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ABSTRACT 

Since their discovery, antibiotics have played a revolutionary role in the prevention of casualties caused by pathogenic microbes. However, 
the defensive strategies applied by microbes coupled with their genomic plasticity have resulted in a grave threat to the living world in the 
form of antibiotic resistance. In this review, we recapitulate the basics about antibiotic action, the emergence of resistance and the potential 
remedial measures to prevent the spread of antibiotic resistance through the case study Enterococci. Overexploitation, improper disposal, 
and mismanagement of antibiotics have  led to various degrees of resistance  in harmful microbes which have eventually  led to adverse 
impacts  on  the  health  and  economic  infrastructure.  Here we  discuss  the  role  of  antibiotic  stewardship  in  controlling  and  tackling  the 
imminent impacts of antibiotic resistance.  
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INTRODUCTION	
With theadvent of sulfonamides in the 1930s and β-lactam 

antibiotics and aminoglycosides in the 1940s, scientists believed 
that infectious diseases could be tamed by man. However, the 
reality is to the contrary due to the emergence of antibiotic 
resistance in microorganisms. WHO reports suggest that 

antimicrobial resistance is a grave threat to the sustainability of 
an effective, global public health response to the threat posed by 
various infectious diseases. Some prominent examples are 
Staphylococci, Mycobacterium species, Enterococci, Candida 
and many more. In 2014 the CDC (Center for Disease Control) 
cited antimicrobial resistance as the second-most significant 
health threat to humans.1 

In 2013, CDC published a report which highlighted the danger 
of antibiotic resistance. It stated that in the U.S., at least 2 million 
people get an antibiotic-resistant infection, and at least 23,000 
people die each year. The report identified and ranked 18 
microbial threats (bacteria and fungi) into three main 
categories—urgent, serious, and concerning, based on their 
impact on human health.2 

Antibiotic resistance is a result of immense genetic plasticity 
of bacterial pathogens that result in mutational adaptations, 
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acquisition of genetic material or alteration of genetic expression 
producing resistance to virtually all antibiotics currently present 
in the current clinical practice. The resistance to antibiotics 
acquired by pathogens is basically biochemical and genetic. 
Magiorakos et al, a report in their research article that there is no 
consensus on the definitionand use of the terms ‘multidrug-
resistant’, ‘extremedrug-resistant’, and ‘pandrug-resistant’ 
(PDR)which are used to basically characterize drug resistance in 
drug-resistant organisms.3  

Multiple Drug Resistance (MDR) - Literally, MDR means 
‘resistant to more than one antimicrobial agent’, more 
appropriately by some researchers as in vitro resistance to more 
than one antimicrobial agent. MDR is also described as ‘resistant 
to three or more antimicrobial classes’.3 

Extensive Drug Resistance (XDR) - It is the known 
susceptibility to at least one agent in all but two or fewer 
antimicrobial categories. These are likely to be resistant to all, or 
almost all approved antimicrobial agents. (i.e. bacterial isolates 
remain susceptible to only one or two categories).3, 4 

Pan Drug Resistance (PDR) - It is definedas non-
susceptibility to all agents in all antimicrobial categoriesor 
‘resistant to all antimicrobial agents’.(i.e. no agents tested as 
susceptible for that organism).3,4 

ANTIBIOTICS	AND	THEIR	ACTIONS	
Antibiotics, as the name suggests, are substances that inhibit 

or kill microorganisms, specifically bacteria. Some bacteria and 
fungi are able to naturally produce many of the commonly 
employed antibiotics as shown in Table 1.  
 
Table 1 Some antibiotics and their source micro organisms. 
(Modified from Prescott, Harley and Klein’s Microbiology, 7th 
Edition 

Source 
Microorganism 

Antibiotics Microorganism 
Type 

 
 
 

Streptomyces spp. 

