen J, et al. Multidrug-Resistant Staphylococcus aureus in
US Meat and Poultry. Clinical Infectious Diseases 2011; 52: 1227-30; http://dx.doi.org/10.1093/cid/
cir181
© SEEd All rights reserved

Reviews in Health Care 2016; 7(1)

13

Antibiotic resistance: current issues and future strategies

43. Battisti A, Franco A, Merialdi G, et al. Heterogeneity among methicillin-resistant Staphylococcus
aureus from Italian pig finishing holdings. Vet Microbiol 2010; 142: 361-6; http://dx.doi.
org/10.1016/j.vetmic.2009.10.008
44. Bostan K, Aydin A, Ang M. Prevalence and antibiotic susceptibility of thermophilic Campylobacter
species on beef, mutton, and chicken carcasses in Istanbul,Turkey. Microb Drug Resist 2009; 15:
143-9; http://dx.doi.org/10.1089/mdr.2009.0894
45. Jensen A, Dalsgaard A, Baggesen D et al.The occurrence and characterization of Campylobacter
jejuni and C.coli in organic pigs and their outdoor environment. Vet Microbiol 2006: 116; 96-105;
http://dx.doi.org/10.1016/j.vetmic.2006.03.006
46. Garrett N, Devane M, Hudson J, et al. Statistical comparison of Campylobacter jejuni subtypes
from human cases and environmental sources. J Appl Microbiol 2007; 103: 2113-21; http://dx.doi.
org/10.1111/j.1365-2672.2007.03437.x
47. Pezzotti G, Serafin A, Luzzi I, et al. Occurrence and resistance to antibiotics of Campylobacter
jejuni and Campylobacter coli in animals and meat in northeastern Italy. Int J FoodMicrobiol 2003;
82: 281-7; http://dx.doi.org/10.1016/S0168-1605(02)00314-8
48. Juntunen P, Heiska H, Olkkola S, et al. Antimicrobial resistance in Campylobacter coli selected
by tylosin treatment at a pig farm. Vet Microbiol 2010; 146: 90-7; http://dx.doi.org/10.1016/j.
vetmic.2010.04.027
49. European Food Safety Authority (EFSA) and European Centre for Disease Prevention and Control
(ECDC).The European Union summary report on trends and sources of zoonoses, zoonotic agents
and food-borne outbreaks in 2013. EFSAJ 2015; 13: 3991
50. Center for Disease Control and Prevention. Antibiotic Resistance Threats in the United States.
CDC Atlanta, 2013
51. Hecker M, Aron D, Patel N, et al. Unnecessary use of antimicrobials in hospitalized patients:
current patterns of misuse with an emphasis on the antianaerobic spectrum of activity. Arch Intern
Med 2003; 163: 972-8; http://dx.doi.org/10.1001/archinte.163.8.972
52. Patel J, Rasheed J, Kitchel B. Carbapenemases in Enterobacteriaceae: activity, epidemiology, and
laboratory detection. Clin Microbiol News 2009; 31: 55-62
53. Nerandzic M, Donskey C. Triggering germination represents a novel strategy to enhance killing
of Clostridium difficile spores. PLoS One 2010; 5: e12285; http://dx.doi.org/10.1371/journal.
pone.0012285
54. Lawley T, Clare S, Walker A, et al. Antibiotic Treatment of Clostridium difficile Carrier Mice Triggers
a Supershedder State, Spore- Mediated Transmission, and Severe Disease in Immunocompromised
Hosts. Infect Immun 2009; 77: 3661-9; http://dx.doi.org/10.1128/IAI.00558-09
55. Riggs M, Sethi A, Zabarsky T, et al. Asymptomatic Carriers Are a Potential Source for Transmission
of Epidemic and Non Epidemic Clostridium difficile Strains among Long-Term Care Facility
Residents. Clin Infect Dis 2007; 45: 992-8; http://dx.doi.org/10.1086/521854
56. ECDC Surveillance Report. Point prevalence survey of health care associated infections and
antimicrobial use in European acute care hospitals 2011-2012.
57. Capone A, Giannella M, Fortini D, et al. High rate of colistin resistance among patients with
carbapenem-resistant Klebsiella pneumoniae infection accounts for an excess of mortality. Clin
Microbiol Infect 2013; 19: E23-E30; http://dx.doi.org/10.1111/1469-0691.12070
58. Talbot G, Bradley J, Edwards J, et al. Bad Bugs Need Drugs: An Update on the Development Pipeline
from the Antimicrobial Availability Task Force of the Infectious Diseases Society of America. Clin
Infect Dis 2006; 42: 657-68; http://dx.doi.org/10.1086/499819
59. Cogdill B, Nappi J. Assessment of prescribers’ knowledge of the cost of medications. Ann Pharmacother 2012; 46: 200-7; http://dx.doi.org/10.1345/aph.1Q485

14

Reviews in Health Care 2016; 7(1)

