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ABSTRACT

Since penicillin was discovered by Sir Alexander Fleming in 1928, antibiotics have been used in
medicine to treat different infections and combat pathogenic microorganisms. Nevertheless, with
their increasing and massive use, the progress of resistance has become more predominant and many
bacteria have developed resistance to multiple classes of antibacterial agents through genetic
exchange mechanisms. Consequently, the use of antibiotics is now under threat. Antibiotic resistance
poses a worldwide hazard to both human and animal health and it has become an important public
health concern in the 21 century. This review aims to survey some mechanisms of antibiotic
resistance. Furthermore, some novel approaches like the use of nanoparticle-based antimicrobial drug
delivery, fecal microbiota transfer, antimicrobial peptides, antibiotic adjuvants, antisense
antimicrobials, phage therapy, antivirulence strategies, host oriented therapy, synthesis of new
antimicrobials and extraction of antimicrobials from a natural source like plants are identified and
discussed in an attempt to combat and fight against bacterial resistance.
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1. INTRODUCTION

Antimicrobials are agents that kill microorganisms or inhibit
their growth. Antimicrobial agents can be assembled
according to the microorganisms they target. For example,
antifungals are used against fungi, antibiotics are active
against bacteria, antivirals are active against viruses and
antiparasitics are active against parasites.! They can also be
classified based on their function. Antimicrobials that kill
microbes are called cidal and those which inhibit their growth
called static.?

Antimicrobial drugs are also classified to narrow or
broad-spectrum based upon their spectrum of activity. Broad-
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spectrum antimicrobials are effective against a wide range of
microbes and have higher toxicity to the host. Narrow-
spectrum antimicrobials are effective against a narrow range
of microbes and have lower toxicity to the host.
Antimicrobials, especially antibacterials, are classified into
chemotherapeutic agents which are obtained from synthetic
source to kill or inhibit the growth of the susceptible
microorganism and antibiotics which are produced by living
organisms, usually fungi. However, antibiotic is frequently
used to mean all antibacterials.?

2. MECHANISMS OF
ANTIBIOTICS

ACTION OF

An antibiotic is an agent that inhibits bacterial growth or kills
bacteria. The term antibiotic was used for the first time in
1942 by Selman Waksman to define any substance produced
by a microorganism that is active against the growth of other
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microorganisms.> Many antibacterial agents are classified
based on their chemical or biosynthetic origin into natural,
semisynthetic, and synthetic.'

There are five major modes of action of most
antibacterial agents: (a) Interference with cell wall synthesis,
(b) Interference with nucleic acid synthesis, (c) Inhibition of
protein synthesis, (d) Inhibition of a metabolic pathway, and
(e) Disruption of bacterial cell membrane structure.!

Antibacterial drugs that inhibit bacterial cell wall
synthesis include B-lactams, like penicillins, cephalosporins,
monobactams, and carbapenems and glycopeptides, such as
vancomycin and teicoplanin.* B-Lactams interfere with the
enzymes which are required for the synthesis of the
peptidoglycan layer so inhibit bacterial cell wall synthesis.’
Glycopeptides also interfere with the cell wall synthesis by
binding to the terminal D-alanine residues of the nascent
peptidoglycan chain, thus preventing the cross-linking
required for cell wall synthesis.’

3. BACTERIAL
ANTIBIOTICS

RESISTANCE TO

Some bacterial species are capable of surviving after exposure
to one or more antibiotics; and this is called antibiotics
resistance. Many bacteria have developed resistance to
multiple classes of antibacterial agents through genetic
exchange mechanisms and these multidrug-resistant (MDR)
bacteria, or superbugs that can be defined as resistance to >
three antibacterial classes have become an important public
health concern in the 21* century, especially in hospitals and
other healthcare institutions where they are most commonly
detected.’

3.1 Causes of Antibiotic Resistance

Even though there were low levels of antibiotic-resistant
bacteria before the extensive use of antibiotics, misuse and
overuse of antibiotics, selective pressure from their usage has
played a vital role in the development and the spread of
multidrug resistance among bacterial species.'?

