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Microorganisms coexist with other living organisms and exhibit the greatest genetic and metabolic activity. Microbes have
evolved various mechanisms to survive pressure exerted by competitive environmental challenges. Infection is the
invasion of the host by harmful microorganisms (microbial pathogens), which then multiply in close association with the
host's tissues. Infections may differ in severity and may range from in apparent to fulminating.
There has been a continual battle between humans and the multitude of microbial pathogens. Antimicrobial agents are
among few drugs that cure by eliminating the infective microorganisms. Development of antimicrobial agents for clinical
use has been successful in targeting essential components of general areas of microbial metabolism namely: cell wall
synthesis, protein synthesis, ribonucleic acid (RNA) synthesis, deoxyribonucleic acid (DNA) synthesis and intermediary
metabolism.
The successful use of antimicrobial agents to inhibit and eliminate the infectious organisms has been facing challenges and
difficulties because microbial pathogens are developing various forms of resistance to the drugs and as use of
antimicrobial drugs increases, so do the level and complexity of the resistance. Emergence of resistance to multiple
antimicrobial agents in pathogens has become an emergency public health problem as there are fewer, or sometimes no,
effective antimicrobial agents available for infections caused by these pathogens. Microbial pathogens may manifest
resistance to antimicrobial agents through various mechanisms such as by acquiring mutations and selection or acquiring
resistance genes from other microcrobial pathogens. Patients infected with resistant pathogens often suffer treatment
failure which usually have detrimental outcome especially to those critically ill patients.
Currently most widely used antimicrobial agents are subject to resistance and even some newer agents are facing the same
challenge. The resistance has generally been met through the discovery of novel antimicrobial agents and by use of
derivatives prepared by semisynthetic methods, which are not affected by existing resistance mechanisms. Understanding
the mode of drug action and the how these resistance mechanisms work will highlight the challenges facing the
chemotherapy of infectious diseases and the way to tackle these problems.
This chapter reviews the problem of resistance to antimicrobial agents by describing pharmacologic concepts and
mechanism of action of selected antimicrobial agents. In particular this chapter focuses on the basis and mode of action of
antimicrobial agents, mechanism of acquisition of resistance to antimicrobial agents and ways to prevent emergency and
spreading of antimicrobial resistance.
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1. Introduction
The existance of microbial pathogens has been recognized for many years [1], therefore throughout history, there has
been a continual battle to eliminate the multitude already existing and emerging pathogens that cause infectious diseases
[2]. The discovery of antimicrobial agents resulted to succesful treatment and elimination of infections. Previously fatal
diseases were treatable in a significant number of patients [3]. Development of antimicrobial agents for clinical use has
been most successful in targeting essential components of 5 general areas of microbial metabolism: cell wall synthesis,
protein synthesis, RNA synthesis, DNA synthesis and intermediary metabolism [4]. However, discovery of
antimicrobial agents have been tempered by the emergence of microbial pathogens that are resistant to antimicrobial
agents where by microbial pathogens have developed numerous resistance mechanisms that enable them to evade the
effect of antimicrobial agents. As a result, many have become resistant to almost every available antimicrobial agents.
This problem is becoming increasingly acute and it is now clear that a fundamental understanding of the mechanisms
that microbial pathogens deploy in the development of resistance is essential to gain new insights into ways to combat
this problem [5]. Patients infected with drug resistant microbial pathogens are likely to require hospitalization and to
have a prolonged hospital stay. Resistance also compels the need for more toxic or more expensive alternative
antimicrobial agents [6]. Drug resistance presents an ever increasing global public health threat that involves all major
pathogens and antimicrobial agents [7]. This chapter focuses on pharmacologic basis related to mode of action and
mechanisms of acquisition of resistance to antimicrobial agents.
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2. Mechanism of action of antimicrobial agents
Microbial cells grow and divide, replicating repeatedly to reach the large numbers present during an infection or on the
surfaces of the body. To grow and divide, organisms must synthesize or take up many types of biomolecules.
Antimicrobial agents interfere with specific processes that are essential for growth and/or division. Better understanding
of how antimicrobial agents induce microbial cell death is centered on the essential microbial cell function that is
inhibited by the primary drug-target interaction. Antimicrobial agents can be classified based on the cellular component
or system they affect, in addition to whether they induce cell death (bactericidal agents) or merely inhibit cell growth
(bacteriostatic agents) [8]. Antimicrobial agents act by targeting specific sites of microbes; therefore antimicrobial
agents are often categorized according to their principal mechanism of action. Well known mechanisms of action of
antimicrobial agents include; interference with cell wall synthesis, inhibition of protein synthesis, interference with
nucleic acid synthesis, inhibition of intermediary metabolic pathways and disruption of the cytoplasmic membrane [2].
Table 1 Mechanism of action of antimicrobial agents

