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ABSTRACT

It is a very serious global health issue as it reduces the effectiveness of antibacterial drugs
and also makes the treatment of infectious diseases quite challenging. Thus, this review
highlights complex factors of antibiotic resistance that include the misuse and overuse of
antibiotics both in health and agriculture sectors while reporting genetic mechanisms
through which resistance develops. Several major antibiotic-resistant pathogens already
identified include multidrug-resistant tuberculosis, methicillin-resistant Staphylococcus
aureus, and carbapenem-resistant Enterobacteriaceae. These are the greatest public health
threats, thus it is a great move to discuss some of these current approaches that will in
turn help combat this crisis of antibiotic resistance including stewardship programs,
developing new antimicrobials, as well as prevention through vaccinations. We further
discuss the role of international health organizations, especially the World Health
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Organization, in coordinating efforts across the globe to contain the increasing menace
of antimicrobial resistance through surveillance, research, and cooperative actions.
Finally, we introduce new approaches which may change the face of the future of
antibiotic resistance management: phage therapy, CRISPR technology, and use of
antimicrobial peptides. This is a big step forward toward the goal but leaves many serious
challenges open for the door: economic and regulatory ones related to developing new
antibiotics, access imbalances concerning medications, and public knowledge and
awareness lacunas. Ultimately, comprehensive, multi-institutional collaboration is what
will get this job done: ensure antibiotics continue working well and continue protecting
public health.

Key Words: Antibiotic Resistance; Multidrug-Resistant Pathogens; Antimicrobial
Stewardship; Phage Therapy

1. Introduction

1.1 The Rise of Antibiotic Resistance: A Global Concern

Antibiotic resistance is one of the emerging public health issues and a threat to modern medicine. The phenomenon involves
the process by which bacteria become tolerant to drugs meant to kill them, thus making regular treatments ineffective.
Overuse of antibiotics in human medicine and agricultural practices has escalated this resistance, with the effects of
resistant infections having multiplied across the globe. The World Health Organization says that antibiotic resistance has
now grown to become one of the biggest emerging threats to global health, food security, and development, with millions
already affected annually (World Health Organization, 2020).

1.2 Impact of Antibiotic Resistance on Public Health and Healthcare Systems

It can range from individual patient outcomes levels to exerting a burden on the health systems all over the world. It tends
to take longer time in hospitals, is much more expensive medically, and is higher in mortality rates as compared to others.
According to the CDC report, it states that an excess of 2.8 million antibiotic-resistant infections are annually found in the
U.S., with about more than 35,000 deaths (Centers for Disease Control and Prevention, 2019). It is expected that by 2050,
antibiotic-resistant infections may hit a global level of 10 million deaths per year over and above the cancer toll (O'Neill,
2016).

Similarly, with regard to economics, this is as challenging. As such, the most vulnerable are the poorest countries in terms
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of health care delivery; they do not have cash to fight antibiotic resistance infection (Ventola, 2015). Resurgence diseases
that were under control- especially tuberculosis and pneumonia because of antibiotic resistance are amongst such
complications in effective management of public health.

Impact Description

Individual Patient Outcomes [Prolonged hospital stays, increased medical costs, and increased mortality

Healthcare Systems Strained healthcare systems worldwide

Economic Burden Higher medical costs, particularly for countries with limited healthcare infrastructure

Public Health Resurgence of previously controlled diseases, such as tuberculosis and pneumonia

2. Causes and Mechanisms of Antibiotic Resistance

2.1 Overuse and Misuse of Antibiotics in Healthcare and Agriculture

Some of the major reasons causing antibiotic resistance include over-prescription and misuse of antibiotics not only in
the medical field but also in farming. More often than not, the healthcare practitioners end up prescribing antibiotics to
those suffering from viral infections. These are infections that have no cure through the antibiotics, and it is calculated
that about 50% of the antibiotics prescribed to the human are inappropriate or wrongly directed prescriptions (Centers for
Disease Control and Prevention, 2020).

It accelerates the selection of resistant bacterial strains, some of which may multiply when the non-resistant ones are
being removed. Use in agriculture In animal farming, antibiotics are administered not only for the treatment of infection
in farm animals but also to stimulate their growth and used for preventing infection in the otherwise apparently healthy
animal. Large scale farms more widely utilized.

