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Abstract

Antibiotics are known as “lifesaving drugs” and use for the treatment of infectious diseases. The
use of antibiotics is not limited with the treatment of infectious diseases but also use prophylactically in
other industries such as in livestock and agriculture. Unfortunately, due to extensive use of antibiotics,
microbes develop resistance against antibiotics. Aim of the current review is to explore the history, causes,
mechanisms of antibiotic resistance and alternative to antibiotics by examining the available literature.
Antibiotic resistance is rising at an alarming rate and a major threat to the public health. A significant
association was found in the antibiotic resistant infections with the level of antibiotic consumption.
Inappropriate prescription, lack of awareness among the people and excessive use in the agriculture and
livestock sectors are the main causes which are responsible for the resistance of microbes to antibiotics.
Various mechanisms are involved in the antibiotic resistance such as mutation in genes, horizontal genes
transfer, reduced permeability, alterations in target sites and enzymatic degradation. Furthermore,
alternate options i.e. Photodynamic antimicrobial therapy, probiotics, medicinal plants and nanoparticles
etc. can be used in health care setups to combat the increasing antibiotic resistant infections.

Introduction

Antibiotics, either cytotoxic or cytostatic, are used to treat infections. The mode of
action of antibiotics could be either by inhibition of the synthesis of cell wall, proteins,
deoxyribonucleic acid (DNA) or ribonucleic acid (RNA). It could be achieved by a membrane
disorganizing agent or other specific actions [1]. Undoubtedly, antibiotics are a blessing to
humans for the treatment of infections or microbes [2]. Various antibiotics have been used
for the treatment purposes for a long time. During the mid-20th century antibiotics were
considered as “Wonder drug”. The beginning of modern “Antibiotic era” was synonymously
associated with two persons Alexander Fleming and Paul Ehrlich. The concept of antibiotics
was like a magic bullet that selectively targets the microbes responsible for the diseases but
at the same time would not affect the host [3]. The period from 1950 to 1970 was considered
as a golden era for the discovery of novel antibiotic classes [4].

Undeniably, antibiotics have become one of the most important medical interventions
needed for the development of complex medical approaches such as cutting-edge surgical
procedures, solid organ transplantation and management of patients with cancer among
others. Unfortunately, the sudden rise in antimicrobial resistance among the common
bacterial pathogens is an alarming condition for the therapeutic accomplishment and it is
also a potential threat to the critically ill patients. In fact, the World Health Organization
(WHO) has categorized the antibiotic resistance as one of the three major threat to the public
health in 21 century [5]. Antimicrobial resistance (AMR) is increasing globally presenting
significant challenges to the prevention and treatment of common bacterial infections [6,7].
The possible consequences of this resistance are worse, the health costs also increased [8]
and an increased risk of morbidity and mortality [9].
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The European Center for Disease Control (ECDC) and Center
for Disease Control and Prevention (CDC) Atlanta described
the terminologies Multidrug resistant (MDR), Extensive drug
resistant (XDR) and Pan drug resistant (PDR) bacteria [10].
According to them organism resistant to at least one agent in three
or more antimicrobial agents is known as multidrug resistant
(MDR), whereas non-susceptibility to at least one agent in all but
susceptible to two or more antimicrobial agents are known as
extensive drug resistant (XDR) and organisms resistant to all agents
in all antimicrobial classes are defined as pan drug resistant (PDR)
[11]. The treatment of infections caused by multi drug resistant
(MDR) gram positive and gram-negative bacteria by conventional
antibiotics seems to be difficult now. The poor infection control
practices result in the dramatic rise in the antibiotic resistance
that also spread in other patients and also in the environment [12].
Resistance of bacterial pathogens to the common antimicrobial
therapies and emergence of multi drug resistant (MDR) pathogens
are increasing at alarming rate. There are various challenges in
the treatment of infections such as shortage of effective drugs,
lack of successful preventive measures and availability of only few
antibiotics in clinical pipelines. For effective treatment there is a
need of development of novel treatment options and alternative
antimicrobial therapies [13]. The current reviews focus on the
mechanisms of antibiotic resistance, its origin, possible causes,
and the alternatives other than antibiotics that will be helpful in
combating the infections caused by the MDR and XDR bacteria in
future.