Practices contributing towards resistance include
selling antibiotics over the counter without a prescription,
addition of antibiotics to the livestock feed, and household use
of the antibacterials in soaps and other products.!! Unsound
practices in the field of pharmaceutical industry can
contribute to the likelihood of producing antibiotic-resistant
strains as well.!?

Certain classes of antibiotics are highly associated
with colonization with the MDR bacteria compared to other
antibiotic classes. The risk for colonization increases if there
is a resistance of the MDR bacteria to the antibiotic used and
high tissue penetration, in addition to broad-spectrum activity
against beneficial bacteria, normal flora of the human body.
In the case of Methicillin-resistant Staphylococcus aureus
(MRSA), higher rates of MRSA infections are detected with
the use of cephalosporins, glycopeptides, and quinolones.'?
Cephalosporins, quinolones, and clindamycin are the high-
risk antibiotics in the case of colonization with Clostridium
difficile.*
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3.2 Types of Antibiotic Resistance

There is a variety of mechanisms that have a role in the wide
range of sensitivities exhibited by different types of
microorganisms when evaluated by sensitivity test assays for
determination of minimum inhibitory concentrations (MICs)
and minimum bactericidal concentrations (MBCs). Certain
microorganisms are intrinsically resistant which is a natural
character of all strains of that microorganism. Instead, they
may experience changes in the susceptibility due to mutation
of the target site, or the acquirement of different genetic
elements encoding resistance mechanisms.

3.2.1 Intrinsic Resistance

Intrinsic resistance is a natural character of a microorganism
and is exhibited by Mycobacteria, bacterial spores, and
several Gram-negative bacteria. Mycobateria are even more
resistant as they possess a waxy envelope that inhibits the
uptake of some antimicrobials.!> The coat and the cortex of
the bacterial spores are a barrier against the entry of
antimicrobials, clarifying their relatively extreme resistance.!®
The structural and biochemical changes resulting in the
germination of the bacterial spores make them more
susceptible to the action of some antimicrobials.'®

Gram-negative bacteria are normally relatively less
susceptible to antimicrobials than Gram-positive bacteria due
to their outer membrane which acts as a significant barrier to
antimicrobial entry.!> 7 The outer membrane of Gram-
negative bacteria presents a permeable barrier owing to their
narrow porin channels that limit the permeation of
hydrophobic molecules and the low fluidity of the
lipopolysaccharides slows down the inward penetration of
different lipophilic compounds.!” Consequently, intrinsic
microbial resistance is commonly associated with the cellular
impermeability that limits the uptake of antimicrobials, even
though active efflux pumps seems to be an important
process.’

Efflux pumps have an important role in the intrinsic
resistance of Gram-negative bacteria by pumping out different
agents, including detergents and antibiotics. It equips bacteria
with a basic and common resistance mechanism by extruding
toxic molecules.'® The term multidrug resistance (MDR) is
used to define a situation where reduced susceptibility to an
antibiotic is accompanied by reduced susceptibility to
additional chemically unrelated antibiotics by efflux system. '8
The presence of the efflux mechanisms with the outer
membrane narrow porin channels restricts the diffusion of
antimicrobials into the cells which are responsible for the high
intrinsic resistance of Gram-negative bacteria to many
antimicrobials."”

In addition to impaired uptake or increased efflux,
some microorganisms exhibit intrinsic resistance by
inactivation of antimicrobials. Bacterial enzymes can add
chemical groups to exposed sites of the antibiotic molecule
leading to prevention of the antibiotic from binding to its
target site.!” Hydroxyl and amides groups of antibiotics can
easily be hydrolyzed leading to an alteration in the antibiotic
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structures. Furthermore, phosphate, acetyl, and nucleotide
groups can be added to the antibiotics rendering them
inactive.?

Phenotypic ~ (physiological) adaptation  of
microorganisms that reduces susceptibility to antimicrobials
in response to changes in the environmental conditions is also
considered as intrinsic resistance.!>*?! The cellular phenotype
expressed differ significantly with the changes in the
environmental conditions under which it is grown.?? 2 The
resistance of these microorganisms to antimicrobials may
result partially from outer cell layers changes that increase the
barrier properties and inhibit access to their target site;
however other changes can also be involved.®

The binding of microorganisms to solid surfaces
results in the formation of a biofilm.'> 2% 2* Reduced
susceptibilities of bacteria in embedded in biofilms to
different antimicrobials can sometimes be very high and can
be triggered by variable factors including depletion of nutrient
within the biofilm, reduced entry of the antimicrobial agent to
the cells present in the biofilm, possible chemical interaction
between the antimicrobial agent and the biofilm, and the
production of enzymes that degrade the antimicrobial agent.?*
Biofilms have been found that they possess susceptibilities
towards antimicrobial agents that are 100—1000 times lower
than equivalent populations of planktonic bacteria; bacteria
not forming biofilm.?