Antibiotics in agriculture lead to the development of resistant bacteria, which can be passed from animals to humans
through food chains or environmental contamination (Gouvéa, dos Santos, & Mellor, 2015). According to the Food and
Agriculture Organization, one of the factors that have resulted in resistant bacteria is antibiotic use in agriculture,
transferred along the food chain (FAO, 2016).
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2.2 Genetic Mechanisms of Resistance: Mutations and Horizontal Gene Transfer

Bacteria can develop resistance to antibiotics through several genetic mechanisms, primarily via spontaneous mutations
and horizontal gene transfer (HGT). Spontaneous mutations occur during bacterial replication and can sometimes lead to
changes that confer resistance to antibiotics. These mutations might alter the antibiotic’s target site or increase the bacterial
cell’s ability to expel the drug, rendering the treatment ineffective (Li, Plésiat, & Nikaido, 2015).
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Horizontal gene transfer, however, plays a more significant role in the spread of resistance across bacterial populations.
Through processes like transformation, transduction, and conjugation, bacteria can acquire resistance genes from other
bacteria. Conjugation, often referred to as "bacterial mating," allows resistant genes to transfer directly from one bacterium
to another, even across species. This mechanism has facilitated the rapid global dissemination of resistance genes,
especially in hospital settings where resistant bacteria thrive (Davies & Davies, 2010).

2.3 The Role of Biofilms in Resistance Development

Biofilms, complex communities of bacteria embedded within a self-produced matrix, represent another major challenge in
the fight against antibiotic resistance. Biofilms can form on various surfaces, including medical devices, human tissues,
and environmental surfaces. The structure of biofilms offers bacteria a protective environment where they can thrive and
become more resistant to antimicrobial treatments (Flemming & Wingender, 2010).

Within biofilms, bacteria exhibit a higher tolerance to antibiotics due to several factors. First, the biofilm matrix can act as
a physical barrier, limiting the penetration of antibiotics. Second, the bacteria within biofilms often enter a dormant state,
which reduces their metabolic activity and makes them less susceptible to antibiotics that target actively growing cells.
Finally, biofilms facilitate the exchange of genetic material, including antibiotic resistance genes, between bacterial cells,
further enhancing the potential for resistance development (Hall & Mah, 2017).

Antibiotic Resistance in Biofilms
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3. Major Antibiotic-Resistant Pathogens

3.1 Multidrug-Resistant Tuberculosis (MDR-TB)

Mycobacterium tuberculosis causes tuberculosis which is the main cause of deaths arising from infectious disease globally.
Its variant has been the most difficult that has proved challenging in its prevention. Definition MDR-TB incorporates all
the species of TB which have arisen due to at least isoniazid and rifampin (World Health Organization, 2021). Their usually
emergence arises in case of treatment failure, or their non-completion through which they start surviving with becoming
habituated to medication to overcome them.

MDR-TB is treated using drugs that are less potent and more toxic but take long time. In 2019, it was approximately 465
000 new cases of MDR/RR-TB globally where, while about 57% were cured, others faced prolonged illness and early
deaths (World Health Organization, 2021). Further burden of MDR-TB is the heavy economic burdens in health care costs
particularly for low- and middle-income countries where the TB epidemic is high.

3.2 Methicillin-Resistant Staphylococcus aureus (MRSA)

A another highly important antibiotic-resistant pathogen is methicillin-resistant Staphylococcus aureus, or MRSA. The
pathogen became notorious in both the hospital and community settings. There is a very high percentage of resistance of
MRSA to methicillin as well as other antibiotics given as treatment. Traditionally MRSA has been associated with HA-
MRSA; but recently CA-MRSA becomes significant (Lee, 2013).

The spectrum of the disease ranges from simple cutaneous infections, like boils, to potentially fatal pneumonia or
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bloodstream infections and up to sepsis. CDC estimates more than 80,000 invasive MRSA cases annually in the United
States, with around 11,000 deaths due to this condition (CDC, 2019). The morbidity level with restricted treatment options
highlights the significance of infection vigilance and new antimicrobial therapies.