History of Antibiotic Resistance

In 1940s antibiotics were first prescribed for the treatment
of serious infections [11]. During World War II Penicillin was

Table 1: Emergence of antibiotic resistant pathogens.

considered as the most potent drug for the treatment of bacterial
infections [14]. However, shortly thereafter by the 1950s Penicillin
resistance became a major clinical issue and many of the advances
of the prior decade were threatened [15]. In order to combat this
issue new beta-lactams antibiotics were discovered, industrialized
and distributed [14,15]. Antibiotic resistance can occur as a natural
selection process where nature empower all bacteria with some
degree of low-level resistance [2]. A study from Thailand revealed
that antibiotics such as sulfamethoxazole and trimethoprim (TMP-
SMZ), ampicillin and tetracycline that were previously used in the
treatment of non-cholera diarrhea disease have no longer any role
in the treatment, nowadays, due to development of resistance
against these antibiotics [16]. Within six years of the production
of aminoglycosides, the aminoglycoside resistant Staphylococcus
aureus strains were developed [17]. Methicillin was the first
semisynthetic penicillinase-resistant penicillin that was used for
the treatment of penicillinase producing Staphylococcus aureus
strains. However, after starting its use in therapeutics methicillin
resistance was reported very soon [18].

The first case of Methicillin Resistant Staphylococcus aureus
(MRSA) was identified in United Kingdom in 1962 and later in
United states in 1968 [14]. Moreover, in 1980s fluroquinolones
were used initially to treat the gram-negative bacterial infections
but later it was revealed that fluroquinolones were also effective
for the treatment of gram-positive infections [19]. Later, quinolone
resistance developed as stepwise attainment of chromosomal
mutation particularly among the MRSA strains. Furthermore after
44 years of introduction of vancomycin in the market, the clinical
isolates of Vancomycin Resistant Staphylococcus aureus (VRSA)
were reported in 2002 [20-31] as shown in the (Table 1).

Resistant Germs Identified Year Identified References
Penicillin Resistant S. aureus 1942 [18]
Penicillin Resistant Streptococcus pneumoniae 1967 [21]
Penicillinase producing Neisseria gonorrhea (N. gonorrhea) 1976 [22]
Vancomycin Resistant Enterococcus faecium (VRE) 1988 [23]
Methicillin Resistant S. aureus (MRSA) 1960 [18]
Extended Spectrum (-Lactamase Escherichia coli (ESBL E. coli) 1983 [24]
Klebsiella pneumoniae carbapenemase (KPC) producing Klebsiella pneumoniae 1996 [25]
Vancomycin Resistant S. aureus (VRSA) 2002 [26]
Daptomycin Resistant Methicillin Resistant S. aureus 2004 [27]
Ciprofloxacin Resistant N. gonorrhea 2007 [28]
Azithromycin Resistant N. gonorrhea 2011 [29]
Ceftazidime-avibactam resistant KPC producing Klebsiella pneumoniae 2015 [30]

Antibiotics used in the agriculture are almost same as used in
the clinical side and frequent use of these antibiotics leads towards
the drug resistance [31]. The food chain can play a significant
role in the transmission of antibiotic resistance from animals

to human populations [32]. In developing countries animals
receive antibiotics by food, water and parenterally. The exposure
of microbes to antibiotics may develop resistance against these
antibiotics [31]. The use of antibiotics in poultry and cattle feed
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as growth promoter increase the antibiotic resistance [2]. A study
from Barcelona revealed that poultry might be a possible source
of quinolone resistant E. coli in rural villages. The study also
revealed that one-fourth of the children were found fecal carriers
of quinolone resistant E. coli. Although these children were never
exposed to the quinolones [33].