3.2.2 Acquired Resistance

The ability of bacteria to survive in the existence of antibiotics
and to gain resistance under selective pressures exerted by
antibiotics assumes that the antibiotics threshold
concentration is necessary to induce and sustain resistance
genotypes.”® Acquired resistance usually arises owing to the
pressures from the surrounding microbiome; however,
acquired resistance is a reflection of the microbe ecological
niche. It is progressively evident that there are many
reservoirs of antibiotics in the environment able to enrich the
antibiotic-resistant microorganisms.?” Therefore, acquired
resistance includes genetic changes environmentally induced
like biofilm and persister development, changes in the target
of the antibiotic, enzymatic inactivation of antibiotics, efflux
pump regulation, and changes in the cell permeability 2% %

3.3 Genetic Basis of Antibiotic Resistance

Regardless of whether the antimicrobial resistance is intrinsic
or acquired, several different mechanisms of it exist.

3.3.1 Horizontal Gene Transfer (HGT)

The majority of the acquired antibiotic resistance spreads
through horizontal or lateral gene transfer between bacteria of
the same generation often because of the polymicrobial nature
of different infections and closeness of the pathogenic
microorganisms.?’ Horizontal gene transfer can occur in one
of three ways: (1) Infection by bacteriophages (transduction),
(2) uptake of environmental DNA (transformation) or
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(3) exchange of plasmids (conjugation).’® Nevertheless, this
transfer of genetic material does not occur without an
evolutionary cost.>! To reduce this evolutionary cost, bacteria
have established numerous genetic strategies like plasmids,
transposons, operons, and gene clusters.?> 3> The ability to
move the genetic material between bacterial species may
explain the transfer of antibiotic resistance and the extension
of resistance beyond a single drug.”

3.3.2 Elevated Mutation Rates

Despite the fitness costs, antibiotic pressure selects for
bacteria which have a high mutation rate.* Mycobacteria can
acquire resistance via mutation under inadequate treatment
regimens as are Salmonella enterica, Escherichia coli, and
Pseudomonas aeruginosa.*” This increased mutation rate is
conferred by changes in the genes which constitute the
mismatch repair (MMR) system (mutS, mutL, mutH, mutT,
mutY, mutM, and uvrD).?’ Mutations occurring in the MMR
system increase the prevalence of genetic recombination, so it
provides diversity to the mechanisms of antibiotic
resistance.> Away from the heritable genetic alterations to
mismatch repair systems,** antibiotics can increase the
mutation rates by the stress responses.?

3.4 Mechanisms of Antibiotic Resistance

Antibiotic resistance has an important role in the failure of the
treatment of different infectious diseases.’> There are several
mechanisms of resistance that spread to various bacterial
genera. First, the microorganism can acquire genes that
encode enzymes, like B-lactamases, which destroy the
antibacterial drug before it can produce an effect. Second,
bacteria can have efflux pumps that extrude the antibacterial
drug from the bacterial cell before it reaches its target site and
produces its effect. Third, bacteria can acquire genes that
ultimately produce changed bacterial cell walls with no
binding site for the antimicrobial drug, or bacteria can acquire
mutations which limit the access of antibacterial agent to its
intracellular target site by downregulation of the porin genes.
Therefore, populations of bacteria that are normally
susceptible may become resistant to antibiotics through
selection and mutation, or by acquiring various genes that
encode resistance from other bacteria.*®

Bacteria may exhibit any of these four general
mechanisms of antibiotic resistance: (a) Lack of entry and
decreased cell permeability, (b) Greater exit and active efflux,
(c) Enzymatic inactivation/ modification of the antibiotic, (d)
Altered target and modification of antibiotic target site.