Amphotericin B 
Chloramphenicol 

Kanamycin 
Neomycin 
Rifampin 

Streptomycin 
Tetracyclines 
Vancomycin 

 
 
 
 

Bacteria 

Micromonospora spp. Gentamicin 
Bacillius spp. Bacitracin 

Polymyxins 
Penicillium spp. Griseofulvin 

Penicillin 
 

Fungi 
Cephalosporium spp. Cephalosporins 

 
Alternatively, several chemotherapeutic agents, such as 

sulfonamides, trimethoprim, chloramphenicol, ciprofloxacin, 
isoniazid, and dapsone, are synthetically manufactured by 
chemical procedures in a laboratory or industrial setup. The third 
class of antibiotics is semisynthetic i.e. they are natural 
antibiotics that have been structurally modified by chemical 
procedures. Semisynthetic antibiotics have certain advantages 
such as less susceptibility to inactivation by pathogens (e.g., 

ampicillin, carbenicillin, and methicillin), a broader spectrum of 
antibiotic activity than the parent molecule (e.g. semisynthetic 
penicillins - ampicillin, amoxicillin versus the naturally produced 
penicillin G and penicillin V). Antibiotics are indispensable for 
the treatment or prevention of infections in animals and 
humans.5,6,7 

The antimicrobial function of antibiotics is achieved by 
specifically targeting a particular structure or component or 
metabolic pathway of the target microbe or by adopting a 
multipronged approach. Combinatorial therapy has been found to 
be quite effective in cases where drug resistance has emerged to 
a  particular class of antibiotics. The major classification of 
antibiotics based on the mode of action is given below in Table 
2. The major pathways targeted are: 

(i) Cell Wall Synthesis. Drugs like penicillins, 
cephalosporins, vancomycin, and bacitracin have a high 
therapeutic index because they target cell wall, a structure not 
found in eukaryotic cells. 

(ii) Protein Synthesis Inhibitors. These inhibit protein 
synthesis by binding with the prokaryotic ribosome. Since these 
compounds discriminate between procaryotic and eucaryotic 
ribosomes, their therapeutic index is fairly high but not as high as 
that of cell wall inhibitors. Various targets of these drugs are  30S 
(small) ribosomal subunit, the 50S (large) subunit, aminoacyl-
tRNA binding, peptide bond formation, mRNA reading, and 
translocation.8, 9, 10 

(iii) Metabolic Antagonists - These compounds block or 
antagonize the functioning of target metabolic pathways by 
competitive inhibition mechanism.  

(iv) Nucleic Acid Synthesis Inhibition - These act 
byinhibiting DNA polymerase and DNA helicase or RNA 
polymerase, thus blocking replication or transcription, 
respectively. Since procaryotes and eucaryotes do not 
differgreatly with respect to nucleic acid synthesis, these drugs 
have higher toxicity and comparatively lower therapeutic 
index.11,12,13 

 
Table 2 Antibiotics and the trageted pathway 

Mode of Action Antibiotcs 

Inhibitors of 
cell wall 
synthesis 

Cephalosporins, Penicillin, Vancomycin, 
and Bacitracin 

Protein 
synthesis 
inhibitors 

Aminoglycosides (Streptomycin, 
Kanamycin, Neomycin, Tobramycin, and 

Gentamicin); 
Tetracyclines (Oxytetracycline and 

Chlortetracycline); 
Macrolides (Erythromycin, Azithromycin); 

Chloramphenicol 

Metabolic 
Antagonists 

Sulfonamides or Sulfa Durgs; 
Trimethoprim 

Nucleic acid 
synthesis 
inhibition 

 
Quinolones 
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HOW	ANTIBIOTIC	RESISTANCE	EMERGES	
It has been found that microbes possess remarkable genetic 

plasticity which allows them to respond to a range of 
environmental threats that threaten their survival, including the 
presence of antibiotic molecules. 

Antimicrobial resistance is expected to be a result of the 
interaction of many organisms with their environment as most 
antimicrobial compounds are naturallyproduced by certain 
organisms against others (Table 1). 