Causes of Antibiotic Resistance

Misuse

Various epidemiological studies have shown a direct correlation
between the usage of antibiotics and rise in resistant bacterial
strains [6]. In bacteria, genes can be transferred from one species
to another species by the aid of mobile genetic elements such as
plasmids. The horizontal gene transfer (HGT) can allow antibiotic
resistance to be transferred among different species of bacteria
[34]. Despite various cautions regarding the misuse, antibiotics
are overprescribed globally. In several countries’ antibiotics are
unregulated and available under the table without any prescription
[6]. The outcomes of absence of guidelines are very easy and cheap
access to the antibiotics which enhance the overuse of antibiotics.
The easy online access to purchase the antibiotics without any
prescription is also another example of misuse of antibiotics [35].
Various studies demonstrated that the old aged people such as 65
years or above have more chances to acquire bacterial infection as
compared to the younger ones hence as a result old aged people
consumes more antibiotics [36-38]. Furthermore due to presence
of atypical signs such as fall, delirium and generalized weakness
the diagnosis of bacterial infection is difficult in older aged people
which in turn contributes to the overconsumption of antibiotics
in the context of bacterial colonization or non-infectious diseases
[39]. The misuse of antibiotics by physicians in intensive care units
(ICUs) is also very common that is becoming a breeding place
for the development and dissemination of antibiotic resistance
bacteria [40]. The inappropriate use of antibiotics is prevalent
globally, but the developing countries are mostly affected due
to higher infection rates and limited resources [41,42]. Pakistan
is a developing country which has a sub optimal health care set-
up where antibiotics are sale over the counter [43,44]. The very
limited financial resources, poor literacy rates and compromised
health care management showed that the surveillance of health
care set ups might not be takes place properly, therefore irrational
use of antibiotics also takes place continuously [43]. Among the
low-income countries Pakistan is classified as the 3rd highest
country in the consumption of antibiotics. A rapid increase in the
consumption of antibiotic is seen between 2000 and 2015 where
antibiotic consumption increased from 0.8 to 1.3 billion (Up to
65%) defined daily doses (DDDs) [45].

Inappropriate prescription

Inappropriate prescription also plays an important role in
the raise of antibiotic resistance. Various studies revealed that
in 30-50% cases the selection of antibiotic agents, duration of
antibiotic therapy is inappropriate [11]. Inaccurately advised

antibiotics usually have uncertain therapeutic benefits and expose
patients to potential complications of antibiotic therapy [46]. The
subinhibitory and subtherapeutic concentration of antibiotics
can play a vital role in the development of antibiotic resistance
by genetic modification, for instance, by changes in the gene
expression, by horizontal gene transfer (HGT) and by mutagenesis.
The modification in the antibiotic resistant genes can increase the
virulence of microorganisms whereas the alteration due to HGT
and mutagenesis develop antibiotic resistance and its spread in
the environment. Low level of antibiotics has shown the strain
diversification in organisms such as Pseudomonas aeruginosa.
While on the other hand the subinhibitory concentration of
Piperacillin/ Tazobactam has shown various proteomic alterations
in the Bacteroides fragilis [47]. In developing countries due to lack
of qualified and well-trained staff, the poor trained or self-trained
quacks pretend themselves as medical practitioners in rural areas
[48].

Most of the practitioners in the rural areas are semi-literate
and they don’'t have any idea about the proper preservation of
antibiotics, the harmful effects of antibiotics and inappropriate
prescription of antibiotics they seem to have an antibiotic for every
human ailment [49]. For instance, a study from Thailand revealed
that a pharmacy technician advises rifampicin for urethritis and
tetracycline for young children [50]. A survey of World Health
Organization (WHO) revealed that there are only 0.97 physicians
per 1000 people in Pakistan, as compared with India 0.70, in China
1.6 and in United states there are 2.56 physicians per 1000 people
[51]. In Pakistan the resistance of bacteria towards the antibiotics
is a serious issue. The analysis of antibiotics may be helpful to avoid
the inappropriate antibiotic prescription that decrease the chances
of resistance [52]. However, a study from southern Punjab, region of
Pakistan described that majority of antibiotics prescribed without
culture and sensitivity testing [41].

Excessive use of antibiotics in livestock and agriculture

In livestock sector antibiotics are used as a source of growth
promoter in both developing and developed countries [6,11,53]. In
United States an estimated 80% of antibiotics are sold only for the
growth, enhancement and protection of animals from the infections
[15,53,54]. The treatment of animals with the antibiotics is
considered as a best way to protect the animals from the infections,
for their better health, and also for the improved yield quality
[35]. Antibiotics use in livestock are ingested by humans when
they consume food [55]. The transmission of antibiotic resistant
bacteria from animals to humans was noticed first time 35 years
ago [53]. Recently with the aid of molecular methods it is revealed
that the antibiotic resistant bacteria transmit from farm animals
to consumers by the meat products [53]. The spread of antibiotic
resistant bacteria occurs in the following steps. Firstly, antibiotics
used in the food of animals suppress or destroy the beneficial
microbes and only those microbes survive that are resistant to
antibiotics. In the second step these resistant bacteria transmit
from animals to humans by food chain. After their transmission
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these bacteria cause serious infections in humans [11] as shown in
the Figure 1. The use of antibiotics in the agriculture also disturb
the environmental microbiome [11]. Upto 90% of antibiotics given
to the livestock are excreted in the urine and stool, then widely
spread through fertilizers, ground water and surface run off [53].
Furthermore, in western and southern US the streptomycin and
tetracycline are used as pesticides. This practice also contributes
to the exposure of microorganisms in the environment to growth
inhibiting agents, altering the environmental ecology by increasing
the proportion of resistant versus susceptible microorganisms [55].