3.3 Carbapenem-Resistant Enterobacteriaceae (CRE)

he Enterobacteriaceae, now known as Carbapenem-resistant Enterobacteriaceae (CRE), have joined a family of Gram-
negative bacteria that have managed to outwit the last-resort antibiotics-carbapenems. An infection with CRE is deemed
ominous because the infections are difficult to treat owing to their resistance to nearly all antibiotics commercially available
in the market, like carbapenems (Nordmann et al. 2011).

The presence of CRE infections is more dominant in hospitals and affects weaker conditions, such as the ICU or
immunocompromised patients. This infection also has an alarming case fatality rate because, in patients infected through
the bloodstream, it has been recorded to be 50% (CDC, 2019). This threat remains a public health concern for this pathogen
because it spreads within the hospital and there are not many drugs to treat it.

3.4 Drug-Resistant Neisseria gonorrhoeae

Neisseria gonorrhoeae is the bacterium responsible for the disease gonorrhea, which has shown resistance to almost all the
antibiotic classes used in treating the disease. It is one of the most frequent sexually transmitted infections globally, and
drug-resistant N. gonorrhoeae has emerged as one of the major challenges to date. Resistance to both ceftriaxone and
azithromycin, which are at present used as first-line drugs, has caused some serious concerns regarding the appearance of
untreatable gonorrhea (Unemo & Shafer, 2014).

According to WHO, there are more than 80 million cases reported annually, most of which are caused by strains that have
different levels of antibiotic resistance (WHO, 2020). If left unmanaged and untreated, infections cause severe
complications such as pelvic inflammatory disease, infertility, and increased chances for HIV transmission. The recent
appearance of drug-resistant N. This therefore calls for continuous observation and creation of new antibiotics or another
way of treatment.

Pathogen Resistance Mechanism Impact

Multidrug-Resistant Resistance to isoniazid and[Prolonged treatment, higher mortality,
Tuberculosis (MDR-TB) rifampicin economic burden

Methicillin-Resistant

Staphylococcus aureus | Resistance to methicillin and other [Severe infections, high mortality, limited|
(MRSA) beta-lactam antibiotics treatment options

Carbapenem-Resistant Resistance to carbapenems and [High mortality, limited treatment options,
Enterobacteriaceae (CRE) |other antibiotics rapid spread in healthcare settings
Drug-Resistant Neisseria Severe complications, increased risk of HIV]
gonorrhoeae Resistance to multiple antibiotics [transmission, limited treatment options

4. Current Strategies to Combat Antibiotic Resistance

Antibiotic resistance has emerged as one of the most significant threats to global public health. In response, a combination
of medical, pharmaceutical, and public health interventions has been implemented to mitigate this crisis. These strategies
aim to curb the misuse of antibiotics, promote the development of new drugs, and enhance infection control practices.

4.1 Rational Use of Antibiotics: Stewardship Programs

ASPs is an acronym for structured activities on the responsible use of antimicrobials in a healthcare facility. It means that
such programs center on making antibiotic use as optimum as possible: treating an infection effectively with as few adverse
effects of the infection as possible, among which overuse causes resistance (Dyar et al., 2017). In other words, ASPs involve
giving the right antibiotic in the right dose for the right duration, which is what prevents overuse.

ASPs have been implemented in hospitals and clinics worldwide and have helped to limit the use of antibiotics. For
instance, one study revealed that the use of antibiotics declined by 20% after an ASP was implemented in a hospital (Schuts
et al., 2016). The programs also aim at educating health professionals on the dangers of over-prescription of antibiotics and
the need for culture and sensitivity testing before commencing antibiotic treatment.

4.2 Development of New Antibiotics and Alternative Therapies

This is critical since there will always be the emergence of new resistance that these constantly appearing bacteria are
meeting. Yet, the pharmaceutical pipeline has been very slow for the discovery of new antibiotics. The main scientifically
and regulatory-based challenges are facing but the financial rewards are pretty low too (Silver, 2011). This discovery of
new antibiotics for drug-resistant bacteria is increasing still. These have recently been found, including an antibiotic,
teixobactin that is said to function together with Gram-positive bacteria like MRSA and Mycobacterium tuberculosis. Ling
etal., 2015.

Besides the conventional antibiotics, alternatives are slowly becoming an adjunct. There are bacteriophage therapy,
antimicrobial peptides, and CRISPR-based techniques targeting bacterial DNA (Czaplewski et al., 2016). Among the
promising measures against resistance, such measures may be used where these failed.

