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Abstract—Microbial resistance is emerging faster than we are replacing our armamentarium of antimicrobial
agents. Resistance to penicillin developed soon after it was introduced into clinical practice in 1940s. Now
resistance developed to every major class of antibiotics. In healthcare facilities around the world, bacterial
pathogens that express multiple resistance mechanisms are becoming common. The origins of antibiotic
resistance genes can be traced to the environmental microbiota. Mechanisms of antibiotic resistance include
alterations in bacterial cell wall structure, growth in biofilms, efflux pump expression, modification of an
antibiotic target or acquisition of a new target and enzymatic modification of the antibiotic itself. Specific
examples of each mechanism are discussed in this review. Some approaches to counter resistance include
antibiotic stewardship, coadministration with resistance inhibitors, exploiting genome data in search of new
targets and use of nonantibiotic antimicrobials for topical indications. A coordinated effort from govern
ment, public and industry is needed to deal with antibiotic resistance health care crisis.
DOI: 10.1134/S0003683813080024
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HISTORY OF ANTIBIOTIC RESISTANCE

Microbial resistance is emerging faster than we are
replacing our armamentarium of antimicrobial agents.
Throughout millennia infections were treated with
folk remedies like leaches, herbal extracts, wine, vine
gar, silver etc, tender loving care or not at all. Many
people died from common infections that today are
easily treated with antibiotics. In 1900, at a time when
infections were the leading cause of death in the
United States, the average life expectancy at birth was
approximately 47 years (46 for men and 48 for
women). Childhood deaths secondary to infections
were frequent. The major causes of death were small
pox, cholera, diphtheria, typhoid fever, plague, tuber
culosis, typhus, scarlet fever, rheumatic fever, measles,
mumps, pertussis, poliomyelitis, and syphilis. Many of
these diseases also caused complications leading to
severe disabilities (e.g., paralysis from polio, valvular
heart disease from rheumatic fever, and neurological
deficits and heart disease from syphilis) [1].
The first important breakthroughs came with the
introduction of the germ theory of infection and dis
covery of antiseptics in the 19th century. Ignaz Sem
melweis in 1847 demonstrated that puerperal fever
(also known as “childbed fever”) was contagious and
that its incidence could be dramatically reduced by
enforcing appropriate handwashing behavior by
medical caregivers [2]. Louis Pasteur first clearly
demonstrated the connection between bacteria and
disease [3]. In 1865, Joseph Lister performed first suc
cessful antiseptic surgery using carbolic acid [4]. Other
1 The article was translated by the authors.

antiseptics that followed include iodine, boric acid,
alcohol and Dakin’s solution (sodium hypochlorite).
These therapies saved many lives during the First
World War and continue to be important today.
Sulfonamide drugs were the first antimicrobial
drugs, and paved the way for the antibiotic revolution
in medicine. The first sulfonamide, prontosil was dis
covered in 1932 in the laboratories of Bayer and by
mid1930th many sulfa drugs became available. As the
first and only effective antibiotics available in the years
before penicillin, sulfa drugs had a central role in pre
venting wound infections during the World War II [5].
Sulfonamides however have the potential to cause a
variety of serious side effects, including urinary tract
disorders, haemopoietic disorders, porphyria, and
hypersensitivity reactions [6]. Resistance mutations
have severely compromised the usefulness of these
drugs [7].
The first antibiotic, penicillin, was discovered in
1929 by Sir Alexander Fleming, who observed inhibi
tion of staphylococci on an agar plate contaminated by
a Penicillium mold [8]. Antibiotics were introduced
into commercial use in 1940s and the subsequent
emergence of resistance, particularly to multiple
drugs, has thwarted treatment of patients in the hospi
tal and the community [9]. In 1960, the development
of methicillin was described as an outstanding
achievement as it was able to withstand destruction by
penicillinase. One year later, in 1961, the first reports
of methicillinresistant Staphylococcus aureus
(MRSA) appeared [10]. In healthcare facilities around
the world, bacterial pathogens that express multiple
resistance mechanisms are becoming common, com
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plicating treatment and increasing human morbidity
and mortality [9]. For instance, in a study of patients
at the F. I. Proctor Institute in San Francisco, CA from
1998 to 2006, it was found that less than 15% methicil
lin resistant Staphylococcus aureus (MRSA) ocular
infections were sensitive to ciprofloxacin, a second
generation broad spectrum fluoroquinolone [11].
According to the State of Pennsylvania 2005 Report,
14% of hospital Intensive Care Unit (ICU) infections
were fatal and those infections accounted for $ 2.9 bil
lion in increased costs.
A number of studies demonstrated that sublethal
doses of nontherapeutic antibiotics result in the
selection of resistant organisms in farm animals and
workers due to their indiscriminate usage on farms (Tes
timony of Dr. Stuart B. Levy President, Alliance for the
Prudent Use of Antibiotics before the Subcommittee on
Health of the U.S. House Committee on Energy and
Commerce July 14, 2010). As a consequence, there is an
evolving unmet medical need for novel antimicrobial
agents that are effective against existing resistant patho
gens and that carry a low potential for the development
of drug resistance [12, 13].
Unfortunately the pipeline of new antibiotics is
getting dry. Between 1940 and 1962, more than 20 new
classes of antibiotics were marketed. Since then, only
two new classes have reached the market [14]. Part of
the reason is that all “easy targets” are already discov
ered. Another problem is that infection is typically an
acute, nonchronic decease lasting for weeks, not
years. Therefore antibiotics rarely become “block
buster drugs” making billions of dollars like high blood
pressure or asthma drugs, resulting in declining inter
est from large pharmaceutical companies. According
to WHO, current trends indicate that there may be no
effective treatments for some diseases in next ten years
as direct consequence of the development of resistance
by many microorganisms to existing therapeutics
(WHO fact sheet https://apps.who.int/inffs/en/
factl94.htmn). A combined effort from government,
public and industry is needed to reverse this trend.
ORIGINS AND EVOLUTION
OF ANTIBIOTIC RESISTANCE
The development of resistance to one or several
drugs is a result of the combination of the frequency of
mutation, the number and type of mutations required
to express resistance, the potency and concentration
of the treating drug, and other factors including the
use and overuse of antimicrobials that promote trans
fer of resistance by both vertical and horizontal mech
anisms [12, 15, 16]. Soon after introducing antibiotics
for human therapy it became evident that bacteria
were able to develop resistance, not just as the conse
quence of mutations in the targets of antibiotics, but
by horizontally acquiring genes conferring resistance
to antimicrobials [17]. Since those genes were not
present before in the human bacterial pathogens, the