Farm animals receive
antibiotics as growth
promotor that
results in the
development of
antibiotic resistamt
bacteria

Meat products that
are not handle or
cooked properly
results in the
transmission of
antibiotic resstant
bacteria to humans.

Fertilizers or water
contaminated with
resistant bacteria are
used on food crops

Contaminated crops
results in the transfer
antibiotic resistant
bacteria to humans

Figure 1: Transmission of antibiotic resistant bacteria
to humans by food chain.

Antibiotic Resistant Bacterial Infections

Infections due to antibiotic resistant bacteria are spreading very
rapidly all over the world [55]. Various public health organizations
have explained such speedy emergence of resistant bacteria as
“disaster” or “frightening situation” whose consequences could
be very devastating [47]. A report from Center for Disease Control
and prevention (CDC) in 2013 declared that humans has reached
now in the “Post antibiotic era” whereas in 2014 World Health
Organization (WHO) cautioned that the antibiotic resistance
crisis is now becoming dire [35]. Among gram positive pathogens
Staphylococcus aureus and Enterococcus species currently pose
the major challenges in terms of antibiotic resistance [11,56]. On
the other hand, resistance in the gram-negative pathogens is also
alarming because they are becoming resistant to almost all available
antibiotics thus pushing us back in the “pre-antibiotic era” [11,56].
The center for diseases control and prevention (CDC) evaluated the
antibiotic resistant infections on the basis of several factors such
as clinical impact, economic impact, incidence, 10-year projection
of incidence, transmissibility, availability of effective antibiotic,
and barrier to prevention. In this evaluation CDC categorized the
antibiotic resistant bacteria into 3 categories as “Urgent”, “Serious”,
“Concerning” [11] as shown in the (Table 2).

Table 2: Classification of antibiotic resistant bacterial in-

fections.

Carbapenem Resistant Acinetobacter

Clostriitdioides difficile

Urgent

Threats Carbapenem resistant Enterobacteriaceae

Drug resistant N. gonorrhea

Drug Resistant Campylobacter

ESBL producing Enterobacteriaceae

Vancomycin resistant Enterococci

Multi drug resistant P. aeruginosa

Drug resistant non-typhoidal Salmonella

Serious

Threats Drug resistant Salmonella serotype Typhi

Drug resistant Shigella

Methicillin resistant S. aureus

Drug resistant S. pneumoniae

Drug resistant Tuberculosis

Erythromycin resistant Group A Streptococcus

Concerning

Vancomycin resistant S. aureus
Threat

Clindamycin resistant Group B Streptococcus

Impact of Antibiotic Resistance on Global Economy

The one of the biggest threats to the public health is antibiotic
resistance that endanger the achievements towards the millennium
development goals as well as the sustainable development goals
[57]. ABR is also associated with higher morbidity, mortality,
prolonged stay at hospitals and it also reduce the labor efficiency
[58] The assessment of economic burden due to antibiotic
resistance is still a gigantic challenge globally. The Hospital acquired
infections (HAIs) only in United states cause 99,000 deaths a year. In
2006 only 50,000 deaths in United States occurred because of two
HAIs, namely pneumonia and bacteremia that cost approximately
$8 billion to the US economy [59]. The patients with antibiotic
resistant bacterial infections need to stay at hospital for at least 13
days. Due to prolonged stay at hospital the cost for the treatment
also increased. An estimated cost of $29,000 per patient reported
for the treatment of antibiotic resistant bacterial infections. In total
the economic losses of about $20 billion have been reported in the
US whereas the losses of around $35 billion also reported in terms
of loss of productivity due to antibiotic resistance in health care
system [60].

Antibiotic Resistance Mechanism

Genetic mechanism

Bacteria have genetic diversity that make them able to respond
to the various types of environmental threats that also include
the presence of antibiotic molecule which may threatens their
existence. Evolutionary perception revealed that bacteria utilize
two major genetic approaches to acquire the antibiotic resistance.
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Among these genetic approaches one is mutation in genes and the
second is acquisition of foreign DNA by horizontal gene transfer
(HGT) [61].