© SEEd All rights reserved

G. Scarafile

60. Verhoef T, Morris S. Cost-effectiveness and Pricing of Antibacterial Drugs. Chem Biol Drug Des
2015; 85: 4-13; http://dx.doi.org/10.1111/cbdd.12417
61. Falagas M, Fragoulis K, Karydis I. A comparative study on the cost of new antibiotics and
drugs of other therapeutic categories. PLoS One 2006; 1: e11; http://dx.doi.org/10.1371/journal.
pone.0000011
62. Infectious Diseases Society of America. The 10 x ’20 initiative: pursuing a global commitment
to develop 10 new antibacterial drugs by 2020. Clin Infect Dis 2010; 50: 1081-3; http://dx.doi.
org/10.1086/652237
63. National Briefing. Washington; More Money Sought to Fight Antibiotic Resistance. 2015:A14
64. World Health Organization Regional Office for Europe. European strategic action plan on
antibiotic resistance 2015
65. Niederman M. Principles of appropriate antibiotic use. Int J Antimicrob Agents 2005; 26Suppl 3:
170-5
66. Ball A, Bartlett J, Craig W, et al. Future trends in antimicrobial chemotherapy: expert opinion on
the 43rd ICAAC. J Chemother 2004; 16: 419-63; http://dx.doi.org/10.1179/joc.2004.16.5.419
67. Finch R, Hunter P. Antibiotic resistance—action to promote new technologies: report of an EU
Intergovernmental. J Antimicrob Chemother 2006; 58 Suppl 1: i3-i22; http://dx.doi.org/10.1093/jac/
dkl373
68. McDonald L. Trends in antimicrobial resistance in health care–associated pathogens and effect on
treatment. Clin Infect Dis 2006; 42(Suppl 2): 65-71; http://dx.doi.org/10.1086/499404
69. Spellberg B, Powers J, Brass E, et al. Trends in antimicrobial drug development: implications for
the future. Clin Infect Dis 2004; 38: 1279-86; http://dx.doi.org/10.1086/420937
70. Lee C , Liang X , Chen X , et al. Species-Specific and Inhibitor-Dependent Conformations of
LpxC—Implications for Antibiotic Design. Chem Biol 2011; 18: 38-47; http://dx.doi.org/10.1016/j.
chembiol.2010.11.011
71. Granieri L, Miller O, Griffiths A et al. A competition-based assay for the screening of speciesspecific antibiotics. J Antimicrob Chemother 2009; 64: 62-8; http://dx.doi.org/10.1093/jac/dkp137
72. Pourmand M, Hassanzadeh S, Mashhadi R, et al. Comparison of four diagnostic methods for
detection of methicillin resistant Staphylococcus aureus. Iran J Microbiol 2014; 6: 341-4
73. Adaleti R, Nakipoglu Y, Karahan ZC, et al. Comparison of polymerase chain reaction and
conventional methods in detecting methicillin-resistant Staphylococcus aureus. J Infect Dev Ctries
2008; 2: 46-50
74. Poole K. Efflux-mediated antimicrobial resistance. J Antimicrob Chemother 2005; 56: 20-51; http://
dx.doi.org/10.1093/jac/dki171
75. He J, Starr C, Wimley W. A Lack of Synergy Between Membrane-permeabilizing Cationic
Antimicrobial Peptides and Conventional Antibiotics. Biochim Biophys Acta 2015; 1848: 8-15;
http://dx.doi.org/10.1016/j.bbamem.2014.09.010
76. Rathinakumar R, Wimley W. Biomolecular engineering by combinatorial design and highthroughput screening: small, soluble peptides that permeabilize membranes. J Am Chem Soc 2008;
130: 9849-58; http://dx.doi.org/10.1021/ja8017863
77. Smolinski M, Hamburg M, Lederberg J. Microbial threats to health: emergence, detection, and
response. Washington (DC): National Academies Press (US). 2003
78. European Centre for Disease Prevention and Control. Antimicrobial Resistance Surveillance in
Europe 2014.
79. Goel N, Wattal C, Oberoi J, et al. Trend analysis of antimicrobial consumption and development
of resistance in non-fermenters in a tertiary care hospital in Delhi, India. J Antimicrob Chemother
2011; 66: 1625-30; http://dx.doi.org/10.1093/jac/dkr167
© SEEd All rights reserved

Reviews in Health Care 2016; 7(1)

15

Antibiotic resistance: current issues and future strategies

80. Ellie J, Goldstein A, Citron D, et al. Comparative In Vitro Activities of GSK2251052, a Novel
Boron-Containing Leucyl-tRNA Synthetase Inhibitor, against 916 Anaerobic Organisms. Antimicrob Agents Chemother 2013; 57: 2401-4; http://dx.doi.org/10.1128/AAC.02580-12
81. Sutcliffe J. Antibiotics in development targeting protein synthesis. Ann N Y Acad Sci 2011; 1241:
122-52; http://dx.doi.org/10.1111/j.1749-6632.2011.06323.x
82. Rustomjee R, Lienhardt C, Kanyok T, et al. A Phase II study of the sterilising activities of ofloxacin,
gatifloxacin and moxifloxacin in pulmonary tuberculosis. Int J Tuberc Lung Dis 2008; 12: 128-38
83. Barrett J. Can biotech deliver new antibiotics? Curr Opin Microbiol 2005; 8: 498-503; http://dx.doi.
org/10.1016/j.mib.2005.08.007
84. Lachmann P. The penumbra of thalidomide,the litigation culture and the licensing of
pharmaceuticals. QJM 2012; 105: 1179-89; http://dx.doi.org/10.1093/qjmed/hcs148
85. Tillotson G. Development of new antibacterials: a laudable aim, but what is the value? Clin Infect
Dis 2010; 51: 752-3; http://dx.doi.org/10.1086/655956
86. Coenen S, Gielen B, Blommaert A, et al. Appropriate international measures for outpatient
antibiotic prescribing and consumption: recommendations from a national data comparison of
different measures. J Antimicrob Chemother 2014; 69: 529-34; http://dx.doi.org/10.1093/jac/dkt385
87. Isaacs D, Andresen D. Combating antibiotic resistance: the war on error. Arch Dis Child 2013; 98:
90-1; http://dx.doi.org/10.1136/archdischild-2012-303111

16

Reviews in Health Care 2016; 7(1)

© SEEd All rights reserved

