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Abstract

Modern diagnostic and therapeutic procedures including advanced surgeries, organ transplants, and immunotherapy are pillared
by antimicrobial therapy. Parallel to the rising incidence of infectious diseases, the menace of antimicrobial resistance (AMR)
emerged worldwide. Developing countries are facing the brunt in epidemic proportions due to huge population, substandard hous-
ing, overcrowding, rapid unplanned urbanization, deterioration in water and waste management systems, strained public health
infrastructure, and limited resource allocation to healthcare. Simultaneously, AMR has adversely affected the outcome of military
injuries. The rising problem of AMR is discouraging the development of newer antimicrobials by the pharmaceutical industry. There
has been a considerable impetus towards concept development; however, the magnitude of the problem overshadows the progress
made towards the control of AMR worldwide. There is a dire need to identify this threat, develop concerted multipronged strategy,
develop infrastructure, foster expertise, and take coordinated and urgent steps to tackle the serious public health challenge. An
intensified commitment needs to be taken up on a war footing at individual, local, national, regional, and international levels. This
article discusses the overall concept for developing countries.

Keywords: Antimicrobial Resistance, Panresistance, Totally Drug Resistant Tuberculosis, Hospital Infection Control, Antimicrobial
Stewardship

1. Introduction

The sojourn of human health spans from the exter-
mination of billions attributable to plague, cholera, in-
fluenza, smallpox, measles, and malaria to the evolu-
tion of modern healthcare extending health security to
billions through leading-edge research- and technology-
driven solutions. There was no reliable solution to infec-
tious diseases until the discovery of penicillin in 1940s,
which formed a major breakthrough in the history of hu-
mankind. There was a stark contrast in the outcome of
wounded military personnel due to lives saved from infec-
tion and sepsis in World War II compared to World War
I. Along with subsequently discovered antimicrobials in
the next three decades, considerable confidence was insti-

tuted in antimicrobial-based treatment of infectious dis-
eases. The acclaimed success not only boosted patient care,
but also furthered the development of advanced surgeries,
organ transplants, and immunotherapy, being heavily de-
pendent on antimicrobial support.

Nevertheless, the re-emergence of infectious diseases
and the associated phenomenon of antimicrobial resis-
tance (AMR) were unanticipated in its entirety. Since 1980s,
the resurgence of infectious diseases consequent to the ad-
vent of HIV-AIDS pandemic resulted in 1.5 fold increase in
death rate from infectious diseases between 1980 and 1992
(1). With the continuing HIV-AIDS pandemic and growth
of organ transplantation, a gradually rising immunocom-
promised populace has emerged with special protection
requirements against infectious diseases. AMR has become
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a gradually progressive phenomenon reaching immense
proportions beyond control. World health organization
(WHO) selected the theme for world health day 2011 as “An-
timicrobial resistance: no action today, no cure tomorrow”
(2-4). There has been a considerable impetus towards con-
cept development; however, the magnitude of the prob-
lem overshadows the progress made towards the control
of AMR worldwide (4, 5).

The military health system has been adversely affected
by AMR leading to loss of soldiers sustaining war injuries at
the battlefront. Injuries sustained in war and conflict sce-
narios such as gunshots, mine-blast injuries, and grenade-
explosions have led to extensive tissue devitalization pre-
disposing to health-care associated infections with mul-
tidrug resistant (MDR) organisms in wounded military
personnel (6-8). Military personnel can be colonized by
multidrug resistant pathogens after exposure to military
deployments (9). Wounds sustained in military settings
not attributable to direct war injuries are also predisposed
to similar infections (10). This article discusses the prob-
lem of AMR along with potential control strategies in the
developing world perspective.