Drug target

Antimicrobial agent

Interference with cell wall Synthesis

-lactams: penicillins, cephalosporins, carbapenems,
monobactams
Glycopeptides: vancomycin, teicoplanin

Inhibition of protein Synthesis
50S ribosomal subunit:

Macrolides, chloramphenicol, clindamycin, quinupristindalfopristin, linezolid
Aminoglycosides, tetracyclines
Mupirocin

30S ribosomal subunit:
Bacterial isoleucyl-tRNA synthetase:
Interference with nucleic acid Synthesis
Inhibition of intermediary metabolic pathways:
Disruption and increased permeability of
cytoplasmic membrane:
tRNA reffers to tansfer RNA.

Inhibit DNA synthesis: fluoroquinolones
Inhibit RNA synthesis: rifamycins
Sulfonamides, trimethoprim
Polymyxins, daptomycin

2.1 Interference with microbial cell wall synthesis
The cell wall is an essential microbial structure responsible for the cell shape. In addition, the cell wall prevents cell
lysis due the high cytoplasmic osmotic pressure and allows the anchoring of membrane components and extracellular
proteins, such as adhesins [9]. On the basis of the number of antimicrobial drugs in clinical use, bacterial cell wall
synthesis has been perhaps the target area most extensively exploited for antimicrobial development. The components
of the cell wall synthesis machinery are appealing antimicrobial targets because of the absence of counterparts in human
biology, thereby providing intrinsic target selectivity. The sequential late steps in cell wall synthesis include the
cytoplasmic synthesis of building blocks composed of N-acetyl muramic acid (M) linked to N-acetyl glucosamine (G)
with an attached pentapeptide (P) side chain (referred to as MGP subunits). Linkage of an MGP subunit to a lipid II
molecule allows subsequent translocation across the cytoplasmic membrane to the cell exterior or periplasmic space.
Transglycosylase enzymes then assemble the MGP subunits into a linear backbone by catalyzing glycosidic linkages
between the M and G components of the MGP subunits. Linearly linked MGP subunits constitute an immature
peptidoglycan structure. Transpeptidase enzymes then act to cross-link the peptide side chains with pentaglycine
bridges, cleaving the terminal 2 D-alanines of the peptide side chain in the process, thereby producing the mature,
lattice-like peptidoglycan that provides the bacterium with its shape and osmotic stability [4].
The most commonly used antimicrobial agents that inhibit cell wall biosynthesis include -lactam antibiotics such as
penicillins and cephalosporins [10]. These -lactam antibiotics interact and efficiently inhibit the bacterial
transpeptidases directly. The -lactams as transpeptidase inhibitors thus block the conversion of immature to mature
peptidoglycan therefore these enzymes are often termed penicillin-binding proteins (PBPs). They are able to do this
owing to the stereochemical similarity of the -lactam moiety with the D-alanine–D-alanine substrate. In the presence
of the drug, the transpeptidases form a lethal covalent penicilloyl enzyme complex that serves to block the normal
transpeptidation reaction. This results in weakly cross-linked peptidoglycan, which makes the growing bacteria highly
susceptible to cell lysis and death [11].
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The other class of antimicrobial agents that inhibit cell wall synthesis is glycopeptides. The mechanism of action
common to all members of the glycopeptide class, including vancomycin, is the inhibition of peptidoglycan synthesis.
Vancomycin and other glycopeptides bind to the carboxyl terminal acyl-D-alanyl-D-alanine (acyl-D-Ala-D-Ala)
residues of the pentapeptide moiety of lipid II. This specific binding, which is referred to as the primary binding site,
sterically hinders the transglycosylase enzyme from incorporating the disaccharide-pentapeptide monomer into nascent
peptidoglycan. This inhibition of peptidoglycan synthesis by vancomycin results in a relatively slow inhibition
compared with -lactams, and its bactericidal activity does not depend on concentration. Vancomycin forms a
stoichiometric1:1 complex with the peptidoglycan precursor UDP-N-acetylmuramylpentapeptide by forming hydrogen
bonds. The transglycosylase enzyme that transfers the disaccharide of the peptidoglycan precursor to the growing
glycan polymer of the cell wall peptidoglycan is inhibited, presumably due to the steric bulkiness of the glycopeptide
peptidoglycan precursor. Both the transglycosylase and transpeptidase enzyme reactions that complete the synthesis of
the rigid cell wall peptidoglycan are inhibited by the glycopeptides [12].
2.2 Inhibition of microbial protein synthesis
Several classes of antimicrobial agents act by inhibiting bacterial protein synthesis (ribosome function). These include
aminoglycosides, macrolides, tetracyclines, lincosamides, ketolides, streptogramins, oxazolidinones and
chloramphenicol [4,13]. Microbial protein synthesis is directed by ribosomes in conjunction with cytoplasmic factors,
which transiently bind to particles during the initiation phase, elongation phase and termination phases. Microbial
ribosomes contain 70S particles comprising two subunits, of 50S and 30S, which join at the initiation step of protein
synthesis and separate at the termination step. Antimicrobial agents block different steps in bacterial protein synthesis
by interfering with the function of either the cytoplasmic factors or the ribosomes. Inhibitors that bind to the 30S
ribosomal subunit interfere primarily with initiation, although some interfere with pairing of the mRNA codon with the
AA-tRNA anticodon, so impairing elongation. Inhibitors that bind to the 50S ribosomal subunit or to the elongation
factors, which are transiently linked to ribosomes at certain steps of the cycle, interfere with steps involved in the
elongation process [14].
Aminoglycosides act by binding to specific ribosomal subunits. The aminoglycoside-type drugs can combine with
other binding sites on 30S ribosomes and they kill bacteria by inducing the formation of aberrant, non-functional
complexes as well as by causing misreading. Spectinomycin is an aminocylitol antimicrobial agent that is closely
related to the aminoglycosides. It binds to a different protein in the ribosome and is bacteriostatic but not bactericidal.
Other agents that bind to 30S ribosomes are the tetracyclines. These agents appear to inhibit the binding of aminoacyltRNA into the A site of the bacteria] ribosome. Tetracycline binding is transient, so these agents are bacteriostatic.
Nonetheless, they inhibit a wide variety of bacteria, chlamydias and mycoplasmas and are extremely useful agents [15].
There are three important classes of drugs that inhibit the 50S ribosomal subunit. Chloramphenicol is a bacteriostatic
agent that inhibits both Gram-positive and Gram-negative bacteria. It inhibits peptide bond formation by binding to a
peptidyltransferase enzyme on the 50S ribosome. Macrolides are large lactone ring compounds that bind to 50S