In order to survive the presence of these antimicrobial 
compounds in their microenvironment, various co-resident 
microbes have evolved mechanisms to overcome their 
detrimental effects. Thus, some organisms in nature are 
“intrinsically” resistant to one or more antimicrobials. Microbial 
cells may accumulate certain genetic errors in their genetic 
material leading to antibiotic resistance and may transfer the 
altered genetic material to progeny cells. This transmission of 
genetic traits from parents to progeny through reproduction is 
called vertical gene transfer (VGT).11 

What is of significance is that antimicrobial resistance may 
also be an “acquired” feature in a microbial population which 
originally was susceptible to the antimicrobial compound(s). This 
acquisition of resistance may be due to mutations in certain 
regions of genetic material or due to the uptake of external 
genetic determinants of resistance, which is most probably 
obtained from the intrinsically resistant organisms present in the 
environment. From an evolutionary perspective, microbes 
(particularly bacteria) have the following genetic basis of 
microbial resistance to antibiotics:  

i) mutations in genomic regions that are often associated with 
the mechanism of action of the antibiotic, and 

ii) uptake or entry of foreign DNA encoding the antibiotic 
resistance determinants through horizontal gene transfer (HGT). 

 
HGT may be affected by any of the three well-known 

pathways namely transformation (uptake of naked DNA from the 
environment), transduction (a bacteriophage acts as vector and 
inserts DNA into recipient cell) and conjugation (physical contact 
between two bacterial strains for exchange of genetic material 
popularly known as bacterial “sex”). Hence, antimicrobial 
resistance is a phenomenon that has much complexity.11,12,13 

MECHANISMS	OF	ANTIBIOTIC	RESISTANCE	
It is quite often that microbes have multiple mechanisms 

operating simultaneously to ensure complete protection from the 
antibiotics. There are various mechanisms by which the 
microorganisms get resistant to antibiotics are shown in Figure 1. 

1. By preventing/restricting the entry of antibiotics into the 
cell: In the Gram-negative bacteria, the outer membrane acts as 
the firstline of defense against the penetration of several 
antimicrobial agents. Vancomycin, a glycopeptide antibiotic, is 
not active against gram-negative organisms due to a lack of 
penetration through the outer membrane.14, 15 

 

 

Figure 1. The major biochemical mechanisms of self-defense. 

2. Destruction of the antibiotic molecule: The classical 
example of this type is β-lactam resistance which relies on the 
destruction of antibiotics by the action of enzymes called β- 
lactamases. Many different β-lactamases have been described to 
date.16,17 

3. Chemical alterations/modifications of the antibiotic: 
This is a commonly used strategy forrendering an antibiotic 
ineffective. Typical examples are aminoglycoside antibiotics 
(kanamycin, gentamycin, and streptomycin) and 
chloramphenicol. Numerous aminoglycoside modification 
enzymes (AMEs) such as N-acetyl transferases (AAC), O-
phosphotransferases (APH), and O-adenyltransferases(ANT) are 
expressed in the microbes which acetylate, phosphorylate, or 
adenylylate the aminoglycoside antibiotic, respectively.17 

 
Table 3. Some of the major factors across the globe that contribute 
to direct or indirect dissmination of ABR 

Factor Example Reference 

Occupational 
risk 

Farmers, veterinaries, animal 
farm labour, dairy handlers, 
and abattoir workers 

(Marshall 
and Levy, 

2011) 

 

Air travel, 
Medical tourism 

Dutch travelers to North 
America, South America, 
and Asia were colonized by 
colistinresistant E.Coil 
strains harbouring mic-
1gene. 

(Coetzee et 
al., 2016) 

(Chen ans 
Wilson, 
2013) 

Environment as 
reservoir for 

ABR 
microorganisms 

Farm soils, manure, and 
wastewater as “hot spots” of 
ABR pollution 

(Zhu et al., 
2013)(Wu et 

al., 2014) 

(Thanner et 
al., 2016) 

Globalization of 
trade in food, 
animals, and 

products 

Many developing countries 
are substantive exporters of 
food animals and hence 
potentially a significant 
source of dissernination of 
ABR microorganisms 

(Marshall 
and Levy, 

2011) 

(Fernandes et 
al., 2016) 

 
4. Changes in target sites: Microbes have evolved this 

strategy to bring about modifications of the target site so as to 
achieve decreased affinity for the antibiotic molecule. The typical 
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example of this mechanism is the tetracycline resistance 
determinants Tet(M) and Tet(O). TetO and TetM interact with 
the ribosome and dislodge the tetracycline from its binding site 
in a GTP-dependent manner. TetO has also been shown to 
compete with tetracycline for the same ribosomal space and to 
alter the geometry of the binding site of the antibiotic, displacing 
the molecule from the ribosome and allowing protein synthesis 
to resume.16,17 