2. Evolution of Antimicrobial Resistance

The rise of AMR to high proportions is a multifac-
torial phenomenon under a vicious cycle. Firstly, there
is an increase in susceptible hosts living in conditions
such as immunodeficiency disorders, organ transplan-
tations, neoplasms, and metabolic disorders, as well as
patients under intensive care. Secondly, natural evolu-
tion of microorganisms confers an increase in virulence,
stability, transmissibility, infectivity, pathogenicity, and
antimicrobial resistance. Organisms not known to be
pathogenic earlier are now being encountered as oppor-
tunistic pathogens (1, 11-13). Established pathogens are
evolving into potentially untreatable multiresistant mu-
tants such as methicillin resistant Staphylococcus aureus
(MRSA), Methicillin Resistant Coagulase negative Staphy-
lococcus (MR-CONS), Vancomycin Resistant Staphylococ-
cus aureus (VRSA), vancomycin resistant Enterococci (VRE),
Extended Spectrum Beta Lactamase (ESBL) Gram nega-
tive bacteria, Carbapenem Resistant Enterobacteriaceae
(CRE), and pan drug resistant (PDR) gram negative bac-
teria, which are resistant to all available antimicrobials.
In addition, totally drug resistant tuberculosis (TDR TB),
MDR malaria, dual oseltamivir-adamantane resistant in-
fluenza viruses, antiretroviral resistant HIV, antiherpes re-
sistant herpesviruses as well as multiresistant fungi are
emerging (14, 15). Thirdly, the patients harbouring mul-
tiresistant microorganisms are aggressively exposed to

multiple antimicrobials. Spiralling empiricism in antimi-
crobial therapy overshadows susceptibility-guided ther-
apy, facilitating the development of further resistance due
to selection pressure in the backdrop of persistent in-
fections. Approximately 25% - 33% of hospitalized pa-
tients receive antimicrobials and 22% - 65% of antimicro-
bial usage has been found to be inappropriate (16, 17).
Fourthly, these resistance microorganisms can spread the
resistance-conferring genetic elements to hitherto suscep-
tible microorganisms, contributing to the development of
a reservoir of antimicrobial resistance in microflora. Fur-
ther adding to the problem is the spread of these resistance
microorganisms in healthcare facilities thereby rendering
all patients and providers at-risk. Human factors involved
include a complex interplay of antimicrobial misuse due
to lack of regulatory commitment in the backdrop of nat-
ural mutations, which has contributed to the development
of AMR (1, 3, 4).

The resistance of Staphylococcus aureus to penicillin
was first reported in 1947, followed by methicillin resis-
tance (MRSA) in 1961, vancomycin resistance in 2002 and
linezolid resistance in 2003 (18). MRSA is now widespread
in hospital and community environments worldwide (19).
Similarly, penicillin resistance in Streptococcus pneumoniae
and macrolide resistance in Streptococcus pyogenes are now
widespread (20). 21 Resistance of Enterococci to penicillin
was reported in 1983, to vancomycin in 1987, and to line-
zolid in 1990s. Clostridium difficile has been reported re-
sistant to clindamycin and fluoroquinolones (21). “Plasmid
encoding carbapenem resistant metallo-beta-lactamase”
has been observed in Escherichia coli and Klebsiella pneu-
monia (22). PDR is increasingly being reported in Gram-
negative microbes (23).

The military health system has been plagued by emer-
gence of MDR gram negative pathogens such as Acineto-
bacter baumanii and Klebsiella pneumoniae that contribute
to sepsis-induced mortality. During the Soviet-Afghanistan
War, the incidence of wound sepsis was 5.4% with 9.3%
survival (24). Sepsis led to 15.51% and 37.7% deaths in Syr-
ian Civil War and Philippines, respectively (25). MDR bac-
teria were found in evacuated military personnel from
Afghanistan and Iraq (26-29).

Acinetobacter-induced sepsis has a negative progno-
sis with 20% - 60% mortality (30). 100 cases of MDR
were encountered in operation enduring freedom and
two panresistant Acinetobacter blood stream infections
meeting the CDC’s national nosocomial infection surveil-
lance criteria were encountered during operation Iraqi
Freedom. Acinetobacter, quoted as the ‘military superbug’
and ‘Iraqibacter’, has been included under the US Military
‘Global Emerging Infections Surveillance’ program (31-33).