ribosomes and appear to impair a peptidyltransferase reaction or translocation, or both. The most important macrolide is
erythromycin, which inhibits Gram-positive species and a few Gram-negative species such as haemophilus,
mycoplasma, chlamydia, and legionella. New molecules such as azithromycin and clarithromycin have greater activity
than erythromycin against many of these pathogens. Lincinoids, of which the most important is clindamycin, have a
similar site of activity. Both macrolides and lincinoids are generally bacteriostatic, inhibiting only the formation of new
peptide chains [15].
2.3 Interference with nucleic acid synthesis
2.3.1 Inhibitors of DNA topoisomerases
DNA synthesis, mRNA transcription and cell division require the modulation of chromosomal supercoiling through
topoisomerase-catalyzed strand breakage and rejoining reactions [8]. DNA topoisomerase enzymes are divided into two
types, I and II, depending on whether they catalyze reactions involving the transient breakage of one (type I) or both
(type II) strands of DNA [16]. Topoisomerases control the topological state of DNA within cells and are critical for the
essential processes of protein translation and cell replication [17]. DNA gyrase, a type II DNA topoisomerase, is the
enzyme that negatively supercoils DNA in the presence of ATP. In addition, this enzyme plays a role in catenation and
decatenation reaction of a double-stranded DNA circles, resolves knots in DNA and also relaxes negatively supercoiled
DNA in the absence of ATP. As a result, the enzyme is vital for almost all cellular processes that involve duplex DNA,
namely replication, recombination and transcription. It is exclusive to the prokaryotic kingdom and is essentially crucial
for the survival of the organism. Thus, DNA gyrase remain an ideal and attractive target for antibacterial drugs [18].
Quinolones are the most successful antimicrobial agents targeting to DNA gyrase. The compounds originated from
nalidixic acid, a naphthyridone discovered by accident as a by-product during the synthesis of chloroquine [19].
Quinolones are specific inhibitors of DNA gyrase. Quinolones inhibit reactions of DNA gyrase such as supercoiling and
relaxation that require DNA breakage and reunion, specifically they interfere with the breakage-re-union reaction of
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DNA gyrase by interacting with subunit A (GyrA) [20]. The first-generation quinolones, nalidixic acid and oxolinic
acid have relatively weak antimicrobial activity. However, the synthesis of fluoroquinolones and their improvement
over several generations, e.g., norfloxacin and ciprofloxacin (second gen.), levofloxacin (third gen.) and moxifloxacin
and gemifloxacin (fourth gen.), has led to a range of potent antimicrobial agents [19]. Besides the type II
topoisomerases, most bacterial pathogens possess an additional essential topoisomerase, topoisomerase I (Topo I). Topo
I is architecturally and mechanistically distinct from gyrase and topoisomerase IV and as such represents an attractive
target for the discovery of novel antibacterial chemotypes [17].
2.3.2 Inhibitors of microbial RNA synthesis
Rifamycins inhibit DNA-dependent transcription by binding with high affinity to the -subunit (encoded by rpoB) of a
DNA-bound and actively transcribing RNA polymerase. The -subunit is located in the channel that is formed by the
RNA polymerase-DNA complex, from which the newly synthesized RNA strand emerges. Rifamycins uniquely require
RNA synthesis to not have progressed beyond the addition of two ribonucleotides; this is attributed to the ability of the
drug molecule to sterically inhibit nascent RNA strand initialization. It is worth noting that rifamycins are not thought to
act by blocking the elongation step of RNA synthesis, although a recently discovered class of RNA polymerase
inhibitors (based on the compound CBR703) could inhibit elongation by allosterically modifying the enzyme [8].
2.4 Inhibition of microbial metabolic pathways
Trimethoprim and sulfonamides interfere with folic acid metabolism in the microbial cell by competitively blocking the
biosynthesis of tetrahydrofolate, which acts as a carrier of one-carbon fragments and is necessary for the ultimate
synthesis of DNA, RNA and bacterial cell wall proteins. Unlike mammals, bacteria and protozoan parasites usually lack
a transport system to take up preformed folic acid from their environment. Most of these organisms must synthesize
folic acid, although some are capable of using exogenous thymidine, circumventing the need for folic acid metabolism
[15].
Sulfonamides competitively inhibit the conversion of pteridine and p-aminobenzoic acid (PABA) to dihydrofolic
acid by the enzyme pteridine synthetase. Sulfonamides have a greater affinity than PABA for pteridine synthetase.
Trimethoprim has a tremendous affinity for bacterial dihydrofolate reductase (10,000 to 100,000 times higher than for
the mammalian enzyme); when bound to this enzyme, it inhibits the synthesis of tetrahydrofolate [15].
2.5 Disruption and increased permeability of cytoplasmic membrane
Biologic membranes are composed basically of lipids, proteins and lipoproteins. The cytoplasmic membrane acts as a
diffusion barrier for water, ions, nutrients and transport systems. Most health workers now believe that membranes are a
lipid matrix with globular proteins randomly distributed to penetrate through the lipid bilayer. A number of
antimicrobial agents can cause disorganization of the membrane. These agents can be divided into cationic, anionic, and
neutral agents. The best-known compounds are polymyxin B and colistemethate (polymyxin E) [15].
Cytoplasmic membrane forms an effective barrier to many antimicrobial agents. The mode of action of some
antimicrobial agents may lie in the ability of certain drugs to increase the permeability of the membrane, facilitating the
entry of themselves and other compounds. Cationic antibacterial agents, such as polymyxin B have been reported to
increase the permeability of the outer membrane to lysozyme and hydrophobic compounds. The initial action of these
antimicrobial agents is to disrupt outer membrane structure, allowing themselves and other compounds to enter the cell
and inhibit specific metabolic processes [21]. Polymixin B has several cell-damaging properties: (i) it disturbs the
surface charge, lipid composition and structure of the membranes; (ii) it dissipates the K+ gradient on the cytoplasmic
membrane; and (iii) it depolarizes the cytoplasmic membrane. The permeability of the outer membrane to lipophilic
compounds is one of the main factors controlling bacterial sensitivity to polymixin B. Since polymixin B is bulkier than
the inorganic divalent cations it displaces, the packing order of lipopolysaccharide (LPS) is altered in the presence of
polymixin B. This results in increased permeability of the outer membrane to a variety of molecules and also facilitates
the uptake of polymixin B (“self-promoted” uptake) [22].