only suitable source for them was the environmental
microbiota, and indeed the presence of Rfactors
(resistance plasmids) in environments without any
previous record of contact with antibiotics was
described in the first studies of antibiotic resistance in
the field [18]. Recently the use of functional genomics
and metagenomic techniques has demonstrated that
natural ecosystems, including soils and human gut,
contain a large number of elements that, upon transfer
to a new host, confer resistance to antimicrobials [19,
20]. These include natural antibiotics, which are pro
duced by the environmental microbiota, and synthetic
antimicrobials, such as quinolones. An important
question from an evolutionary point of view is the
function of these resistance genes in their natural hosts
[21]. Whereas for naturally produced antibiotics a pro
tective role for resistance genes in the producer organ
isms (or those coexisting with producers [22]) might
be foreseen [23], this explanation is not suitable for
synthetic antibiotics such as quinolones. Indeed, it has
been described that the origin of the quinolone resis
tance gene QnrA, which is now widespread in plasmids
present in human pathogens, is the environmental
nonantibiotic producer Shewanella algae [24].
Therefore a gene that confers resistance in a human
pathogen does not necessary play the same role in its
original host [25]. The finding that several proteins
involved in basic bacterial physiology also contribute
to antibiotic resistance [22, 26, 27] further supports
the hypothesis that resistance genes, acquired through
horizontal gene transfer by human pathogens, might
have evolved in their original host to play a different
role than antibiotic resistance. We can therefore dis
tinguish two ages in the evolution of antibiotic resis
tance. The first age started billions of years ago and
lasted until the use of antibiotics by humans. The resis
tance genes during this period have been typically
chromosomally encoded and had evolved for different
purposes. Some of them, as those found in antibiotic
producers, likely evolved for detoxifying the original
host from the antibiotic it produced, although a role in
the biosynthesis of the antibiotic itself has been pro
posed as well [23, 28]. Others, like βlactamases,
might be involved in the biosynthesis of the cell wall
[29, 30], while others, like multidrug efflux pumps,
might serve for different purposes including the trans
port of signaling molecules or extrusion of toxic com
pounds [31]. The second age started about 70 years ago
with introduction of penicillin followed by many other
classes of antibiotics. Once a gene is introduced in a
new host in which it lacks its original biochemical and
genetic context, its function is limited to antibiotic
resistance. This change of function without changing
the sequence of the gene itself is the consequence of
the strong selective pressure exerted by antibiotics in
the last seven decades. Two important aspects are
emerging from the studies of natural resistome. First,
the environmental microbiota contains a much larger
number of resistance genes than those seen to be
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acquired by bacterial pathogensg [21, 32]. Further
more, different ecosystems contain different resis
tance genes, meaning that there is a vast reservoir of
potential resistance genes present in natural ecosys
tems. For example resistance genes are found in deep
terrestrial subsurface [33], ice [34], and even the per
mafrost [35], which have not been in contact with
human contaminants. Second, those genes present on
mobile elements in human bacterial pathogens can be
found nearly everywhere, including pristine ecosys
tems or wild animals not supposed to be in contact
with antibiotics [25]. This indicates that pollution with
antibiotic resistance genes is widespread and that
resistance genes can persist even in the absence of
antibiotic selection pressure. The analysis of historical
soil archives has shown a consistent increase of the
presence of antibiotic resistance genes since 1940 [36],
which is a clear prove of the contamination natural
ecosystems by antibiotic resistance elements and the
persistence of those elements. Tracking the origin of
known resistance gene is a difficult task, however there
are several successful examples. It has been deter
mined that QnrA originated in S. algae [24] and that
chromosomally encoded qnr genes are mainly present
in waterdwelling bacteria [37]. This suggests that the
source of transferrable quinolone resistance is the
water microbiota and puts a focus on the effect that the
use of quinolones in aquaculture might have had for
the emergence and dissemination of these resistance
elements [38].
MECHANISMS OF ANTIBIOTIC RESISTANCE
Mechanisms of resistance to antibiotics are divided
into innate characteristics, described as intrinsic, and
those that result from the acquisition of DNA (plasmids,
transposons) by transformation and recombination.
Bacteria differ in their cell wall composition result
ing in differences in their intrinsic susceptibility to
antibiotics. Intrinsic resistance depends on the hydro
philicity of the antibiotic and is mediated by cell wall
composition, formation of biofilms, efflux or by chro
mosomally mediated enzymatic inactivation [39]. As
discussed above, bacteria can also acquire and dissem
inate antibiotic resistance determinants by horizontal
transfer on plasmids, transposons and other genetic
elements. These transferred mechanisms include
efflux, modification of existing antibiotic targets,
acquiring new targets and production of the enzymes
that inactivates the antibiotic.
There are two major cell wall structures that often
lead to impermeability in Gramnegative bacteria:
lipopolysacharide (LPS) composition and expression
of outer membrane proteins, porins that restrict
inward inflow of antibiotics and biocides. The core
region of the LPS is strongly negatively charged and
functions as a selective permeability barrier for nega
tively charged antibiotics resulting in decreased sus
ceptibility. Porins are outer membrane proteins that
APPLIED BIOCHEMISTRY AND MICROBIOLOGY