4.3 Vaccination as a Preventative Measure
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Vaccination reduces the reliance on antibiotics because of protecting against bacterial infections. The vaccination of
pneumococcal bacteria, for example Streptococcus pneumoniae as well as Hib has reduced infection number caused by
these agents to a minimal level. With this reduction, therefore the use of antibiotics to kill these microorganisms has
decreased dramatically (Jansen et al., 2018). Vaccination provides protection to an individual and helps in acquiring
immunity at a herd level where the infection rate and by proxy the rate of developing resistance to the antibiotics would go
down significantly.

WHO supports vaccination as a part of a global strategy against the further spread of antibiotic resistance: when vaccine-
preventable diseases decline, so too does the aggregate demand for antibiotics, thus slowing down the rate of emergence
(WHO, 2020).

4.4 Public Health Interventions and Infection Control Practices

Infection control practices should be successfully prevented from spreading resistant bacteria, particularly in health care
facilities, as this is where the majority of antibiotic-resistant infections are linked with antibiotics. Public health
interventions like hand hygiene sterilization of medical equipment and isolation of infected patients have been attributed
to the prevention of spread of resistant pathogens (McLaws, 2015).

Public education campaigns on the use of antibiotics against misuse are on the rise. For example, WHO came up with a
campaign known as "Antibiotics: Handle with Care" to target the use of antibiotics among both patients and health care
practitioners (World Health Organization, 2015). Self-medication and the demand for antibiotics are part of reducing over-
the-counter sales of antibiotics and are highly observed in low-resource environments.

5. The Role of Global Health Organizations

Global health organizations will play a very crucial role in solving the crisis of antibiotic resistance. These international
efforts are coordinated through policy-making, awareness campaigns, research initiatives, and surveillance programs in
order to address the resistance. Such cooperation among them is required for standardized protocols in order to slow the
spread of resistant pathogens.

5.1 World Health Organization (WHO) Initiatives

The World Health Organization is at the forefront in combating antibiotic resistance. In WHO, the purpose is awareness-
raising, research, and policy development by member states on how to combat AMR. These include hosting the World
Antibiotic Awareness Week, designed to be even more informative for public audiences and challenging best practices of
health care providers, policy makers, and others (World Health Organization [WHO], 2020).

WHO has also devised the "Global Framework for Development & Stewardship to Combat Antimicrobial Resistance."
This framework governs antibiotic use in countries, and they introduce newer drugs based on antimicrobial therapy (WHO,
2018). This strategy looks upon the prevention of misuse and excessive use of antibiotics and how their implementation
impacts resistance prevention.

WHO's Comprehensive Strategy Against AMR
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Policy Antibiotic
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5.2 Global Action Plan on Antimicrobial Resistance

The WHO launched the Global Action Plan on Antimicrobial Resistance in 2015. This is an overarching strategy developed
to respond to the growing problem of antibiotic resistance. It encompasses five key objectives, such as improving awareness
and understanding of AMR, strengthening research and surveillance, reducing the incidence of infection, optimizing the
use of antimicrobial agents, and fostering investment in new technologies and medicines (WHO, 2015). Encourage each
country to develop a national action plan congruent with the global framework on tackling AMR.

Global Action Plan has been effective and able to emphasize the implementation of strategy on AMR from integration of
human, animal and environmental health sectors due recognition of the "One Health" approach. In AMR, there is multiple
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causation that would result in the problem as that is not only associated with medical practice but also involves other sectors
such as agriculture and veterinary practices, besides this, environmental management, it is a multi-dimensional field (Dar
& Hasan, 2019).

5.3 International Collaboration in Surveillance and Research

International collaboration is an important tool for effective surveillance and research on antibiotic resistance. In this
regard, surveillance systems follow the patterns of the spread of resistant pathogens and how policies reduce their effects.
GLASS collects information on the trends of AMR in various nations and thus triggers timely interventions to looming
threats (WHO, 2018).

Research efforts also reflect collaborations because global initiatives pool resources and expertise to develop new
antimicrobial drugs and alternative therapies. For instance, the TATFAR and the JPIAMR contribute to international
research collaboration on best practices (European Commission, 2017). These initiatives have contributed greatly to
breakthroughs in understanding how AMR mechanisms work while driving the development of innovative diagnostic tools
and treatments.