Horizontal gene transfer (HGT): Bacteria acquire foreign DNA
materials by horizontal gene transfer (HGT). It is one of the most
important drivers of bacterial evolution and also responsible for the
development of antibiotic resistance. The antimicrobial compounds
used in the clinical settings mostly obtained from the natural
environment (from soil). The bacteria acquire the external genetic
material by three main strategies. By transformation, transduction
and conjugation. The simplest type of horizontal gene transfer is
transformation. But only a few clinically relevant bacterial species
are able to naturally insert the naked DNA to develop resistance.
In hospital environment the resistance is often developed by the
process of conjugation. This method is very efficient for the gene
transfer that involve the cell to cell contact and is likely to occur at
high rates in the gastrointestinal tracts of humans under antibiotic
treatment. In conjugation the mobile genetic elements are used
as vehicle to share the valuable genetic information, although the
direct transfer from chromosome to chromosome has also been
well characterized [62].

Mutation in genes: In this mechanism a colony of bacterial cells
isolated from a susceptible environment develop changes in
their genes that disturb the functioning of antibiotic, results in
the survival of organism in the presence of antibiotic molecule.
Once development of resistant mutants take place, antibiotic only
eradicate the susceptible population and the resistant population
prevails. The mutation results in the antibiotic resistance, modify
the working action of antibiotic by one of the following mechanisms.
(1) By modifying the antimicrobial agent, (2) Stimulation of efflux
pump mechanism to exclude out the harmful molecules, (3) Decline
in the drug uptake and (4) Global changes in important metabolic
pathways via modulation of regulatory networks [61].

Efflux pump stimulation: The membrane proteins that export
the antibiotic molecules out of the cell and as a result maintain
the low intracellular concentration is known as efflux pump [63].
As antibiotic molecules enter the cell, the efflux mechanism, at
the same time, expels out these antibiotic molecules without
letting them reach the target site [64]. These pumps are in the
cytoplasmic membranes as compared to the porins that are located
in the outer membrane [65]. There are 5 major families of efflux
pump mechanism. These families differ in terms of structural
conformation, energy source, range of substrate and these are
widely distributed among different types of bacterial organisms.
These families include Major facilitator superfamily (MFS), the
small multidrug resistance family (SMR), resistance nodulation cell
division family (RND), the ATP binding cassette family (ABC), The
multidrug and toxic compound extrusion family (MATE) [66].

Reduced permeability: Several antibiotics used in the clinical
settings are mostly intracellular bacterial target-based antibiotics.
In case of gram-negative bacteria, the target is in the cytoplasmic
membrane (the inner membrane). In order to attain an effective

antimicrobial effect, the antibiotic compound must reach to its
target site. Bacteria have developed such mechanisms that inhibit
the antibiotics from reaching to its target site by decreasing their
uptake [67]. These mechanisms are particularly important in the
gram-negative bacteria that limit the influx of substances from
external side. The outer membrane act as first line of defense
inhibits the transport of toxic materials and antimicrobials inside
the cell. The hydrophilic molecule such as (-Lactams, tetracycline
and some fluroquinolones are particularly affected by changes
in permeability of outer membrane as they often use water filled
diffusion channels known as porins [67]. There are several types
of porins classified on the basis of their structures (monomeric or
trimeric). The best characterized porins are three major protein
produced by E.coli known as (Omp F, Omp C, PhoE) and the
Pseudomonas aeruginosa Opr D (also known as protein D,) are
classical examples of porin mediated resistance [68].

Modification of antibiotic target: Natural alteration or acquired
variations in the target sites of antimicrobial that prevent the
binding of antibiotic to their target site is a common mechanism of
resistance. The change in the target site results from spontaneous
mutation of a bacterial gene on the chromosome. Since antibiotics
have very specific target sites, a very minute changes in the target
sites also disturb the working of antibiotics.

Alteration of 30S or 50S ribosomal subunit: The ribosome deal
with the resistance of drugs that effect the protein synthesis i.e.
macrolides, chloramphenicol, tetracycline and aminoglycosides.
The aminoglycosides attach to the 30S subunit whereas macrolides,
chloramphenicol, streptogramin B, and lincosamide bind with the
50S subunit to inhibit the protein synthesis [65,69].