The South and South-East Asia region (SEAR) has one of
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the highest numbers of TB cases with one death every few
minutes (34). All forms of resistant tuberculosis, viz. Multi
drug resistant tuberculosis (MDR TB), extremely drug resis-
tant tuberculosis (XDR TB) and totally drug resistant tuber-
culosis (TDR TB), have been reported from the region. The
recent reports of TDR TB from Iran, India, and Italy repre-
sent the tip of an iceberg as antitubercular susceptibility
testing occurs in only 5% of TB cases worldwide. The emer-
gence of tuberculosis as the world’s largest killer amongst
infectious diseases surpassing HIV in 2014 - 15 reflects the
scourge of tuberculosis upon the future of health systems
worldwide (34-37). The DOTS (Directly observed Treatment
Short course) program for developing countries has been
challenged by the emergence of XDR TB and TDR TB. The in-
troduction of DOTS plus for MDR and XDR TB is limited by
susceptibility testing and thus can be offered only at highly
specialized centres. A seven-year study on DOTS plus re-
ported 61% cure, 19% deaths, 18% defaulters, 3% failed treat-
ments and an average delay of 5 months in initiation of
therapy (38).

While MDR malaria is widespread, resistance to newer
drugs such as artemisinin has also been reported in SEAR
(39). Candida and Cryptococcus have developed resistance
to azoles, 5-flucytosine, amphotericin B, and echinocan-
dins. Antiviral resistance to almost all antivirals has
been reported particularly in Hepatitis B, Herpes virus, Cy-
tomegalovirus, Varicella zoster, Influenza, and HIV (40).

No new antimicrobial agent until date has stood the
test of time. While exceptional antimicrobials such as
nitrofurantoin, erythromycin, and vancomycin have re-
mained effective for more than three decades, the time be-
tween deployment of antimicrobials and development of
resistance has been observed to be as low as few years for
tetracycline, methicillin, linezolid, and daptomycin. Re-
sistance to sulphonamides and penicillin was reported as
early as 1940s followed by resistance to other antimicro-
bials subsequently (41).

3. Impact of Antimicrobial Resistance

The resurgence of drug resistant emerging infectious
diseases is becoming a public health problem worldwide.
Developing countries are facing the brunt in epidemic pro-
portions due to huge population, strained public health in-
frastructure, and limited resource allocation to healthcare.

No new class of antimicrobials has been added since
1987 (1, 42). Antimicrobials are used intermittently and any
new molecule loses economic value in a few years due to
emergence of resistance. The pharmaceutical industry is
directing resources for lifestyle diseases as they have more
economic value (43, 44).

MDR/PDR superbugs can be exploited as agents of
bioterrorism. Given the ease of maintenance, dispersion,
and person-to-person transmission, they may be clandes-
tinely deployed by state or non-state agencies against hu-
mans, fauna, and flora. Inadvertent or intended release of
modified organisms is a possible after-effect of bioterror-
ism (45).

4. The Way Forward

AMR is a biological, behavioural, technical, economic,
regulatory, and educational problem of global concern
and combating it requires concerted efforts at the na-
tional and global levels. The stakeholders include planners
and policy makers, public, patients, practitioners, pharma-
cists, and pharmaceutical industry. An intensified commit-
ment needs to be taken up on a war footing at individual,
local, national, regional, and international levels (46).

5. Individual Level

5.1. Knowledge, Attitude, Practices, and Behaviour of public

There is an urgent need for public to be knowledge-
able about approach, operation, decision making, and
scope of healthcare. Attitude and expectations should
be changed from “instant cure” and “magic pill” to “ra-
tional drug therapy” and “evidence-based healthcare”. Up
to 50% of patients may have poor compliance (47). Self-
medication, quack remedies, underdosing, uncompleted
regimens, and frequent change of doctor’s advice should
be stopped. Left over drugs from the last prescription
should not be taken again for a similarly perceived symp-
tom. Patients should avoid requests or arguments and not
exhibit impatience or arrogance based on hearsay with-
out adequate knowledge. Citizens must foster sound belief
and inculcate positive attitude and responsible behaviour
in societal healthcare system.