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permit the influx of nutrients and efflux of waste prod
ucts. Antibiotics can function as substrates for porins.
Decrease or loss of porin synthesis in nosocomial patho
gens in combination with other resistance mechanisms
result in multidrug resistant (MDR) bacteria [40].
Biofilms are bacterial sessile communities irrevers
ibly attached to a substrate and embedded in a matrix
of extracellular polymeric substances, the glycocalyx.
Bacteria in biofilms are resistant to many antibiotics
due to the slow growth, altered physiological state and
delayed penetration of antibiotics through the glyco
calyx. Diffusion of βlactams and macrolides through
the extracellular material is more rapid than of ami
noglycosides [41].
Efflux pumps are transporter proteins involved in
the removal of toxic substances from the interior of the
cell to the external environment. Some efflux pumps
are specific for a single drug or substrate while others
are capable of transporting multiple substrates.
Increased efflux results in subtherapeutic intracellu
lar concentrations of antibiotics and subsequent ther
apeutic failure. There are five major efflux pump fam
ilies: the major facilitator superfamily (MFS), resis
tance nodulation cell division subfamily (RND), the
small multidrug regulator subfamily (SMR), the ATP
binding cassette (ABC) family, and the multidrug and
toxic effects (MATE) family. A proton motive force
mediated by the counter flow of protons drives the
MFS, RND, MATE and SMR families. The ABC
family uses the hydrolysis of ATP by ATPase to provide
the energy for active transport of antibiotics and other
toxic molecules. The genes of efflux pumps can be
intrinsic or acquired. The intrinsic efflux mechanism
of resistance is chromosomally encoded and is acti
vated by environmental signals or by mutation in reg
ulatory genes [42]. For example in the RND super
family, the mexABoprM operon in Pseudomonas
aeruginosa regulates porin and pump genes. Mutations in
the gene mexR encoding the repressor protein result in
the reduced affinity for the promoter target and upregu
lation of the mexABoprM operon. This threecompo
nent efflux pump provides an exit portal for quinolones,
tetracycline, chloramphenicol, βlactams and mero
penem but not imipenem [43]. Acquired macrolide resis
tance mediated by efflux has been described in strepto
cocci and is encoded by mefE in S. pneumonia and by
mefA in Streptococcus pyogenes [44].
Modification of a target reduces the affinity of the
target for the antibiotic. Target site modifications
occur primarily by chromosomal mutation as in qui
nolone antimicrobials, and by enzymatic alteration of
macrolide, glycopeptide, and βlactam target sites.
Quinolones target DNA gyrase and topoisomerase IV.
The primary mechanism of resistance to this antimi
crobial class is modification by mutations encoding
single amino acid changes in these targets. Mutations
are generally localized to the amino terminal domains
of gyrA and parC, termed the quinolone resistance
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determining region (QRDR) [45] Although the pres
ence of single mutation in the QRDR of gyrA results in
highlevel resistance to nalidixic acid, the presence of
additional mutations in gyrA and/or another target
such as parC is required to produce high levels of resis
tance to fluoroquinolones [46]. In Grampositive bac
teria, first step mutations leading to fluoroquinolone
resistance occur in parC and second step mutations
occur in GyrA [47]. Interestingly, first step mutations
in gyrA do not cause an elevated MIC in S. aureus, sug
gesting that the primary target of the quinolone is topoi
somerase IV [48]. βlactam antibiotics kill S. pneumonia
by targeting highmolecular weight penicillin binding
proteins PBP1A, 1B, 2A, 2B and 2X. Mutations in these
PBPs confer lowlevel to highlevel resistance to βlac
tam antibiotics depending on the number of mutations
and PBPs involved [49]. Mutations in PBP2 or PBP2X
mediated by amino acid changes in close proximity to
the activesite region of the PBP result in low level
resistance [50]. Highlevel resistance is the result of
mutations in all five PBPs [49].
Enzymatic alteration of antibiotic targets results in
reduced affinity of antibiotics for their microbial tar
gets and is exemplified by resistance to macrolides
through ribosomal methylase and resistance to vanco
mycin through reprogramming of the peptidoglycan
termini. Macrolides such as erythromycin bind to the
50S subunit of the ribosome at the peptidyltransferase
cavity in the proximity of the A and P loops, and near
adenine 2058 of 23S rRNA [51]. Mono or dimethyla
tion of the amino group in the adenine residue of 23 S
rRNA results in reduced affinity of the macrolide for
its target site. Resistance to macrolides is mediated by
erythromycin ribosome methylase (ERM), which is
found on plasmids and transposons. Methylation of
the 23S rRNA also results in crossresistance to the
lincosamide family and streptogramin B class of anti
biotics. Crossresistance to these antibiotic groups is
known as MLSβ resistance phenotype [52]. Vancomy
cin is a glycopeptide antibiotic used to treat entero
cocci that cause endocarditis and methicillin resistant
S. aureus (MRSA). Increased use resulted in the emer
gence of vancomycin resistant enterococci (VRE).
The phenotypes conferring resistance to vancomycin
are known as VanA and VanB. Enterococci containing
the vanA phenotype are highly resistant to vancomycin
(MIC ≥ 64 μg/mL) and resistant to teicoplanin
(MIC ≥ 16 μg/mL). Strains carrying the VanB pheno
type range from vancomycin susceptible to resistant
but remain sensitive to teicoplanin. The VanA pheno
type is resident on plasmids and transposons that
mediate spread of the determinant while vanB appears
to be on large chromosomal elements. VanA is induc
ible by vancomycin and teicoplanin and is controlled
by VanS and VanR. The transmissibility of the vanco
mycin resistant elements to MRSA is of great concern.
VanA has been detected in an MRSA with high level
resistance to vancomycin (VRSA) [53] Characteriza
tion of the vanA determinant shows five genes three of