6. Novel Approaches and Future Directions

Antibiotic resistance has prompted scientists to discover new ways to combat the menace. These new approaches will either
be strengthening already existing treatments or designing new treatments against the resistant bacteria. From biological
therapies to advanced technologies, these new approaches promise a great future in the fight against antimicrobial
resistance (AMR).

6.1 Phage Therapy: Targeting Resistant Bacteria

In another study, phage therapy represents using bacteriophages - viruses that selectively infect bacteria. Bacteriophages
selectively destroy only bacteria, and a research has high hopes about the answer being found for diseases caused by MDR-
producing bacteria. Unlike antibiotics that interfere simultaneously with pathogenic and the beneficial bacteria populations,
there is a big potentiality of phage therapy acting almost selectively, diminishing the probability of disturbing microbiome
populations in the organism (Kortright et al., 2019).

It has recently been shown that phages can co-evolve with bacteria, thereby avoiding resistance in the latter. Moreover,
compassionate cases where traditional therapies had not worked well were well treated using phage therapy. However,
there are still several issues that need to be solved; amongst which are resistance of phages and development of appropriate
regulatory guidelines to permit safe clinical usage (Cisek et al., 2017).

6.2 CRISPR-Cas Systems for Precision Antibacterial Treatment

The discovery of CRISPR-Cas systems as part of the bacterial immune defense has made it possible to use this as a tool
for precision antibacterial therapy. This gene-editing technology can be engineered to specifically target and cut bacterial
DNA, either eliminating resistance genes or killing the pathogen directly. A benefit of CRISPR-Cas systems is that they
are precise and enable selective targeting of resistant bacterial strains without harming the surrounding healthy microbiota
(Gomaa et al., 2014).

Furthermore, scientists are researching the use of CRISPR-Cas as a delivery mechanism for the delivery of antimicrobial
compound so that its utility would further increase in its clinical uses. However, before applying in clinics on a massive
level, there are also various issues such as problems associated with the delivery, side effects, and some legal issues that
need to be resolved (Bikard et al., 2014).

6.3 Use of Antimicrobial Peptides (AMPs) as Alternatives to Traditional Antibiotics

AMPs are endogenous molecules that have been shown to be a viable alternative to traditional antibiotics. AMPs are part
of the innate immune system of many organisms and serve as a first line of defense against microbial infections. Their
mechanisms of action include disrupting bacterial membranes, inhibiting cell wall synthesis, and targeting intracellular
components (Mahlapuu et al., 2016).

Some of the key strengths of AMPs include a wide-spectrum activity profile with minimal risk of generating resistant
pathogens. AMPs can show activities against nearly every known type of pathogen, even multi-drug resistant strains. But
the pharmacological applications remain at experimental levels as production costs coupled with instability and toxicity
persist to date (Hancock & Sahl, 2006).

6.4 Role of Artificial Intelligence in Antibiotic Discovery

Artificial intelligence (Al) is revolutionizing antibiotic discovery by speeding up the discovery of novel compounds. While
traditional methods of discovering new antibiotics are slow and costly, Al models can quickly process large datasets and
predict the potency of new molecules against resistant pathogens. For example, it has been used in screening millions of
chemical compounds, and millions have already resulted in a new antibiotic discovered as halicin that was labeled a potent
inhibitor of drug-resistant bacteria (Stokes et al., 2020).

Al also aids in the enhancement of already known antibiotics by showing modifications that might make it function better
on resistant bacteria. Furthermore, Al is able to provide treatment plans personalized to the patient using predictions of
resistance patterns in bacteria, making clinical outcomes better. However, Al discovery of new antibiotics only relies on
full biological datasets and continuous interaction among biologists, data scientists, and clinicians (Yang et al., 2020).
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7. Challenges in Implementing Global Solutions

The global nature of antibiotic resistance necessitates coordinated solutions. However, significant challenges impede
progress in combating this growing threat. Economic, regulatory, access, and educational barriers continue to limit the
effectiveness of global interventions. Addressing these obstacles is essential for a unified and sustainable response to
antibiotic resistance.