6. Responsible Drug Dispensing

Antimicrobials may be freely available in pharmacies
without prescription due to unavailability of pharmacists,
insufficient training, lack of legislation, and community
demands. Pharmacies and chemists should not dispense
antimicrobials without prescription.

6.1. Hand Hygiene

Hand washing is considered the single most important
step in controlling spread of MDR pathogens. Unfortu-
nately, it is missed out due to overbearing pressures of pa-
tient volume, time, and undue multitasking. Availability
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of washing infrastructure is also a constraint in limited re-
source health settings. Hand washing with soap followed
by antiseptic hand rub should be strongly encouraged as
the standard of care for all healthcare practitioners and pa-
tients (48).

7. Responsible Healthcare Delivery

While the state sponsored healthcare promotes base-
line antimicrobials, there is a growing use of higher gen-
eration antimicrobials in the private sector. This is partly
because of request from patients, unethical marketing by
drug manufacturers and prescription by practitioners.

8. Hospital Level

8.1. Clinical Microbiology Laboratories

The microbiology laboratory plays a key role in con-
ducting lab-based surveillance of infectious diseases,
pathogens, susceptibility patterns, resistance phenotyp-
ing, outbreak investigation, and epidemiological typing
in addition to hospital environmental surveillance (49,
50). With the advent of automated systems, molecular
microbiology techniques and biostatistical software,
precise pathogen identification, antimicrobial resistance
phenotypes and typing have been facilitated. Resistant
phenotypes can be included in microbial type culture
collection facilities. Clinical expertise combined with
computerized decision support technology can facilitate
targeted antimicrobial treatment, assess prognosis, check
the development of antimicrobial resistance, and guide
infection control policies. The laboratory can be linked to
other WHO Collaborating Centers to share resistograms
through a worldwide web repository. The potential of the
microbiology lab is largely underutilized in developing
countries due to deficiencies in lab infrastructure and
work force.

9. Antimicrobial Stewardship

Antimicrobial stewardship including antimicrobial
rotation and holiday, combination therapy, escalation-
deescalation, and standard treatment guidelines has been
proven beneficial (51, 52). Spiralling empiricism, prophy-
lactic antimicrobial usage, and attitude to use the best
antimicrobial agent should be discouraged and suscepti-
bility guided therapy needs to be promulgated (1). Reg-
ular availability of required antimicrobials, prescription
audits, formulary restriction, pre-authorization, and stop

orders should be advocated to ensure policy implementa-
tion, which in turn should be linked to grant of accredita-
tion to hospitals. A multidisciplinary approach would in-
clude building of consensus across clinicians and arbitra-
tion of disagreements.

10. Hospital Infection Control

Hospital infection control committee plays a multi-
dimensional role in hospital safety measures such as pa-
tient isolation, visitor control, contact precautions, barrier
nursing, universal prophylaxis, hand hygiene, and equip-
ment sterilization, thereby reducing the incidence of MDR
nosocomial infections. Surveillance of air, water, food,
surfaces, medical devices, disinfectants, and staff along
with linen disinfection and hospital waste disposal is en-
sured (53, 54). Carriers are identified, quarantined, and
pathogens are eradicated from hospital environment. Var-
ious national and international bodies have promulgated
infection control guidelines (55-57). CDC-USA has insti-
tuted isolation precautions guidelines specific for tubercu-
losis and professional hazards (58-62). The military health
system needs to incorporate hospital-based surveillance
and face the burden of antimicrobial resistance leading to
loss of lives from injuries sustained at the battlefront (21,
63).