which are involved in target modification. These three
genes, VanH, VanA and VanX, sequentially modify the
peptidoglycan termini involved in crosslinking, Nacyl
DalaDala to NacylDalaDlactate. Affinity of van
comycin to this modified target is reduced 1000fold.
VanH codes for a Dhydroxy acid dehydrogenase that
synthesizes the Dlactate used by VanA, a ligase that
mediates the preferential production of DalaDlac
tate. VanX is a protein that acts specifically to cleave
the natural peptidoglycan termini DalaDala thus
preventing the competing synthesis of vancomycin
susceptible peptidoglycan. Other Van phenotypes
mediate resistance to vancomycin using similar mech
anisms [54].
Another mechanism of antibiotic resistance is
acquisition of a new target with reduced affinity to
antibiotic. An important example of such mechanism
is MRSA where resistance to methicillin is mediated
by the acquisition of a mobile element carrying a sta
phylococcal cassette chromosome mec (SCCmec)
with three genes on it, mecRlmetfmecA [55]. The
gene responsible for methicillin resistance, mecA,
codes for a new penicillin binding protein, PBP2A, a
bifunctional transglycosylase/transpeptidase with
reduced affinity to βlactams [56].
Another strategy used by bacteria to survive the
action of antibiotics is the acquisition of enzymes that
inactivate the antibiotic directly. βlactams and ami
noglycosides are examples of antibiotics inactivated by
these mechanisms. The most important class of chro
mosomally encoded antibiotic inactivating enzymes is
βlactamases. These enzymes hydrolyze βlactam
antibiotics using two distinct mechanisms, one serine
based and the other metallo based. These mechanisms
of action allow classification of βlactamases into four
major classes with classes A, C and D containing
activesite serine enzymes and class B exhibiting met
allo based mechanism of action. βlactam antibiotics
act by binding to PBPs, bifunctional transglycosy
lases/transpeptidases responsible for crosslinking of
glycan strands and backbone peptide strands, respec
tively. The mechanistic and architectural similarities
of class A, C and D βlactamases to PBPs suggest a
common evolution of serinebased βlactamases from
PBPs. The binding equilibrium between PBP, βlacta
mase and the antibiotic determines the survival of the
microorganism. This observation led to the develop
ment of βlactamase inhibitors e.g. clavulanic acid,
sublactam and tazobactam that are structural analogs
and are coadministered with βlactams [39]. Intrinsic
chromosomal resistance mediated by enzymatic inac
tivation of penicillin class antibiotics is exemplified by
the class C βlactamases produced by gramnegative
pathogens including Citrobacter freundii, Enterobacter
aerogenes, and P. aeruginosa. Most class B metalloen
zymes are chromosomally encoded cephalospori
nases. They are inducible or constitutively expressed in
Stenotrophomonas maltophilia, Klebsiella pneumoniae
and P. aeruginosa [57]. With the emergence of plas
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midmediated βlactamase resistance, such as medi
ated by TEM1 (named TEM after the patient from
whom it was isolated (Temoniera) and SHV1 (Sul
pHydryl Variable 1), new oxyiminoβlactam
parenteral antibiotics resistant to the hydrolysis by
these βlactamases were introduced into clinical prac
tice (cephalosporins and monobactams). However
with the continued use of these antibiotics, variants of
existing βlactamases emerged that could hydrolyze
the new antibiotics [58, 59]. These extended spectrum
βlactamases (ESBLs) are now known to be deriva
tives of TEM, SHV and OXA type βlactamases that
differ by one or more amino acid substitutions near the
reactive sites of the enzyme [58]. Of particular concern
is NDM1, which stands for New Delhi metallobeta
lactamase 1 and actually refers not to a single bacterial
species but to a transmissible genetic element encod
ing multiple resistance genes that was initially isolated
from a strain of Klebsiella obtained from a patient who
acquired the organism in New Delhi, India. Subse
quently, organisms in the Enterobacteriaceae family
containing this genetic element (or variants thereof)
have been found widely throughout India, Pakistan,
and Bangladesh and are now turning up in Britain and
many other countries around the world. The spread of
these organisms has prompted widespread concern
because some of them are resistant to all antimicrobial
agents except the polymyxins [60]. The most clinically
relevant mechanism of resistance to aminoglycosides
is enzymatic modification, thus preventing recogni
tion of the 16S RNA binding sites and subsequent
inhibition of mRNA translation [61]. Enzymatic
modifications result from Nacetylation, Ophospho
rylation and Oadenylation of aminoglycoside radi
cals. Therefore, aminoglycosidemodifying enzymes
are classified by their modifying reaction, their
regiospecificity on the aminoglycoside ring structure,
and by their specific isozyme sequence. Inactivation of
the aminoglycoside by the aminoglycosidemodifying
enzymes is mediated by the transfer of a functional
group to the aminoglycoside: AAC transfers the acetyl
group from acetylCoA to the NH2 group, ANT trans
fers the nucleotide triphosphate, and APH transfers
the phosphoryl group from ATP to the OH of NH2
group [61].
APPROACHES TO COUNTER RESISTANCE
Antibiotic stewardship has been suggested as one of
the approaches to the problem which involve reduc
tion of unnecessary antibiotic consumption, and pres
ervation of existing agents [62]. Because culture results
are often not available at the time of therapeutic deci
sionmaking, treatment success or failure depends
upon uptodate, accurate and local information on
the prevalence of resistance among the pathogens. To
this end, a number of surveillance programs have been