5. Target Bypass: Using this strategy, bacteria evolve new 
targets which accomplish the biochemical functions of the 
original target and hence are not inhibited by the antimicrobial 
molecule. An example is th synthesis of the additional B subunit 
of DNA gyrase for novobiocin resistance.18, 19 

6. Efflux pumps: Microbes, especially bacteria are capable of 
extruding the toxic metabolites of the cell by efflux pumps which 
can also result in antimicrobial resistance. Many classes of efflux 
pumps have been characterized in microbes. Tetracycline 
resistance is a classic example of efflux-mediated resistance, 
wherein the Tet efflux pumps extrude tetracyclines using proton 
exchange as the source of energy.18 

HOW	ANTIBIOTIC	RESISTANCE	SPREAD	
The spread of ABR in humans is possible through direct or 

indirect routes via the biotic and abiotic agents of transmission.18 

(i) The direct route involves immediate human exposure to the 
infected animal or the contaminated biological substance such as 
urine, feces, blood, milk, saliva, and semen.  The high-risk 
individuals in this group are occupationally exposed. Some such 
workers are farmers, veterinarians, animal farm labor, dairy 
handlers and abattoir workers.12 

(ii) The indirect route involves contact with or consumption of 
contaminated food products like milk, eggs, meat, and other dairy 
products. Various reports have described the presence of ABR 
microorganisms in ready-to-eat meat, cooked meat and bulk milk 
from various animal sources and from different food production 
stages.14 Table 3 summarizes some of the major factors that have 
accentuated the problem of the dissemination of ABR across the 
world. 

Resistance develops and spreads through the misuse and 
overuse of antibiotics.  Antibiotics are also widely used in healthy 
animals to prevent disease and also to promote growth through 
mass administration to animals.  Antimicrobial compounds are 
also commonly used in commercial fish and seafood farming.7 

Some other anthropogenic factors implicated in the 
widespread dissemination of antibiotic resistance areas follows: 

 
1. Long-distance travel/ Medical Tourism 
2. Easy access through over-the-counter sales. 
3. Over-prescription by medical practitioners 
4. Non- compliance with standard disposal procedures by 

animal farming industries and pharmaceuticals. 
5.  Globalization of the food trade and industry. 
6. Occupational hazards of working with drug-resistant strains 

in hospitals as well as farms. 
 

 

Figure 2. Spread of antibiotic resistance 

Table 3 summarises the specific studies wherein the said 
anthropogenic factors have been found to be a major contributor 
to the spread of drug resistance globally.  

Impacts		
The CDC reporttitled Antibiotic Resistance Threats in the 

United States, 2013 (AR Threats Report)ranked 18 threats 
(bacteria and fungi) into three categories based on the level of 
concern to human health and revealed the dangers of drug 
resistance to humankind.  They are as follows:  
 

(i) Urgent Threats :  
Clostridioides oifficile,  
Carbapenem-resistant Enterobacteriaceae (CRE), 
Drug-resistant Neisseria gonorrhoeae 

(ii) Serious Threats:  
Multidrug-resistant Acinetobacter 
Drug-resistant Campylobacter 
Fluconazole-resistant Candida 
Extended-spectrum beta-lactamase-producing 
Enterobacteriaceae 
Vancomycin-resistant Enterococcus (VRE) 
Multidrug-resistant Pseudomonas aeruginosa 
Drug-resistant non-typhoidal Salmonella 
Drug-resistant Salmonella Serotype Typhi 
Drug-resistant Shigella 
Methicillin-resistant Staphylococcus aureus (MRSA) 
Drug-resistant Streptococcus pneumonia 
Drug-resistant Tuberculosis 

 
(iii) Concerning Threats:  
  Vancomycin-resistant Staphylococcus aureus (VRSA) 

Erythromycin-Resistant Group A Streptococcus 
Clindamycin-resistant Group B Streptococcus 
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The report helps in identifying the minimum estimates of 
morbidity and mortality from antibiotic-resistant infections, 
higher risk groups, gaps in knowledge about antibiotic resistance, 
prevention and control strategies.22, 23  

The report further highlighted the key areas of further research 
to understand, combat and control the infections caused by the 
various threat group organisms. It necessitates the critical review 
of strategies in practice and suitable alterations in the global 
governing policies in every country.   