11. Industry Level

11.1. Agriculture, Poultry, Livestock, and Fisheries

Unregulated antimicrobial use to enhance farm yield
of poultry, livestock, swine, fish, and bee farming is esti-
mated to be 1000 fold greater in terms of absolute ton-
nage compared to human consumption, hugely contribut-
ing to the development of AMR. There is a dire need for
regular farm audit and vigilance along with legislated cor-
rectional measures to curb antimicrobial abuse. The Euro-
pean Union has banned antimicrobial growth promotion
in livestock (64).

12. Veterinary practice and Animal Husbandry

Antimicrobial regimens in veterinary practice are not
standardized. The US Food and Drug Administration has
recently phased out unsupervised use of drugs as feed
additives and converted approved over the counter an-
timicrobials to veterinary prescription only. Removal of
avoparcin use in swine and chicken farming in European
Union has led to reduction in resistance (65). There is a
need for collaboration and vigilance in the veterinary sec-
tor to discourage non-therapeutic use of antimicrobials
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and courage the use of standard treatment guidelines
(STGs) in veterinary practice and animal husbandry.

13. Cosmetic and Chemical Industry

Usage of low dose antimicrobials in cosmetics and
chemicals targeted at preventing product contamination
largely remains undetected. Regular monitoring of fresh
batches by concerned drug controlling authority is neces-
sitated.

14. Pharmaceutical industry

The pharmaceutical industry is opportunity driven.
Unjust manufacturing practices are contributing to AMR.
Higher revenues are generated in producing higher gener-
ation ‘wonder drugs’ and marketing them to the patient-
front healthcare (9). Audit and vigilance for Good Manufac-
turing Practices and responsible marketing are a requisite.

15. National Level

15.1. Health Resource Allocation and Commitment

The present situation demands an increase in resource
allocation in the health sector to boost healthcare infras-
tructure, public awareness, and accessibility. This would
entail liberal and accommodative policy for establishment
of specialized medical varsities, superspeciality hospitals,
specialized laboratories, biocontainment facilities, pro-
motion of antimicrobial research through grants, involve-
ment of private sector through public private partner-
ship, subsidies for health industry, and mass health cam-
paigns. An unfettered commitment through enhancing
participation of apex planners, health officials, healthcare
providers, patients, administrative appointees, industry
personnel, and public is mandated. Comprehensive stan-
dards for surveillance and control should be established
in association with international health regulations (64).
National surveillance systems similar to the national noso-
comial infection surveillance (NNIS) in the US and SEN-
TRY antimicrobial surveillance program can be instituted
(66). National guidelines on infection control, antimicro-
bial therapy, and health policy need to be reiterated in ap-
propriate media and for a (67).

16. Enhancing Lab Capacity

A number of pathogens surpass identification under
the constraints of resources available in routine laborato-
ries (1, 46). Susceptibility testing for tuberculosis, para-
sites, viruses, and fungi is only available in reference labs

that are far and few. Unavailability of testing facilities pro-
motes empirical antimicrobial therapy, thereby contribut-
ing to the development of AMR. An enhanced lab capac-
ity will facilitate rapid and reliable detection of pathogens
and antimicrobial susceptibility, which can direct targeted
antimicrobial therapy.

17. Public Health Measures

Improving health, hygiene, and sanitation at commu-
nity level may improve general health and reduce source
and transmission of infectious diseases. Robust public
health infrastructure with strengthened vector control
programs, immunization, reproductive health, disease
screening, laboratory-based surveillance, outbreak inves-
tigation, quarantine, and control measures are required.
Healthcare accessibility can be improved with free or easy
availability of basic drugs, antimicrobials, and contracep-
tives. MDR/PDR pathogens should be made notifiable. Ef-
fective public health will reduce reliance on antimicrobials
and break the chain of transmission of resistant microbes
(43).