Modification in Penicillin Binding Proteins (PBP): The variation
in PBP is one of the best mechanisms of resistance in gram positive
bacteria on the other hand the production of -Lactamases is a
mechanism of resistance in gram negative bacteria. The alteration
in PBPs leads to decrease in the affinity of f-lactam antibiotics. The
resistance to ampicillin in Enterococcus faecium and resistance to
penicillin in S. pneumoniae is only due to this mechanism. Whereas
theresistance in Staphylococcus aureusis due to the presence mobile
genetic elements “Staphylococcal cassette chromosome mec” on
the chromosome of Staphylococcus aureus that contain methicillin
resistant gene mecA [63,70,71]. MECA gene is responsible for the
synthesis of PBP2a protein, a novel penicillin binding protein that
overcome the effect of Staphylococcal PBP. The Staphylococcus
aureus strains that are resistant to penicillin also show resistance to
all B-lactam antibiotics, tetracycline, streptomycin and in few cases
to erythromycin [72].

Enzymatic degradation

There are three types of enzymes that prevent antibiotics to
perform their functions such as B-Lactamases, Aminoglycoside
modifying enzymes (AME) and chloramphenicol acetyltransferases
(CAT) [73]. B-Lactamases -Lactam
antibiotics that contain amide and ester bonds for example
Penicillin, carbapenems, monobactam etc. Up till now around 300

inactivates almost all
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B-Lactamases are identified. According to Ambler (Structural)
classification system there are 4 classes of B-Lactamases such
as Class A, Class B, Class C and Class D B-Lactamases [70].
The aminoglycoside modified enzymes AME are phosphoryl-
transferase, nucleotidyl transferase or adenylyl transferase. These
enzymes decrease the attraction of molecule and hence a result
inhibit the attachment of molecule with 30S ribosomal subunit.
The (AME) cause extended spectrum resistance to aminoglycoside
and fluroquinolones. The resistance due to AME is mostly observed
in the Staphylococcus aureus and S. pneumoniae strains [74].
The chloramphenicol acetyltransferase (CAT) enzyme is found
in some gram positive, gram negative and in some strains of
Hemophilus influenza strains. Due to presence of CAT enzyme the
chloramphenicol is unable to bind with 50S ribosomal subunit [75].

Alternative to Antibiotics

The rapid rise of antibiotic resistance is very alarming
condition for the scientists and health care professional who must
need to develop the new antimicrobials for the treatment of drug
resistant bacteria. Now a day’s scientists are continuously in search
of various alternatives to the antibiotics that will help to combat the
superbugs. Some of the alternatives are given below.

Antimicrobial photodynamic therapy

Arise in the antibiotic resistance in the pathogens also increase
the morbidity and mortality as well as the cost of hospitals [76]. In
the recent years the photodynamic therapy has been appeared as
a non-invasive alternative treatment option for various infections
caused by bacteria, fungi and viruses [77] The therapy is defined as
oxygen dependent photochemical reaction that occurs upon light
mediated activation of a photosynthesizing compounds leading to
the generation of cytotoxic reactive oxygen species predominantly
singlet oxygen [78].

Table 3: Photoinactivation of drug resistant pathogens.

There are three essential materials required for the PDT that
are visible light, a photosensitizer and oxygen. An important thing
is photosensitizer is harmless unless it is not exposed to the visible
light [79]. When photosensitizer is exposed to a visible light of
wavelength the photosensitizer will excite to a triplet energy state.
The reaction that takes place between the triplet energy states
photosensitizer and biomolecules leads to the cytotoxicity and
antibacterial activity of PDT [80]. The triplet photosensitizer energy
states initiate with one of possible two mechanisms known as type 1
and type 2 mechanism [81]. In type 1 mechanism, the transmission
of electrons takes place between the excited photosensitizer and
organic component of the cells. As aresult of this interaction a highly
reactive free radical species is produced that will react with oxygen
molecule to from reactive oxygen species (ROS) such as superoxide,
hydrogen peroxide and hydroxyl radical. The ROS attack on the cell
membrane and cause irreversible damage to the cell membrane
by the peroxidation of cell membrane components. IN type 2
mechanism, the excited photosensitizer reacts with oxygen to form
a singlet oxygen that is a highly reactive form of oxygen. The singlet
oxygen molecule causes oxidative damage to the cell membrane or
cell wall [82,83].

Antimicrobial photodynamic therapy for infections has an
edge that it eliminates the microorganisms independently of
their antimicrobial resistance patterns and without any accurate
microbial diagnosis. The APDT also has an advantage over other
therapies that it has a very broad-spectrum activity, a very quick
response time, very low chances of adverse side effects and small
cost of treatment [84]. Several options are under study for the
treatment of antibiotic resistant bacteria in near future. Among
them one option is the combination of aPDT with the conventional
antibiotics to gain the synergistic therapeutic effects or to
control the antibiotic resistance [85,86]. Some of the examples of
photosensitizers are given in the (Table 3).