A	BRIEF	CASE	STUDY	OF	ANTIBIOTIC	RESISTANCE	BY	
ENTEROCOCCI	

Habitat Enterococci is an inhabitant of the intestine of nearly 
all animals. Outdoor habitats are vegetation and surface water 
contaminated with animal excreta or untreated sewage. It can 
tolerate very harsh environments such as 10 to 45 °C temperature, 
very high to low salt concentrations, sodium azide, and 
concentrated bile salts.21 

Main resistant species of enterococcus According to data 
collected by the TSN database between 1995 to 1997 the main 
species of enterococcus which are showing resistance are         E. 
faecalis and E. facium. 

Then there was SENTRY antimicrobial surveillance program 
1997 to 2016. In this program also the most common enterococci 
species in four regions Asia Pacific, Europe, Latin America, and 
North America were E .faecalis and E. faecium.24,25 

 
Type of resistance in enterococci  It exhibits MDR type of 

resistance. E. faecalis and E. facium are resistant to multiple 
antibiotics vancomycin, macrolides, tetracycline, 
fluoroquinolones (ampicillin, doxycycline, piperacillin). A high-
level gentamycin resistance was reported in enterococci in 1979. 
A number of nosocomial infections in the 1980s. Then E. faecalis 
and E. facium appeared with penicillin resistance due to beta-
lactamase production. Finally, MDR enterococci lost 
susceptibility to vanomycin in the united states and Europe.20,21 

Mechanism of resistance Intrinsic resistance is caused by 
chromosomal genes that are not transferred. Enterococci often 
acquire resistance by the exchange of resistance encoding genes 
carried on conjugative transposons. Inducible genes encoding 
these phenotypes alter cell wall synthesis and strains resistant to 
glycopeptides.21 

The resistance mechanism of some of the antibiotics by       E. 
faecium and E. faecalis is tabulated below: 
 

Antibiotic Class Resistance Type Resistance 
Mechanism 

Glycopeptides Altered target D-alanyl-alanine is 
changed to D-alanyl-
D-lactate 

Oxazolidinones Altered target Mutation leading to 
reduced binding to the 
active site(anti resist 
prob sol) 

Vanomycin Genetic By van gene 

 
 

Problems 
In a survey from 2011 to 2014 conducted by National 

healthcare safety network at United State CDC the states of 
enterococci resistance problem was following26: 
 

Status of 
Enterococci 

Infection 

Type of Infection 

Second Rank Healthcare-associated infections 

First Rank Bloodstream infections 

Second Rank Surgical site infections 

Thrid Rank Urinary tract infections 

 
The other cause of concern is the possibility of transfer of 

resistant genes from enterococcus to other gram-positive bacteria 
such as staphylococci and streptococci. 
 

Solutions Resistance of enterococcus to glycopeptides and 
MDR needs attention and continuous monitoring. 
 

 Control of Enterococci MDR 
 Knowledge of interaction between enterococcus, 

hospitals, and humans. 
 Careful use of antibiotics 
 Better surveillance 

PREVENTIVE	AND	REMEDIAL	MEASURES	
 Antibiotic stewardship programs are started by hospitals at the 

recommendation of centers for disease control. CDC also 
recommends that a pharmacistbe employed at the hospital that 
can especially focus on antibiotic use.2 There is a time to analyze 
the old age techniques for disease control. Not to use harsh 
antibiotics for small infections. Developing immunity to diseases 
is a good solution also. Let the children involved in outdoor 
playing, vaccination at the time, etc.  
 Role of society Antibiotic resistance is increased by misuse 

or excessive use of antibiotics. All levels of society play an 
important role in tackling this problem:  

 Role of Patients: Patients should not demand antibiotics 
from physicians for faster relief. They must understand the 
long term side effects of recurrent use of antibiotics.  Patients 
should take antibiotics only under medical supervision.4 

 Role of Policy Makers: Ensure political commitment to meet 
the threat of antibiotic resistance. The need for antibiotics is 
reduced through immunization by Improving coverage for 
existing vaccines. 