3. Mechanism of acquisition of resistance to antimicrobial agents
Resistance to antimicrobial agents has become important in clinical management and control of many diseases and
deserves scientific intervention to bring about some control measures [23]. Microbes are known of its versatility
towards drugs; however, they have a limited number of mechanisms of acquired antimicrobial resistance [6]. The main
mechanisms for survival of a threatened microbial population are genetic mutation, expression of a latent resistance
gene and acquisition of genes with resistance determinants [24]. Microbial pathogens have evolved genetic and
biochemical ways of resisting antimicrobial agents. Microbial pathogens may be innate resistant or may acquire
resistance to one or few classes of antimicrobial agents. The main genetic mechanisms leading to antimicrobial
resistance are genetic mutation (single point mutations or major deletions or rearrangements), expression of a latent
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resistance gene and acquisition of genes or DNA segments with resistance determinants. Some of the genes are
inherited, some emerge through random mutations in microbial DNA and some are imported from other organisms.
These genetic changes code for changes in binding proteins (a), ribosomes (b) membrane structure (c) or inactivating
enzymes. After a pathogens gains resistance genes to protect itself from various antimicrobial agents, pathogens use
several biochemical types of resistance mechanisms [25]. Pathogens resist antimicrobial agents biochemically by
inactivating the drugs with -lactamases, acetylases, adenylases and phosphorylases; reducing drug access sites of
action by virtue of membrane characteristics; altering the drug target so that the antimicrobials no longer binds to it; by
passing the drug's metabolism; and develop tolerance [26]. The mechanism behind the development and spread of
resistance to antimicrobial agents are reviewed in the following section.
Table 2 Mechanism of acquisition of resistance to antimicrobial agents