initiated. For example the SENTRY Antimicrobial
Surveillance Program was designed to monitor the
APPLIED BIOCHEMISTRY AND MICROBIOLOGY
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predominant pathogens and antimicrobial resistance
for both nosocomial and communityacquired infec
tions globally by using validated, referencequality
identification and susceptibility testing methods per
formed in a central laboratory [63]. An example of a
specific surveillance program is PROTEKT (Prospec
tive Resistant Organism Tracking and Epidemiology
for the Ketolide Telithromycin), a global program for
monitoring resistance to telithromycin and dissemi
nating the data to clinicians [64].
Some other approaches include salvaging the exist
ing classes of antibiotics by coadministration of anti
biotics with resistance inhibitors (e.g. βlactamase +
βlactams, the only commercially successful combi
nation to date [39], and efflux pump inhibitors [65]).
Peptidomimetic compounds such as phenylalanine
arginyl βnaphthylamide (PAβN) have been intro
duced as efflux pump inhibitors (EPIs); their mecha
nism of action is through competitive inhibition with
antibiotics on the efflux pump resulting in increased
intracellular concentration of antibiotic, hence,
restoring its antibacterial activity. The advantage of
EPIs is the difficulty to develop bacterial resistance
against them, but the disadvantage is their toxic prop
erties hindering their clinical application. Also in early
development are natural products including defensin
peptides [66], new antibacterial vaccines [67], and
phage therapy (the latter approach had been explored
in the former Soviet republic of Georgia since 1920s)
[68]. Following a 40year hiatus in discovering new
classes of antibacterial compounds, three new classes
of antibacterial antibiotics have been brought into
clinical use: cyclic lipopeptides (such as daptomycin
[69]), glycylcyclines (such as tigecycline [70]), and
oxazolidinones (such as linezolid [71]). Several new
antibiotics from known classes were introduced
recently, mostly against Grampositive bacteria only
(e.g. telavancin [72]). “The drugs of last resort”
against multidrugresistant (MDR) Gramnegative
pathogens P. aeruginosa and A. baumanii are poly
mixin B and colistin, old drugs with significant toxicity
[73]. The complete sequencing of the genomes of
many pathogenic bacteria has led to an explosion in
knowledge about these organisms [74]. The genomics
route has proven to be target rich, but has not led to the
introduction of a marketed antibiotic as yet. Noncul
turable bacteria may be an alternative source of new
antibiotics [75]. “Old therapies” like antiseptics need
to be revisited and used when possible for topical indi
cations to spare the antibiotic use only for when it is
really needed. To limit the use of antibiotics for topical
indications, NovaBay is developing a new class of non
antibiotic topical antimicrobials with a novel mecha
nism of action. NVC422, a stable analog of Nchloro
taurine (NCT), is the first representative of this new
class of fastacting, bactericidal antimicrobial agents
(Aganocide compounds) active against a broad range
of both Grampositive and Gramnegative species,
including drug resistant and MDR pathogens [76].
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NVC422 mechanism of action studies show that it
kills bacteria and fungi and inactivates viruses by rap
idly inactivating surface proteins via the preferential
oxidative modification of sulfurcontaining moieties
(Met, Cys) [77]. This unique mechanism differenti
ates Aganocide compounds from traditional antibiotics
by simultaneously attacking multiple targets on the
surface of pathogens thereby making it virtually
impossible for pathogens to develop resistance or be
affected by existing mechanisms of resistance. Fur
thermore, for hundreds of millennia pathogens have
been exposed to high concentrations of naturally
occurring NCT without any consequent development
of resistance [78].
CONCLUSIONS
Antibiotic resistance is a growing unmet medical
need. To prevent a public health crisis, novel families
of antibiotics must enter the marketplace at regular
intervals. Although analogues of existing families
active against resistant bacteria prolong the life of each
family for a number of decades, new classes of antimi
crobials are urgently needed. Within the next 10 years,
screening of whole bacteria against novel natural and
chemical compound libraries may produce new anti
biotics. Genomics, nonculturable bacteria and bacte
riophages may also be a source of novel compounds.
Antiseptics and nonantibiotic antimicrobials should
be used where possible for topical indications to
reserve antibiotics for treatment of serious systemic
infections. New government and private incentives are
needed to stimulate development of new antimicrobi
als active against resistant pathogens. Finally, antibi
otic stewardship must be implemented to reduce
unnecessary antibiotic consumption in medicine and
agriculture.
REFERENCES
1. Yoshikawa, T.T., J. Am. Geriatr. Soc., 2002, vol. 50,
pp. 226–229.
2. Semmelweis, L.P., Prev. Med., 1974, vol. 3, pp. 574–
580.
3. Pasteur, L., Br. Med. J., 1882, vol. 1, p. 489.
4. Lister, B.J., Clin. Orthop. Relat. Res., 1867, vol. 468,
pp. 2012–2016.
5. Bentley, R., J. Hid. Microbiol. Biotechnol., 2009,
vol. 36, pp. 775–786.
6. de la Prada, A.F.J., Prados, G.A.M., Tugores, V.A.,
Uriol, R.M., and Morey, M.A., An. Med. Interna, 2007,
vol. 24, pp. 235–238.
7. Wise, E.M., Jr. and AbouDonia, M.M., Proc. Natl.
Acad. Sci. USA, 1975, vol. 72, pp. 2621–2625.
8. Fleming, A., Rev. Infect. Dis., 1980, vol. 2, pp. 129–
139.
9. Tenover, F.C., Am. J. Med., 2006, vol. 119, pp. S3–S10.
10. Marshall, C., Kossmann, T., Wesselingh, S., and
Spelman, D., ANZ J. Surg., 2004, vol. 74, pp. 465–469.