 Role of Health Professionals: Hospital infection control and 
antibiotic stewardship have to be improved. Better hygiene, 
particularly handwashing is also a crucial thing. The health 
professionals, policymakers, and the public must be educated 
and informed about sustainable antibiotic use. 

 Role of Healthcare Industry: The Development of new 
drugs, treatments, and diagnostics through better 
collaboration between research councils, academia, industry, 
and others; and by encouraging greater public-private 
investment in the discovery and development of a sustainable 
supply of effective new antimicrobials, rapid diagnostics, and 
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complementary tools for use in health, social care, and 
veterinary systems will also help. The updation of 
professional education, training, and public engagement to 
improve clinical practice and promote a wider understanding 
of the need for more sustainable use of antibiotics. Better 
identification and prioritization of AMR research needs to 
focus on the activity and understanding of AMR. This may 
identify alternative treatments to new drugs as well as new or 
improved rapid or point-of-care diagnostic tests.29, 30 

 Role of Agriculture Sector: To prevent and control the 
spread of antibiotic resistance, the agriculture sector can: 
 Only give antibiotics to animals under veterinary 

supervision. 
 Not use antibiotics for growth promotion or to 

prevent diseases in healthy animals. 
 Vaccinate animals to reduce the need for antibiotics 

and use alternatives to antibiotics when available. 
 Promote and apply good practices at all steps of 

production and processing of foods from animal and 
plant sources. 

 Improve biosecurity on farms and prevent infections 
through improved hygiene and animal welfare.7, 8 

ANTIBIOTIC	STEWARD	SHIP	
Antibiotic stewardship refers to interventions designed to 

promote the optimal use of antibiotic agents including drug 
choice, dose, route and duration of administration. To address 
antimicrobial are clinicians must become stewards of 
antimicrobials by prescribing them appropriately and educating 
their patients and colleagues on the proper use of scarce medical 
sources.4 

Antibiotic stewardship programs are started by hospitals at the 
recommendation of centers for disease control. CDC also 
recommends that a pharmacist be employed at the hospital that 
can especially focus on antibiotic use.2 There is a time to analyze 
the old age techniques for disease control. Not to use harsh 
antibiotics for small infections like cough & cold.  Developing 
immunity to diseases is a good solution also. Let the children 
involved in outdoor playing, vaccination at the time, etc. Minor 
infections should be treated with natural techniques that most of 
the Indians know from their elders.10,11 

Core elements of hospital antibiotic stewardship program are 
given below: 

 
Figure 3. Core Elements of Antibiotic Stewardship 

DIGITAL	AWARENESS	
Digital education can help us a lot in tackling the problem of 

antibiotic resistance. Learning contents can be made available by 

different types of digital education such as online or offline to pre 
and post registered healthcare professionals. This will lead to an 
increase in knowledge of health professionals and it leads to 
behavioral changes in practicians. It will also help to improve 
cost-related outcomes. The digital education of health 
professionals could help to address the problem caused by 
overprescribing antibiotics. It will also help in tackling poor 
infection control in hospitals and clinics.28 

The digital content in a set of fourteen modulesis available at 
the WHO site regarding antibiotic stewardship.29  

CONCLUSION	

In this paper, various causes, problems, and solutions to 
antibiotic resistance are discussed. It is important for a health care 
worker to understand, how resistance develops, what are the 
problems caused by antimicrobial resistance, and what are the 
possible solutions to antibiotic-resistance.30-82 The excess use of 
antibiotics causes serious issues such as longer illness, more 
casualty and the cost of treatment is also increased. Vancomycin 
which is called last resort drug is becoming less effective for the 
treatment. The public, researchers and the hospital personnel give 
a lot of attention to the issue of drug-resistant bacteria. In order 
to study and to control the spread of antibiotic stewardship 
programs have been started in the number of hospitals. Currently, 
the problem of antibiotic resistance needs a lot of research work 
to be done to have a convenient solution. Public awareness also 
plays an important role in tackling the problem. Digital 
awareness is also playing an important role in this field. 
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