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Abstract

Antimicrobial resistance (AMR) poses a worldwide health danger by rendering numerous antimicrobial treatments
useless and leading to elevated healthcare costs and elevated mortality rates and increased morbidity standards as
well as economic costs. The study explores antimicrobial resistance mechanisms by investigating enzymatic
destruction alongside target alteration and cell pump activity and biofilm developmental capabilities of
microorganisms for evading antimicrobial drug effects. This research investigates recent AMR developments by
monitoring the increasing numbers of microbes that become resistant to multiple drugs known as MDR together
with XDR strains and pan-drug-resistant bacteria. Resistive mechanisms have increased rapidly because of overuse
of antibiotics in human medicine and its applications in animal farming as well as genetic exchange that allows
microbes to travel among different regions. This paper outlines the importance of surveillance because it functions
as an essential component fighting AMR alongside antimicrobial stewardship and infection control practices.
Antimicrobial agents along with phage therapy options along with modern diagnostic methods make up the
fundamental weapons against AMR. The proposed direction highlights the necessity for different organizations to
collaborate because they should develop contemporary therapeutic approaches and strengthen antibiotic
management systems worldwide.
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Introduction

The growing antimicrobial resistance problem creates significant global healthcare difficulties because it
threatens the effectiveness of current treatments for infectious illness (Nguyen, 2016). The development of
resistance mechanisms has triggered higher medical death rates along with extended hospitalization
periods and cost a large sum to global healthcare services (Nifio-Vega et al., 2025). Human medicine
along with animal husbandry and agricultural applications of antibiotics has challenged microorganisms
through selective pressure because of unwarranted widespread antibiotic use (Gayathri et al., 2021).
Resistant microbial strains spread quickly between territories because of three main factors which are
globalization trade and straightforward international mobility along with process-connected food supply
systems (Ruiz & Alvarez-Ordofiez, 2017). Bacteria evolve new resistance mechanisms at a speed even
faster than scientists can develop new antimicrobial drugs thereby creating an expanding therapeutic void
(Nguyen, 2016). The World Health Organization issued an alert to worldwide viewers about the "post-
antibiotic era" because during this time basic infections will become dangerous again (Nifo-Vega et al.,
2025). We need urgent widespread antimicrobial resistance measures because bacteria now show powerful
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multidrug resistance and extensive drug resistance with pan-drug resistance (Posada-Perlaza et al., 2019).
Antimicrobial resistance demands worldwide collaboration for strengthening antimicrobial stewardship
plans alongside enhanced infection control practices and prompt antimicrobial drug research with
international surveillance of microorganism transmission (Nasiri et al., 2017).

Mechanisms of Antimicrobial Resistance

Microbes defeat antimicrobial agents by using enzymatic degradation combined with target structure
modifications and transportation systems and surface layers from organisms (Nguyen 2016). Enzyme
production renders antimicrobial drugs ineffective by chemically breaking down the antibiotics while
modifying their chemical structure. Beta-lactamase produces by Microorganisms yields inactivation of
penicillin beta-lactam rings and cephalosporin rings making this resistance mechanism common among
Gram-negative bacterial species (Baho et al., 2018). Antibiotic mechanisms force bacteria to change their
target structures or proteins to disable drug attachment and block their functional capacity. The
development of mutations in ribosomal RNA combined with alterations in ribosomal proteins makes
microorganisms immune to both aminoglycosides and macrolides.

Table 1: Summary of Common Antibiotic Resistance Mechanisms in Bacteria

Bacterial Species Resistance Mechanism

Escherichia coli Efflux pumps, beta-lactamases, target modification

Staphylococcus aureus | Beta-lactamases, alteration of target sites (penicillin-binding proteins)

Klebsiella pneumoniae Carbapenemases, beta-lactamases, efflux pumps

Pseudomonas Efflux pumps, beta-lactamases, aminoglycoside-modifying enzymes
aeruginosa

Enterococcus faecalis Vancomycin resistance, acquisition of resistance genes through plasmids

Mycobacterium Mutations in RNA polymerase, efflux pumps, resistance to first-line drugs
tuberculosis (isoniazid, rifampicin)