3.4.1 Prevention of antibiotic entry

In addition to the cell membrane which acts as a barrier to
antibiotic entry, antibiotics have to pass barriers of cell
envelope such as the outer membrane in Gram-negative
bacteria to be able to reach their targets. Changes that affect
the permeability of these barriers, like the number of outer
membrane porins and/or lipopolysaccharides, can affect the
resistance against antibiotics.’” *® Many antibiotics (like -
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lactams) are transported across the outer membrane of the
Gram-negative by a group of membrane proteins, called
porins. Several factors like the charge and the hydrophobicity
of the antibiotic have a significant role in its transport into the
cell. Molecules having negative charge pass more slowly
across the cell membrane than do the positively charged
molecules or zwitterions.*

On the other hand, polycations, such as polymyxin
B, which are larger than the exclusion limit of the outer
membrane can enter the cell membrane by a pathway called
the self-promoted uptake. In this pathway, the polycations
competitively displace the divalent cations that cross-bridge
the adjacent lipopolysaccharides (LPS), so disrupt the outer
membrane . *

3.4.2 Active extrusion of antibiotics

Several integral membrane proteins mediate active antibiotic
extrusion leading to lower cytoplasmic antibiotic
concentration and an increase in antibiotic resistance.*! Efflux
systems in bacteria can be divided into four families based on
supramolecular assembly, mechanism and sequence
homology: (i) resistance nodulation division (RND) family,
(i) major facilitator (MF) family, (iii) staphylococcal
multidrug resistance (SMR) family, and (iv) adenosine
triphosphate (ATP)-binding cassette (ABC) transporters.’

3.4.3 Enzymatic inactivation or degradation of
antibiotics

Drug inactivation is the major mechanism of resistance
towards [B-lactam antibiotics. Inactivation of [-lactam
antibiotics like penicillin is mediated by penicillinase enzyme
that catalyzes the hydrolysis of the 3-lactam ring. Other well-
known enzymes that cause drug inactivation are
chloramphenicol transferases and aminoglycoside modifying
enzymes. Accumulation of antibiotics at their site of action in
the bacterial cell is the sum of transport into the cell,
inactivation during the transport process, and the extrusion of
antibiotics from the cell.*?

344 Alteration of antibiotic target

Protection by alteration of the antibiotic targets may prevent
the interaction and hence the toxicity of antibiotics. Alteration
of the antibiotic targets (such as amino acid substitutions)
decreases the affinity for the antibiotic. Penicillin resistance
results from alterations in the penicillin-binding proteins
(PBPs) which form bind irreversibly with penicillin, resulting
in loss of the penicillin activity .+

3.5 Strategies of Control Antibiotic Resistance

First, the rational use of antibiotics is very important to reduce
the chances of occurrence of opportunistic infections caused
by antibiotic-resistant bacteria. The immune system can cure
minor bacterial infections on its own. If it is given the chance
without depending on antibiotics to cure the small infections,
resistance to antibiotics will be less likely to occur.
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Additionally, it is important to be noted that antibiotics are
unable to treat viral infections. Taking antibiotics
unnecessarily to cure viral infections can lead to the spread of
resistance to antibiotics.*

Second, the simultaneous use of two or more
antibiotics separately or in a single pharmaceutical
formulation is called antibiotic combination. The advantages
of combination therapy include avoiding the development of
resistance and decreasing the toxicity of the individual
antibiotic as they are used in lower doses, providing broad
coverage in poly-microbial infections and treatment of severe
infections.®’

The third strategy which relies on the infection
control practices that must be applied in hospitals and
different health care institutions to limit nosocomial infections
in patients and staff members. These practices like correct
handling procedures for contaminated materials to decrease
the transmission of microorganisms. Also, good hand
decontamination for health-care workers can be done with
soap and water or antiseptic solution. Similarly, sterilization
and disinfection of the patient care equipment are essential %
47

Finally, the restriction of certain antibiotic classes
can be effective in changing the patterns of resistance in
individual institutions (a process called antibiotic restriction
policy).*8