7.1 Economic and Regulatory Barriers to New Antibiotic Development

The economic and regulatory factors also make it difficult for antibiotic innovation. The creation of a new antibiotic is a
process that is very capital intensive with a low return over time. The high research cost, plus the little monetary gain,
makes few pharmaceutical companies willing to venture into new research on new antibiotics. Antibiotics are said to be a
costly expensive and time-consuming discovery because they hardly bring much gain since they are prescribed over short
periods as compared to chronic drugs (O'Neill, 2016). Finally, resistance to new drugs can arise quite quickly, which could
potentially be another reason to discourage investment.

Regulatory barriers also cause a delay in the approval of new antibiotics. It makes it difficult for smaller biotech companies
to bring in new drugs to the market because of the strict requirements of clinical trials coupled with uncertainty about
reimbursement policies (Renwick, Brogan, & Mossialos, 2016). The regulatory landscape has to change in a manner that
creates incentives for innovative antibiotic development and ensures that these drugs are rapidly introduced into clinical
practice.

7.2 Access to Antibiotics in Low- and Middle-Income Countries

While antibiotic resistance is a global issue, the burden of this issue is greater in LMICs where antibiotics are often in short
supply or not controlled well. In most parts of the world, antibiotics are sold over the counter and therefore are frequently
overused and misused leading to increased resistance (Laxminarayan et al., 2013). On the other hand, in other areas,
antibiotics are unavailable or less accessible, and thus infections that could have been treated with antibiotics go unattended,
leading to a higher rate of death and the proliferation of resistant organisms.

Antibiotic access in LMICs can be improved through an all-rounded strategy that would comprise of an improvement of
healthcare infrastructure, effective regulation mechanisms, and access to affordable current and novel antibiotics. It is
important to achieve cooperation and financing on the global level in addressing such access disparities (Okeke, 2014).
7.3 Public Awareness and Education Gaps

Public awareness and education are very key in the elimination of antibiotic-resistant infections, but still huge gaps persist
both in areas. Many people remain oblivious of the risks associated with improper use of antibiotics, especially overuse,
misuse, and the completion of prescribed treatments (WHO, 2020). Knowledge deficient among the public continues
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leading to the continued misuse of antibiotics in both healthcare facilities and agriculture.
Health education programs of health care providers, agriculturists, and all members of society are therefore very essential
to bring behavior change in antibiotic use. However, such practices are only achievable by continuous endeavors and
funding. Governments and NGOs should engage with practicing health care workers to strengthen awareness and to educate
members of the public on antibiotic use responsibility (Reddy et al., 2020).
8. Conclusion
Antibiotic resistance is an increasingly fast-moving global health threat, and thus collective actions must be taken now.
This type of resistance mainly occurs due to the misuse of antibiotics in healthcare and overuse in agriculture coupled with
genetic mechanisms and biofilm that enable resistant pathogens. The causes of antibiotic-resistant pathogens are
multifactorial and widespread. Its examples include multi drug resistant organisms such as Methicillin-Resistant
Staphylococcus aureus (MRSA) and Carbapenem-Resistant Enterobacteriaceae (CRE), and Multidrug-Resistant
Tuberculosis or MDR-TB is another example.
Antibiotic resistance can be dealt with by current efforts like programs in antibiotic stewardship, new antibiotics and
vaccines, alternative therapy treatments, vaccination, and campaigns towards public health efforts toward preventing
infections. Most importantly, a lot of such effort seems to be stalled with obstacles such as economics, law, and regulatory
practices regarding the development of a new antibiotic. This area is unfortunately either not in sufficient supply or
uncontrolled in LMICs. Another gap is a dearth of public awareness and education on antibiotics.
Global health organizations, more especially the World Health Organization, have made big efforts by the Global Action
Plan on Antimicrobial Resistance towards international cooperation. Yet for long-term sustainable successes, innovative
approaches to research would include phage therapy, CRISPR-Cas systems, antimicrobial peptides (AMPs), as well as
applications in artificial intelligence in drug discovery.
The way ahead needs to be multifaceted. Antibiotic resistance requires both scientific innovation and global action better
regulation, public education, and a health-care system, particularly in resource-limited settings. Combating this growing
threat requires the collaborative efforts of governments, researchers, pharmaceutical companies, and civil society. Only
through comprehensive, global efforts may we hope to prevent antibiotic resistance from deteriorating modern medicine
and public health.
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