Antimicrobial class
Target modification
Aminoglycosides
-lactam antibiotics
Erythromycin, clindamycin and
Streptogramin B
Quinolones
Rifampin
Sulfonamides
Tetracycline
Trimethoprim
Vancomycin
Detoxifying enzymes
Aminoglycosides

Mechanism of resistance
Altered ribosomal protein
Altered or new penicillin-binding proteins
Methylation of the bacteria ribosome producing resistance.
Alterations in DNA topoisomerase
Altered RNA polymerase
New drug-insensitive dihydropteroate synthase
Ribosomal protection
New drug-insensitive dihydrofolate reductase
Altered cell-wall precursors with decreased affinity

-lactam antibiotics
Chloramphenicol
Trimethoprim-sulfamethoxazole
Decreased drug uptake
Diminished permeability; -lactam antibiotics,
chloramphenicol, quinolone, tetracycline, trimethoprim
Active efflux; erythromycin, tetracycline

Aminoglycoside-modifying enzymes: acetyltransferase,
nucleotidyl-transferase, phosphotransferase
-lactamases
Acetyltransferase
Resistant enzymes in folate-synthesis pathway
Alteration in outer-membrane proteins
New membrane transport system

3.1 Drug resistance by target site modification
An interaction between an antimicrobial agent and a target molecule is very specific so even small changes in a target
molecule can influence antibiotic binding to a target [25]. Antimicrobial agents act at targets that are present in
microbial cells but differ sufficiently to mammalian cells to allow for selective inhibition of the bacterial counterparts.
Because of the vital cellular functions of the target sites, organisms cannot evade antimicrobial action by dispensing
with them entirely. However, microbes have been acquiring some mutational changes in the target that reduce
susceptibility to inhibition whilst retaining their cellular function [27]. Examples of resistance due to target alterations
are discussed below.
3.1.1 Alterations of penicillin binding proteins
Mosaic PBPs in Streptococcus pneumonia; Resistance to -lactam antimicrobial agents in S. pneumoniae is due to the
development of penicillin binding proteins (PBPs) with decreased affinity for the drugs. Resistance to third-generation
cephalosporins is due to the presence of altered forms of PBP1a and 2x, whereas penicillin resistance also involves
alterations in PBP2b [28, 29, 30]. The altered PBPs are generated by recombinational events between the PBP genes of
S. pneumoniae and related PBP genes from closely related streptococcal species acquired by transformation of this
naturally competent organism [31].
Altered PBPs in Neisseria gonorrhoeae; N. gonorrhoeae has four PBPs, designated PBP 1, 2, 3 and 4. Of these, only
PBP1 and 2 are essential for cell viability and are, thus, potential antibiotic killing targets in N. gonorrhoeae. Because
penicillin G has an approximately 10-fold higher rate of acylation of PBP 2 than of PBP 1, it kills N. gonorrhoeae at its
MIC by inactivation of PBP 2. Penicillin-resistant strains of N. gonorrhoeae are capable of transferring their resistance
genes to susceptible strains via transformation and homologous recombination. Susceptible strains of N. gonorrhoeae
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become resistant to penicillin by acquiring multiple resistance genes in a stepwise fashion. Transformation to high-level
penicillin resistance is mediated by the penA gene, encoding altered forms of PBP 2 that display 5- to 10-fold decreases
in their rate of acylation by penicillin [32].
3.1.2 Modification of peptidoglycan precursors
The cause of resistance to the glycopeptide antibacterial agents in E. faecium and E. faecalis is the acquisition of one of
two related gene clusters, known as VanA and VanB. These gene clusters encode enzymes that produce a modified
peptidoglycan precursor terminating in D-Alanyl-D-Lactate (D-Ala-D-Lac) instead of D-Ala-D-Ala [33]. The
glycopeptides bind with much lower affinity to D-Ala-D-Lac than to D-Ala-D-Ala [34]. The low affinity binding of
glycopeptides to D-Ala-D-Lac results from an altered pattern of intermolecular hydrogen bonding responsible for the
normally high affinity binding between drug and its substrate [35].
3.1.3 Modification by ribosomal methylation
So far, ribosomal methylation remains the most widespread mode of resistance to macrolides and lincosamides. In
pathogenic organisms, Erm proteins dimethylate a single adenine in nascent 23S rRNA, which is part of the large (50S)
ribosomal subunit [36]. The A2058 residue is located within a conserved region of domain V of 23S ribosomal RNA,
which plays a key role in the binding of macrolides, lincosamides and streptogramins B antimicrobials. As a
consequence of methylation, binding of erythromycin to its target is impaired. The overlapping binding sites of
macrolides, lincosamides and streptogramins B in 23S rRNA, account for cross-resistance to the 3 classes of drugs. A
wide range of microbial pathogens that are targets for macrolides and lincosamides, including gram-positive species,