11. Freidlin, J., Acharya, N., Lietman, T.M., Cevallos, V.,
Whitcher, J.P., and Margolis, T.P., Am. J. Ophthalmol.,
2007, vol. 144, pp. 313–315.
12. Levy, S.B., Ped. Infect. Dis. J., 2000, vol. 19, pp. 120–
S122.
13. Shawar, R., ScangarellaOman, N., Dalessandro, M.,
Breton, J., Twynholm, M., Li, G., and Garges, H.,
Therap. Clin. Risk Manag., 2009, vol. 5, pp. 41–49.
14. Coates, A.R., Halls, G., and Hu, Y., Br. J. Pharmacol.,
vol. 163, pp. 184–194.
15. Gilbert, D.N., Kohlhepp, S.J., Slama, K.A., Grunke
meier, G., Lewis, G., Dworkin, R.J., Slaughter, S.E.,
and Leggett, J.E., Antimicrob. Agents Chemother., 2001,
vol. 45, pp. 883–891.
16. Goossens, H., Ferech, M., Vander Stichele, R., and
Elseviers, M., Lancet, 2005, vol. 365, pp. 579–587.
17. Martinez, J.L., Front Microbiol., 2012, vol. 3, p. 1.
18. Gardner, P., Smith, D.H., Beer, H., and
Moellering, R.C., Jr., Lancet, 1969, vol. 2, pp. 774–
776.
19. D’Costa, V.M., McGrann, K.M., Hughes, D.W., and
Wright, G.D., Science, 2006, vol. 311, pp. 374–377.
20. Sommer, M.O., Dantas, G., and Church, G.M., Sci
ence, 2009, vol. 325, pp. 1128–1131.
21. Davies, J. and Davies, D., Microbiol. Mol. Biol. Rev.,
2010, vol. 74, pp. 417–433.
22. Laskaris, P., Tolba, S., CalvoBado, L., and
Wellington, E.M., Environ. Microbiol., 2010, vol. 12,
pp. 783–796.
23. Benveniste, R. and Davies, J., Proc. Natl. Acad. Sci.
USA, 1973, vol. 70, pp. 2276–2280.
24. Poirel, L., RodriguezMartinez, J.M., Mammeri, H.,
Liard, A., and Nordmann, P., Antimicrob. Agents
Chemother., 2005, vol. 49, pp. 3523–3525.
25. Martinez, J.L., Fajardo, A., Garmendia, L., Hernan
dez, A., Linares, J.F., MartinezSolano, L., and
Sanchez, M.B., FEMS Microbiol. Rev., 2009, vol. 33,
pp. 44–65.
26. Fajardo, A. and Martinez, J.L., Curr. Opin. Microbiol.,
2008, vol. 11, pp. 161–167.
27. Linares, J.F., Moreno, R., Fajardo, A., MartinezSol
ano, L., Escalante, R., Rojo, F., and Martinez, J.L.,
Environ. Microbiol., 2010, vol. 12, pp. 3196–3212.
28. Doyle, D., McDowall, K.J., Butler, M.J., and
Hunter, I.S., Mol. Microbiol., 1991, vol. 5, pp. 2923–
2933.
29. Jacobs, C., Huang, L.J., Bartowsky, E., Normark, S.,
and Park, J.T., EMBO J., 1994, vol. 13, pp. 4684–4694.
30. Massova, I. and Mobashery, S., Antimicrob. Agents
Chemother., 1998, vol. 42, pp. 1–17.
31. Martinez, J.L., Sanchez, M.B., MartinezSolano, L.,
Hernandez, A., Garmendia, L., Fajardo, A., and Alva
rezOrtega, C., FEMS Microbiol. Rev., 2009, vol. 33,
pp. 430–449.
32. Wright, G.D., Nat. Rev. Microbiol., 2007, vol. 5,
pp. 175–186.
33. Brown, M.G. and Balkwill, D.L., Microb. Ecol., 2009,
vol. 57, pp. 484–493.
34. Miteva, V.I., Sheridan, P.P., and Brenchley, J.E., Appl.
Environ. Microbiol., 2004, vol. 70, pp. 202–213.