Photosensitizer Activity against Drug Resistant Organisms References
Aloe-emodin MDR Acinetobacter baumannii [87]
Hematoporphyrin monomethyl ether Methicillin Resistant S. aureus (MRSA), Vancomycin resistant enterococci (VRE) [88]
Curcumin and Toluidine Blue S. mutans [89]
Endogenous Porphyrins Aminolaevulinic Acid (ALA) Helicobacter pylori [90-92]
Sinoporphyrin sodium MDR S. aureus [93]
TONS 504 (Chlorine derivative) P aeruginosa [94]

Medicinal Plants

In the history of mankind plants played an exclusive role in
providing food, drugs, shelter, clothing’s etc. to humans [87-94]. For
the discovery of new drugs, the natural compounds explore broadly
[95]. Indeed, plants have been use as a source of medicine for more
than 5000 years ago [96]. Various studies showed that in the past
humans have been used the natural compounds to fend off the
infections [97]. The most powerful and promising components of

plants are secondary metabolites on which the humans depend [98].
The secondary metabolites are heterogenous group of naturally
occurring compounds that are used to treat various diseases [99].
Plants prepare the secondary metabolites (small organic molecules)
that are not essential for their growth and development but require
for the reproduction and defense against bacteria, fungus, virus,
vertebrates etc. These secondary metabolites have strong potential
to work as drug [100,101]. The secondary metabolites have been
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examined since 1850s. On the basis of chemical composition
(Containing Nitrogen or not), chemical structure (have rings or
contain a sugar) and their solubility the secondary metabolites
are classified into 3 categories alkaloids, terpenes and phenolics
[102]. The major part of compounds obtained from plants are
phytochemicals and secondary metabolites that play an important

role as antimicrobials and antivirals and categorized into several
groups such as alkaloids, phenolics, polyphenols, flavonoids,
quinones, tannins, coumarins, terpenes, lectins, polypeptides and
saponins etc. [103-105]. Various studies showed that medicinal
plants have antimicrobial activities. Some of the studies are shown
in the (Table 4).

Table 4: Medicinal plants showing antibacterial activity against MDR pathogens.

Name of Plant Active Component Activity against Microorganisms References
Lawsonia inermis Quinones MDR P, aeruginosa [106]
Allium sativum Organ Sulphur Compoun(.is. (Phenolic Campylobacter jejuni, M]?R E. CO'II, E‘ntamae.ba histolytica, Candida [107,108]
Compounds), Allicin albicans, Giardia lambia
Galium fissurense Flavones MDR K. pneumoniae [109]
Eucalyptus globulus Essential oil Salmonella enteritidis and Salmonella gallinarum [110]
Acacia nilotica Terpenoids, Flavor.101ds, Tannins, S. aureus, E. coli, S. viridans, B. subtflllsf Shigella sonnei, C. albicans, K. [111,112]
Saponins pneumoniae
Medicago sativa Saponins, Canavanine E. faecium, S. aureus, Antifungal [113]
Viscum album Flavones MDR K. pneumoniae [109]
Zingiber officinale Gingerol E. coli, Enterobacter species, P. aeruginosa, Proteus species, S. aureus [114,115]

Probiotics as alternatives

During recent years probiotics get the attention of both
consumers and research. Increasing clinical evidences revealed
that the use of probiotics induces health benefits particularly in
diarrheal diseases. Probiotics are defined as “The live microbes
when given in an adequate amount provides health benefits to the
host” [106-116]. Probiotics are regulated as dietary supplements
and foods consists of yeast or bacteria. They are also available
in the form of capsule, tablets, powder forms and also in dairy
products such as yogurt etc. the most commonly used probiotics
are lactic acid bacteria such as Lactobacillus and Bifidobacterium
species. The yeast Saccharomyces bouvardia also exhibit the
probiotic potential. It is important to note that the probiotic
effects are specific to one strain, so the health effect applicable
to one strain is not attributed to the other strains even within
one species. Therefore, the generalization about the potential
health benefits should not be made [117-120]. The mechanism
of action of probiotics is not clearly known yet. However, several

mechanisms have been proposed for them. As described previously
the probiotics used most frequently are lactic acid bacteria and
Bifidobacterium species. These bacteria produce lactic acid, acetic
acid and propionic acid that results in the decline in the intestinal
pH and inhibit the growth of several pathogenic bacteria [119,121].