spirochetes and anaerobes, express Erm methylases. Nearly 40 erm genes have been reported so far [37].
3.1.4 Interference with DNA synthesis
The mechanism of resistance is a modification of two enzymes: DNA gyrase (also known as topoisomerase II) (genes
gyrA and gyrB) [38] and topoisomerase IV (parC and parE). Mutations in genes gyrA and parC are fol- lowed by
replication failure, and then quinolones/fluoroquinolones cannot bind. The most common mutation in E. coli gyrA
causes a reduced drug affinity for modified-DNA complex, and MIC is higher. Quinolones (ciprofloxacin) bind to DNA
gyrase A subunit. Usually resistance to quinolones is associated with mutations in chromosomes, but plasmid-mediated
and point mutation-related (in genes gyrA and parC) resistance to quinolones was reported as well [25].
3.2 Drug inactivation
Inherent to this mechanism of resistance, and unlike other mechanisms, inactivation of antimicrobial agents confers
resistance to structurally related drugs. The major enzymes that inactivate antimicrobial agents include; -lactamases,
aminoglycoside-modifying enzymes and chloramphenicol acetyltransferases [25].
3.2.1 Antimicrobial modification by hydrolysis
-Lactamases are broadly prevalent enzymes that are classified using two main classification systems: Ambler and
Bush-Jacoby-Medeiros [39] . It is known about 300 different -lactamases. The most clinically important resistance are
produced by gram negative organisms [40] and are coded on chromosomes and plasmids. Genes that encode lactamases are transferred by transposons but also they may be found in the composition of integrons [41]. Lactamases hydrolyze nearly all -lactams that have ester and amide bond, e.g., penicillins, cephalosporins,
monobactams, and carbapenems. Serine -lactamases cephalosporinases, e.g. AmpC enzyme are found in Enterobacter
spp. and P. aeruginosa and penicillases in S. aureus. Metallo--lactamases (MBLs) found in P. aeruginosa, K.
pneumoniae, E. coli, Proteus mirabilis (P. mirabilis), Enterobacter spp. have the same role as serine -lactamases and
are responsible for resistance to imipenem, new generation cephalosporins and penicillins. MBLs are resistant to
inhibitors of -lactamases but sensitive to aztreonam . Specific A. baumannii carbapenem-hydrolyzing oxacillinase
(OXA) enzymes that have low catalytic efficiency together with porin deletion and other antibiotic resistance
mechanisms can cause high resistance to carbapenems [42]. The resistance of K. pneumoniae carbapenamases (KPC-1)
to imipenem, meropenem, amoxicillin/clavulanate, piperacillin/ tazobactam, ceftazidime, aztreonam, and ceftriaxone is
associated with the non-conjugative plasmid-coded bla gene [43].
Extended spectrum -lactamases (ESBL)-TEM, SHV, OXA, PER, VEB-1, BES-1, GES, IBC, SFO and CTX mainly
are encoded in large plasmids. They can be transferred in connection of two plasmids or by transposon insertion. ESBL
are resistant to penicillins (except temocillin), third-generation oxyiminocephalosporins (e.g., ceftazidime, cefotoxime,
ceftriaxone), aztreonam, cefamandole, cefoperazone, but they are sensitive to methoxycephalosporins, e.g.,
cephamycins and carbapenems, and can be inhibited by inhibitors of -lactamases, e.g., clavulanic acid, sulbactam, or
tazobactam [42]. Strains producing ESBL are commonly resistant to quinolones but their resistance depends not on
multiple resistance plasmids but on mutations in gyrA and parC genes. Such strains are found among E. coli, K.
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pneumoniae, and P. mirabilis [44]. The number of known ESBLs reaches 200 [45]. Hydrolysis of antimicrobials can be
run by other enzymes, e.g., esterases. E. coli gene ereB encodes erythromycin esterase II that hydrolyzes a lactone ring
of erythromycin A and oleandomycin. ereB gene is prevalent in Enterobacteriaceae strain and is responsible for
resistance to erythromycin A and oleandomycin. Ring-opening epoxidases cause resistance of bacteria to fosfomycin
[44].
3.2.2 Drug inactivation by group transfer
The group of enzymes inactivating aminoglycosides, chloramphenicol, streptogramin, macrolides or rifampicin is called
transferases. Inactivation is made by binding adenylyl, phosphoryl, or acetyl groups to the periphery of the drug
molecule. These modifications are achieved in the process of transport across the cytoplasmic membrane (co-substrate
ATP, acetyl-CoA, NAD+, UDP-glucose, or glutathione) [44]. Aminoglycosides are neutralized by specific enzymes:
phosphoryltransferases (APHs), nucleotidyltransferases or adenylyltransferases (ANTs), and acetyltransferases (AACs).
These aminoglycoside modifying enzymes (AMEs) reduce affinity of a modified molecule, impede binding to the 30S
ribosomal subunit and provide extended spectrum resistance to aminoglycosides and fluoroquinolones [46]. AMEs are
identified in S. aureus, Enterococcus faecalis (E. faecalis), and S. pneumoniae strains. Presumably, they evolved from