APPLIED BIOCHEMISTRY AND MICROBIOLOGY

Vol. 49

No. 8

2013

ANTIBIOTIC RESISTANCE: ORIGINS, MECHANISMS, APPROACHES TO COUNTER
35. D’Costa, V.M., King, C.E., Kalan, L., Morar, M.,
Sung, W.W., Schwarz, C., Froese, D., Zazula, G.,
Calmels, F., DebRuyne, R., Golding, G.B.,
Poinar, H.N., and Wright, G.D., Nature, 2011, vol. 477,
pp. 457–461.
36. Knapp, C.W., Dolfing, J., Ehlert, P.A., and
Graham, D.W., Environ. Sci. Technol., 1940, vol. 44,
pp. 580–587.
37. Sanchez, M.B., Hernandez, A., Rodriguez
Martinez, J.M., MartinezMartinez, L., and Martinez,
J.L., BMC Microbiol., 2008, vol. 8, p. 148.
38. Cabello, F.C., Environ. Microbiol., 2006, vol. 8,
pp. 1137–1144.
39. Sheldon, A.T., Clin. Lab. Sci., 2005, vol. 18, pp. 170–
180.
40. Rice, L.B., Carias, L.L., Hujer, A.M., Bonafede, M.,
Hutton, R., Hoyen, C., and Bonomo, R.A., Antimi
crob. Agents Chemother., 2000, vol. 44, pp. 362–367.
41. Hatch, R.A. and Schiller, N.L., Antimicrob. Agents
Chemother., 1998, vol. 42, pp. 974–977.
42. Alekshun, M.N. and Levy, S.B., Antimicrob. Agents
Chemother., 1997, vol. 41, pp. 2067–2075.
43. Poole, K., Antimicrob. Agents Chemother., 2000, vol. 44,
pp. 2595–2599.
44. Clancy, J., Petitpas, J., DibHajj, F., Yuan, W.,
Cronan, M., Kamath, A.V., Bergeron, J., and
Retsema, J.A., Mol. Microbiol., 1996, vol. 22, pp. 867–879.
45. Yoshida, H., Bogaki, M., Nakamura, M., and Naka
mura, S., Antimicrob. Agents Chemother., 1990, vol. 34,
pp. 1271–1272.
46. Ruiz, J., Gomez, J., Navia, M.M., Ribera, A.,
Sierra, J.M., Marco, F., Mensa, J., and Vila, J., Diagn.
Microbiol. Infect. Dis., 2002, vol. 42, pp. 257–261.
47. Ferrero, L., Cameron, B., and Crouzet, J., Antimicrob.
Agents Chemother., 1995, vol. 39, pp. 1554–1558.
48. Fournier, B. and Hooper, D.C., Antimicrob. Agents
Chemother., 1998, vol. 42, pp. 121–128.
49. Nagai, K., Davies, T.A., Jacobs, M.R., and Appel
baum, P.C., Antimicrob. Agents Chemother., 2002,
vol. 46, pp. 1273–1280.
50. Jamin, M., Hakenbeck, R., and Frere, J.M., FEBS
Lett., 1993, vol. 331, pp. 101–104.
51. Davis, B.D., Microbiol. Rev., 1987, vol. 51, pp. 341–
350.
52. Takei, M., Fukuda, H., Kishii, R., and Hosaka, M.,
Antimicrob. Agents Chemother., 2001, vol. 45, pp. 3544–
3547.
53. Weigel, L.M., Clewell, D.B., Gill, S.R., Clark, N.C.,
Mcdougal, L.K., Flannagan, S.E., Kolonay, J.F.,
Shetty, J., Killgore, G.E., and Tenover, F.C., Science,
2003, vol. 302, pp. 1569–1571.
54. Gholizadeh, Y. and Courvalin, P., Int. J. Antimicrob.
Agents, 2000, vol. 16, no. Suppl. 1.
55. Ito, T., Katayama, Y., Asada, K., TsutsumiMoto, K.,
Tiensasitorn, C., and Hiramatsu, K., Antimicrob. Agents
Chemother., 2001, vol. 45, pp. 1323–1336.
APPLIED BIOCHEMISTRY AND MICROBIOLOGY