4. NEW APPROACHES TO FACE THE
SPREAD OF ANTIBIOTIC RESISTANCE

4.1 Nanoparticle-Based Antimicrobial Drug
Delivery

Recently, the field of antimicrobial drug delivery has
accomplished important progress, particularly with the rapid
development of nanomedicine along with the increased
understanding of different infectious diseases. Great efforts
have been done to increase the therapeutic efficacy of
antibiotics with decreasing resistance using nanoparticle-
based strategies.** These strategies have shown hopeful
outcomes by localization of the antibiotics to the pathogen and
modulation of the drug-pathogen interaction against bacterial
drug resistance.”® Although clinical uses of antimicrobial
nanoparticles are still scarce, their development is very fast.
For instance, inorganic nanoparticles such as Ag and ZnO are
producing a remarkable comeback as effective antimicrobial
agents.>! The success of the antimicrobial nanoparticles
suggests that they will have a promising future for curing
different infections. It is expected that the field of
nanomedicine will continue to produce innovations tailored
for the local antimicrobial treatment having advantages of
efficiency, cost-effectiveness, and patient compliance.*’

4.2 Antimicrobial Agents from Natural Source
Since ancient times, products of both plants and bees have

been used empirically to cure different infections.
Nevertheless, intensive research is required to study the
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molecular mechanisms of action of such compounds. The
suggested mechanisms of antimicrobial action of the essential
oils extracted from plants include the degradation of cell
walls; increased permeability due to cytoplasmic membrane
damage; membrane protein damage, leading to decreasing the
proton-motive force and cytoplasm coagulation.*

It is urgent to search for novel and/or renewable
natural sources for the fight against antibiotic-resistant
bacterial infections. Soon, marine-derived antimicrobials,
such as secondary metabolites of actinomycetes, marine fungi
polyketides, and cyanobacterial alkaloids could become a
powerful tool for the control and prevention of microbial
resistance as they can be used as alternatives for the currently
used antibiotics.’>33

4.3 Antivirulence Strategies

Inhibition of quorum sensing is an important example of
antivirulence strategies. Quorum sensing (QS) is
communication between bacterial cells that has been found to
occur between bacterial cells of the same and different species
and between bacteria and higher organisms.>* Bacteria must
possess three characteristics for QS to occur: 1) secrete a
signaling molecule (autoinducer or pheromones) that are
produced in response to the changes in the density of cell-
population, 2) detect the change in the concentration of
pheromones, and 3) regulate the gene of transcription.>
Quorum quenching or anti-quorum sensing is the
process of prevention of quorum sensing by disruption of the
signalling. This is accomplished by inactivating the signalling
enzymes involved in the synthesis of autoinducers (like
triclosan), also by introducing molecules that mimic
signalling molecules and block their receptors (like
furanones), or by degrading the signalling molecules.*®

4.4 Phage Therapy

It is the therapeutic use of bacteriophages to cure different
bacterial infections. Bacteriophages are more specific than
antibiotics so, they are harmless to the host organism and
beneficial bacteria like gut flora. However, this specificity is
also a disadvantage because a phage will only kill one type of
bacterial species. Therefore, phage mixtures should be used to
increase the chances of success of the treatment.”’

As phages replicate only in vivo, a smaller effective
dose could be used.’” Phages are more successful than
antibiotics when the bacteria are embedded in a biofilm, as
antibiotics typically cannot penetrate the polysaccharide
matrix of the biofilm. Phage therapy offers a probable
alternative to the traditional antibiotics used for the treatment
of bacterial infection. Although bacteria can evolve resistance
to phages, the resistance is easier to overcome than the
resistance to antibiotics. Just as bacteria can develop
resistance, viruses can be manipulated to overcome this
resistance.>®

Phage therapy is also safe, as featured by its
widespread clinical use in the former Soviet Union where it
was applied before the antibiotic era.>* %
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4.5 Antisense Antimicrobials

Antisense antimicrobials are synthetic oligomers that silence
the expression of certain genes. This specificity provides an
advantage over the broad-spectrum antibiotics by avoiding
unwanted effects on commensal bacteria. The specificity of
the sequence of the antisense antimicrobials used and its short
length pose little risk to the human gene expression.S!
Antisense antimicrobials can be rapidly designed and
synthesized to target virtually any microbe as they are a
platform technology. This decreases the drug discovery time
and offers flexibility in drug development. Recently, it has
been shown that antisense technology has the potential to
overcome the antibiotic resistance crisis, as the resistance
mechanisms for the standard antibiotics have no impact on
antisense antimicrobials.®?