actinomycetes (Streptomyces spp. and Micromonospora spp.) that produce AMEs. Most AMEs are transferred by
transposons [47].
Gram-positive and gram-negative bacteria and some of H. influenzae strains are resistant to chloramphenicol and
they have an enzyme chloramphenicol transacetylase that acetylates hydroxyl groups of chloramphenicol. Modified
chloramphenicol is enable to bind to a ribosomal 50S subunit properly [48].
3.2.3 Drug inactivation by redox process
Oxidation and reduction reactions are used by pathogenic organisms as a resistance mechanism against antimicrobials.
Streptomyces virginiae produces type A antibiotic virginiamycin M1 and protects itself from its own antimicrobial
agents by substituting a ketone group to an alcohol residue at position 16 [44].
3.3 Ribosome protection
The mode of action of macrolide, lincosamide and streptogramin B group of antibiotics is to block protein synthesis in
bacteria by binding to the 50S ribosomal subunit [49]. Resistance to these drugs is referred to as MLS(B) type
resistance and occurs in a wide range of Gram-positive and Gram-negative bacteria [50]. Resistance results from a posttranscriptional modification of the 23S rRNA component of the 50S ribosomal subunit involving methylation or
dimethylation of key adenine bases in the peptidyl transferase functional domain. E.g. in E. coli, base A2058 of the 23S
rRNA is the target of methylation. Methylation is catalyzed by adenine-specific N-methyltransferases specified by the
erm class of genes (erythromycin ribosome methylation), present in a wide range of organisms and frequently plasmidencoded. Mutations in 23S rRNA close to the sites of methylation have also been associated with resistance to the
macrolides in a range of organisms [51, 52]. In addition to multiple mutations in the 23S rRNA, alterations in the L4
and L22 proteins of the 50S subunit have been reported in macrolide-resistant S. pneumoniae [53].
3.4 Reduced membrane permeability
The outer membrane in gram-negative organisms contains an inner layer that has phospholipids and an outer layer that
has the lipid A. Such composition reduces drug uptake to a cell and transfer through the outer membrane (through porin
proteins, e.g., OmpF in E. coli and OprD in P. aeruginosa). Drug molecules to a cell can be transferred by the following
mechanisms: (i) diffusion through porins, (ii) diffusion through the bilayer, and (iii) by self-promoted uptake. Acquired
resistance to all antimicrobial classes in P. aeruginosa is due to low outer membrane permeability. Small hydrophilic
molecules (-lactams and quinolones) can cross the outer membrane only through porins. Aminoglycosides and colistin
cannot be transferred to the cell through porins; therefore, self-promoted uptake to the cell is initiated by binding to
lipopolysaccharides of the outer side of the outer membrane [54]. Acquired resistance is characteristic of high resistance
to almost all aminoglycosides (especially to tobramycin, netilmicin, and gentamicin) [55].
3.5 Active drug efflux
Efflux pumps are energy-dependent transporters that extrude toxic compounds, including antimicrobials, being one of
the major mechanisms by which microbial pathogens resist to different classes of antimicrobial agents [9]. The efflux
systems are composed of three protein components, an energy-dependent pump located in the cytoplasmic membrane,
an outer membrane porin and a linker protein which couples the two membrane components together [56]. Efflux
pumps can be specific to antimicrobials or may be capable to pump a wide range of unrelated agents e.g. macrolides,
tetracyclines and fluoroquinolones and thus significantly contribute to multidrug resistance (MDR) [25]. Active efflux
of drugs from the cell is one of the common mechanisms of antimicrobials resistance in bacteria, with resistance
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developing when the rate of drug efflux across the membrane exceeds that of drug influx, bacterial genomes encode
several membrane-bound multidrug efflux systems. These systems are usually under the control of an intricate
regulatory network, which, in response to the presence of drug and other stress molecules, increases the overall efflux
activity and decreases influx capacity [57]. Microbial pathogens resistant to tetracyclines often produce increased
amounts of membrane proteins that are used as export or efflux pumps of antimicrobial agents. To eliminate toxic
compounds from the cytoplasm and periplasm, P. aeruginosa uses more than four powerful MDR efflux pumps. MexVMexW-OprM MDR efflux pumps are responsible for resistance to fluoroquinolones, tetracyclines, chloramphenicol,
erythromycin, ethidium bromide and acriflavine. Increased expression of MexAB-OprM efflux pumps results in higher
inhibitory concentration against penicillins, broad-spectrum cephalosporins, chloramphenicol, fluoroquinolones,
macrolides, novobiocin, sulfonamides, tetracycline and trimethoprim [25].