671

56. Hiramatsu, K., Microbiol. Immunol., 1995, vol. 39,
pp. 531–543.
57. Senda, K., Arakawa, Y., Ichiyama, S., Nakashima, K.,
Ito, H., Ohsuka, S., ShimoKata, K., Kato, N., and
Ohta, M., J. Clin. Microbiol., 1996, vol. 34, pp. 2909–
2913.
58. Bradford, P.A., Clin. Microbiol. Rev., 2001, vol. 14,
pp. 933–951.
59. Bush, K., Clin. Infect. Dis., 2001, vol. 32, pp. 1085–
1089.
60. Moellering, R.C., N. Engl. J. Med., 2010, vol. 363,
pp. 2377–2379.
61. Azucena, E. and Mobashery, S., Drug Resist. Updat.,
2001, vol. 4, pp. 106–117.
62. Barker, K., J. Clin. Pharmacol., 1999, vol. 48, pp. 109–
124.
63. Bell, J. and Turnidge, J., Comm. Dis. Intell., 2003,
vol. 27, pp. 61–S66.
64. Felmingham, D., J. Antimicrob. Chemother., 2002,
vol. 50, p. 1.
65. Askoura, M., Mottawea, W., Abujamel, T., and
Taher, I., Libyan J. Med., 2011, vol. 6, pp. 5870–5878.
66. Silva, O.N., Mulder, K.C., Barbosa, A.E., Otero
Gonzalez, A.J., LopezAbarrategui, C., Rezende, T.M.,
Dias, S.C., and Franco, O.L., Front. Microbiol, 2011,
vol. 2, p. 232.
67. Kaushik, D.K. and Sehgal, D., Scand. J. Immunol.,
2008, vol. 67, pp. 544–552.
68. Thiel, K., Nat. Biotechnol., 2004, vol. 22, pp. 31–36.
69. LopezCortes, L.E., Pascual, A., and RodriguezBano, J.,
Clin. Infect. Dis., 2012, March 31.
70. Rose, W.E. and Rybak, M.J., Pharmacotherapy, 2006,
vol. 26, pp. 1099–1110.
71. Wolff, M. and Mourvillier, B., Clin. Infect. Dis., 2012,
March 29.
72. Higgins, D.L., Chang, R., Debabov, D.V., Leung, J.,
Wu, T., Krause, K.M., Sandvik, E., Hubbard, J.,
Kaniga, K., Schmidt, D.E., Jr., Gao, Q., Cass, R.T.,
Karr, D., Benton, B.M., and Humphrey, P.P., Antimi
crob. Agents Chemother., 2005, vol. 49, pp. 1127–1134.
73. Rastogi, N., Potar, M.C., and David, H.L., Ann. Inst.
Pasteur Microbiol., 1986, vol. 137A, pp. 45–53.
74. Monaghan, R.L. and Barrett, J.F., Biochem. Pharma
col., 2006, vol. 71, pp. 901–909.
75. Coates, A.R. and Hu, Y., Br. J. Pharmacol., 2007,
vol. 152, pp. 1147–1154.
76. Wang, L., Belisle, B., Bassiri, M., Xu, P., Debabov, D.,
Celeri, C., Alvarez, N., Robson, M.C., Payne, W.G.,
Najafi, R., and Khosrovi, B., Antimicrob. Agents
Chemother., 2011, vol. 55, pp. 2688–2692.
77. Yoon, J., Jekle, A., Najafi, R., Ruado, F., Zuck, M.,
Khosrovi, B., Memarzadeh, B., Debabov, D., Wang, L.,
and Anderson, M., Antiviral. Res., 2011, vol. 92,
pp. 470–478.
78. Gottardi, W. and Nagl, M., J. Antimicrob. Chemother.,
2010, vol. 65, pp. 399–409.

Vol. 49

No. 8

2013