18. Education and Health Campaigns

STGs, hospital infection control, and AMR surveillance
should be included in the syllabi of medical, nursing, lab-
oratory, paramedical, biotechnology, health management,
and doctorate courses. School and college curricula should
also emphasize the topic. Medical societies, journals, and
mass media can collaborate to spread awareness cam-
paigns such as “Antibiotics are not automatic” in France,
“Get Smart” in US and “Do Bugs need Drugs?” in Canada (68,
69).

19. Legislation

Quality assurance in antimicrobial dosage and efficacy
from manufacturers, ethical marketing, and quack prac-
tices are significant problems. There is a need for educat-
ing pharmacists regarding the hazard of selling antimi-
crobials without prescription. Regulatory mechanisms for
ensuring good manufacturing practices, responsible mar-
keting, dispensation by pharmacists, preventing antimi-
crobial abuse by individuals and proper hospital waste
disposal need to be instituted and strengthened. Col-
laborated efforts of law-enforcement, healthcare industry,
and infection control personnel are mandated to integrate
surveillance, legislation, industrial, and marketing audit.
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20. Research

Microbiological research on the mechanisms, dynam-
ics, and drivers of spread of AMR, behavioural research
on non-adherence to prescribed drug schedules and self-
medication, and pharmacological research for develop-
ment of newer antimicrobials and traditional medicines
need to be undertaken under Governmental sponsorship
in the wake of decline in industry sponsored research.

21. Regional Level

Regional cooperation is pivotal to restrict the spread
of AMR. The Jaipur declaration on AMR-2011 for SEAR and
the Chennai declaration for India are efforts to this end (43,
70). The control of AMR calls for institution of intergov-
ernmental organizations focused on health similar to ex-
isting bodies for finance, trade, regional-cooperation, de-
velopment, human rights, and environment. Discussions
on AMR can be furthered in regional summits of exist-
ing bodies such as association of south-east asian nations
(ASEAN), south Asian association for regional cooperation
(SAARC), gulf cooperation council (GCC), European Union
(EU), African Union, Union of South American Nations, etc.
in the interim period.

22. Global Level

WHO is engaged in guiding the response to AMR
through policy guidance, support for surveillance, tech-
nical assistance, knowledge generation and partnerships,
and laboratory quality assurance. WHO has issued a call
for action to halt the spread of AMR by introducing a six-
point policy package for all countries to combat AMR. This
includes commitment to a comprehensive, financed na-
tional plan with accountability and civil society engage-
ment, strengthening of surveillance and laboratory capac-
ity, ensuring uninterrupted access to essential medicines
of assured quality, regulation and promotion of rational
use of medicines, for instance in animal husbandry, and
ensuring proper patient care, reduction of usage of an-
timicrobials in food-producing animals, enhancing infec-
tion prevention and control, and fosterage of innovations,
and research to develop new tools (2). WHO has also laid
down the procedure to establish national laboratory-based
surveillance including identification of pathogens and dis-
eases of public health importance, creation of network of
Antimicrobial susceptibility testing and standardization
of involved methodologies (71). WHO has classified antimi-
crobials into key access, watch group, and reserve group to
optimize usage guidelines worldwide (72). WHO has also
advocated a priority pathogens list in 2017 to highlight a

list of bacteria for which newer antimicrobials are urgently
required (73).

World bodies such as Association for Prudent use of
antimicrobials (APUA) and World alliance against antibi-
otic resistance (WAAR) are efforts to this end (74). Various
policies have been included in the national policy of many
countries; however, there is a wide scope for improvement
towards implementation.

23. Conclusions

AMR is rising in alarming proportions worldwide,
thereby threatening the advances made towards public
health security of the world. There is a dire need to iden-
tify this threat, develop concerted multipronged strategy,
develop infrastructure, foster expertise, and take coordi-
nated and urgent steps to tackle the serious public health
challenge. It is time for action; otherwise, we will face the
consequences of microbial genocide of humankind. Reso-
lute conviction towards astute measures with a sustained
momentum will hold a promise for safeguarding health of
future generations.
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