4.6 Host-Oriented Therapy

Host-oriented therapy including vaccination, immunotherapy,
and immunomodulation has a great advantage of possessing a
very low probability to develop resistance. Artificial
immunity can be actively acquired, either by vaccination
(active immunity) or by the transfer of exogenous antibodies
(passive immunity).® The purpose of vaccination is to
eradicate, eliminate, or limit an infectious process.®*
Immunotherapy involves the administration of certain
antibodies that can neutralize the action of its corresponding
antigens. The increasing rate of antimicrobial resistance has
refocused the research attention to the wuse of
immunomodulators which can interact with the nonspecific
and specific immune cells and change their reactivity towards
antigens, via the cytokine signaling pathways.®

4.7 Antimicrobial Peptides

Antimicrobial peptides are antimicrobial proteins synthesized
in the ribosome and then released extracellularly. These
compounds are formed by many bacterial species and can kill
or inhibit the growth of other bacteria. It was found that these
compounds have great potential against antibiotic-resistant
bacterial isolates. Bacteriocins are an example of
antimicrobial peptides and they are produced by both Gram-
positive and Gram-negative bacteria.¢ Bacteriocins could be
an efficient new class of antibiotics having the advantages of
specific targets, safety (food grade), diversity, reduced cell
toxicity, and ability to act synergistically with the traditional
antibiotics. Nevertheless, they may be susceptible to
proteolytic enzymes and some of them may become toxic to
mammalian cells. Currently, bacteriocins have been broadly
used, especially in the food industry .5’

4.8 Antibiotic Adjuvants (Resistance Breakers
and Antibiotic Potentiators)

The use of antibiotic adjuvants is an approach that should

receive more attention. These are non-antibiotic agents when
co-administered with antibiotics, block the resistance
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(resistance breakers) or enhance the antimicrobial activity
(potentiators). P-lactamase inhibitors are an example of
antibiotic adjuvants which are being used successfully in the
medical field for almost 30 years. They block the activity of
B-lactamase enzymes which break down B-lactam antibiotics
causing resistance to p-lactams.% %

4.9 Synthesis of New Antibiotics

The introduction of new functional groups in the existing
antibiotic molecule to produce new antibiotics with a dual or
triple mechanism of action can be done. Also, the synthesis of
novel dual-action antibiotics by binding two different
antibiotic molecules (called hybrid antibiotic) can be
studied.”” Moreover, extensive research is needed for the
synthesis of new antibiotics with unique characters such as
new or improved mechanism of action, new physicochemical
property to avoid its recognition by the bacterial efflux pumps,
ability to survive the action of the inactivating enzymes
produced by the resistant bacteria and ability to bind to the
altered target in the resistant bacteria.”

4.10 Fecal Microbiota Transplant (FMT)

Fecal microbiota transplant (FMT), or stool transplant, is the
process of transplantation of the fecal bacteria from a healthy
individual into a recipient.”! FMT implicates the restoration
of the microflora of the colon by infusion of stool containing
healthy bacterial flora by colonoscopy or orogastric tube or
enema or through a capsule containing freeze-dried material
administered orally. The effectiveness of FMT has been
recognized in clinical trials for the treatment of infection
caused by Clostridium  difficile ~ that  causes
pseudomembranous colitis.”> 7

5. CONCLUSION

The discovery of antibiotics can be considered as one of the
most important achievements in medicine. The use of
antibiotics has improved clinical consequences from
infections, resulting in the reduction of the morbidity and
mortality in surgical, transplant, and critical care patients.
Unfortunately, with the extensive use of broad-spectrum
antibiotics, selective pressures have made the antibiotic
resistance phenomenon an urgent global concern. The
percentages of hospital-acquired infections caused by
multidrug-resistant bacteria are continuously increasing,
making treatment more difficult and antibiotic choice
progressively limited. It is time to find alternatives to
traditional antibiotic treatments. In this review we tried to
present some of the options available and more research is
highly needed to win in our battle against antibiotic-resistant
bacteria.
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