4. Control and prevention of emergency and spreading of antimicrobial resistance
Controlling microbial resistance to antimicrobial agents requires a multifaceted approach. Essential components the
approach must include reducing inappropriate prescribing not only for humans but also animals, reducing transmission
of resistant organisms through enhanced infection control and environmental hygiene, and identifying trends in
resistance through surveillance. This approach fits neatly within the classic bug-drug-host paradigm. The overuse of
antibiotics is considered the main factor in the emergence and dissemination of antimicrobial resistance. Many factors
lead to inappropriate antimicrobial prescribing practices, including patient expectations and demands, desire of the
physician to give the best possible treatment regardless of cost or subsequent effects, failure to consider alternative
treatments, inappropriate use of diagnostic laboratory studies, inadequacy of the physician’s knowledge and
management of patients with infectious diseases, medico-legal considerations and the belief that the newer and broadspectrum agents represent the most effective treatment [24]. Special vigilance must now be paid to appropriate selection
and timing of antimicrobial agents as a major force in reducing the development of antimicrobial resistance. Proper
hygiene practices will help to reduce plasmid transfer and the establishment of multiple drug-resistant microbial
pathogens in the hospital and will delay the appearance of such species in the community. The health care provider
must be continually alert to the appearance of drug resistance within the hospital and community [15].
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