The probiotic strain with this ability is Lactobacillus species
strain GG that secrete a low molecular weight compound which has
broad spectrum activity that inhibits gram positive, gram negative
and anaerobicbacteria [122]. Probiotics also reduce the colonization
of various pathogenic microbes in urinary and intestinal tract by
adhesion to the epithelial cells [123]. Some studies showed that
Lactobacillus has ability to inhibit the attachment of E. coli, P
aeruginosa and K. pneumoniae with the uroepithelial and intestinal
epithelial cells [124,125]. Probiotics are used for the treatment and
prevention of various medical conditions and also to promote the
general health. Several studies described that probiotics can also
use as alternatives to antibiotics as shown in the (Table 5).

Table 5: Probiotic potential of various Lactobacillus strains against drug resistant pathogens.

Name of Disease Cause Probiotic References
Gastritis Helicobacter pylori (H. pylori) Lactobacillus fermentum UC0-979C [126]
Acute Gastroenteritis Rotavirus Lactobacillus rahmnosus GG, Lactobacillus reuteri [127-129]
Campylobacteriosis Campylobacter jejuni Lactobacillus gallinarum PL53 [130]
Salmonellosis Salmonella enteritidis Lactobacillus fermentum IKP 23, Lactobacillus salivarius IKP 333 [131]
Urinary Tract Infections (UTI) E. coli, Proteus vulgaris Lactobacillus gasseri HLAB 414, Lactobacillus paracasei CH15-2 [132]
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Nanoparticles as antimicrobial

In the present time the development in the field of nanoscience
and nanotechnology has developed the interest of scientists
in the synthesis of nanosized inorganic and organic particles
that have a wide range of applications in industrial, medical and
therapeutics, synthetic textile, and food packaging products
[126-133]. Nanoparticles normally fall in the range of 1-100 nm
in diameter. With the decrease in their size to atomic level the
properties of nanoparticles also changed. The nanoparticles have
unique physico-chemical, optical and chemical properties that can
be used according to the required applications [134]. Furthermore,
the biological process also takes place at nanoscale and due to their
amenability to the biological functionalization the nanoparticles
have an important application in the field of medicines [135].

Now a days the metallic nanoparticles are systematically
examined and broadly investigated as potential source of
antimicrobials. The antimicrobial activity of nanoparticles is
known to be a function of the surface area in contact with the

microorganisms. The small size and high surface to volume
ratio increase the interaction of nanoparticles to attach with the
microorganisms and also to carry a large amount of antibiotics.
The metal nanoparticles in combination with antibiotics show
an immense application in water treatment, synthetic textile,
biomedical and surgical devices, food processing and packaging
[136]. There are various mechanisms that describe the inhibitory
effectofsilver nanoparticlesonbacteria. The affinity of silver towards
the Sulfur and phosphorous is a key element of the antimicrobial
effect. Due to profusion of sulfur proteins in the cell membrane, the
silver nanoparticles interact with the sulfur containing amino acids
inside or outside the cell membrane that disturbs the bacterial cell
viability. The nanoparticles can also interact with the phosphorous
moieties in the DNA, resulting in inactivation of DNA replication,
leading to inhibition of enzyme functions [137,138]. Different
studies described that several nanoparticles exhibit effective
antimicrobial activity against pathogenic organisms. Some of them
are shown in the Table 6 below:

Table 6: Nanoparticles exhibit antibacterial activity against drug resistant pathogens.

Nanoparticles Effective against Organisms References
Silver nanoparticles Methicillin Resistant S. aurel;;ggdeiilz)gzggjlcei}};nt}}};ﬂsﬁr;;iziggﬁz?ccus epidermidis (MRSE), S. [139-145]
Gold Nanoparticles E. coli [146]
Zinc Oxide Nanoparticles Campylobacter jejuni [147]
Magnesium Oxide Nanoparticles E. coli, Bacillus megaterium, Bacillus subtilis [148]
Copper Oxide nanoparticles MRSA, MRSE, VRE, P. aeruginosa [149]

Conclusion

To conclude our review, it reveals that antibiotic resistance is on
rise in all over the world. The consequences of antibiotic resistant
bacterial infections are prolonged stay at hospitals, treatment
failures and high economic burden [139-149]. The public health
experts need to develop such a surveillance system coordinated
at the national and international levels, ongoing analysis and
a mandatory reporting system for antibiotic resistance. Both
domestic and global policies need to be conventional and adhere to
stop the overuse and misuse of antibiotics.
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