The transmembrane protein system known as efflux pumps transports antibiotics out of bacterial cells
which lowers drug concentration under an inhibitory threshold (Nguyen, 2016). The antibiotic-efflux
properties of many efflux pumps enable them to remove various antibiotic groups (Nguyen, 2016). The
bacterial formation of biofilms through cellular aggregation which creates an extracellular matrix of
polymeric substances shields bacteria against antibiotics in addition to immune system defenses. Some
bacteria possess natural resistance to particular antimicrobial medications but antibiotic usage increases
their likelihood to develop resistance. Different types of bacteria developed multidrug-resistant
microorganisms through sharing their resistance genes (Hetta et al., 2023).
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Figure 1: Mechanisms of Antimicrobial Resistance in Bacteria
(Available Sources :https://www.biorender.com/template/mechanisms-of-antimicrobial-resistance)

The resistance mechanisms work through decreased drug penetration into cells and antimicrobial agent
enzymatic metabolism and modified antibiotic targets and antimicrobial target protection according to
Varela et al. (2021) and Reygaert (2018). When different resistance mechanisms unite in the body they
increase bacterial resistance until maximum levels are achieved (Duijkeren et al., 2018). External genes
carried by mobile genetic elements generate antimicrobial resistance which covers full antimicrobial
classifications (Dermott et al., 2003). Bacterial survival speed has increased due to natural antibiotic
resistance development which allows bacteria to adopt resistance through protein gene mutations
(Nguyen, 2016).

Trends in Antimicrobial Resistance

Medical safety throughout the world continues to deteriorate as antimicrobial resistance spreads toward
numerous bacteria across different global populations at an overwhelming pace. Organisms with multi-
drug resistance that spread across different communities create complex infection management issues
which lead to increased illness severity along with death rates due to methicillin-resistant Staphylococcus
aureus and both vancomycin-resistant Enterococci and carbapenem-resistant Enterobacteriaceae. Human
medical practices together with agricultural operations using antibiotics have become the main culprits of
bacterial resistance emergence through selective forces that act on bacterial communities. The quick
transfer of bacterial genic resistance between different strains exists through horizontal gene transfer by
mobile elements that include plasmids and transposons without regard to species boundaries (Sharma et
al., 2019). Global antibiotic resistance expansion keeps surging due to how international transport leads to
easy strain movement across countries making resistance containment more difficult because of
decreasing geographical borders. Several factors have made treatable infections difficult to handle which
forces medical professionals to use reserve antibiotics that create significant adverse effects while
delivering small therapeutic benefits. Antibacterial resistance demonstrates an extreme threat to medicine
treatments as well as cancer therapy and transplantation surgical operations and surgical interventions
(Bharadwaj et al., 2022).

Medical costs rise during hospital stays become longer and killing more patients due to antibiotic
resistance infections. Multiple bacterial strains that include Escherichia coli ST131 and Klebsiella
pneumoniae ST258 as well as st1l together with methicillin-resistant Staphylococcus aureus USA 300
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have become widespread across the globe (Wang et al., 2017). Antimicrobial resistance has intensified
dramatically because of antibiotic misuse throughout the human-animal medical connection (Dadgostar,
2019). Mutations in M. tuberculosis chromosomes that result from antibiotic selection pressure constitute
most of the bacterial resistance (Nguyen, 2016). PCR sequencing technology allows for fast biomarker
recognition that provides critical bacterial drug resistance data assisting in better outcomes
(Nihms514223.Pdf, n.d.). The government established new laws to control antibiotic applications as
feeding additives in livestock through set limitations (Urban-Chmiel et al., 2022).

Future Directions

Several approaches are needed to combat antimicrobial resistance through enhanced monitoring systems
along with proper antimicrobial use programs and infection prevention methods combined with new
medical treatment developments. Surveillance systems require enduring strength to track resistance
development together with emerging threats so healthcare professionals can make suitable public health
strategies. The antimicrobial stewarship programs of healthcare organizations enable antibiotic
administration which maximizes therapeutic outcomes and avoids unnecessary therapy (English & Gaur,
2009). Proper infection prevention measures between hand hygiene and isolation precautions and
environmental disinfection determine how resistant organisms disperse within healthcare areas and
community settings. Fresh antibiotic development requires urgent attention to create unique bacterial-
fighting agents which will battle resistant bacterial threats in the current situation (El-Kafrawy et al.,
2023).

Novel antimicrobial agents demand financial support that links with streamlined regulatory mechanisms
and incentives driven by market demand. Research indicates alternative resistant infection prevention
methods include combining phage therapy with immunotherapy and antimicrobial peptides. The
examination of bacterial persistence and tolerance systems enables researchers to generate well-strategic
therapeutic approaches (Singh & Chibale, 2021). Scientists can tackle bacterial resistance by thoroughly
researching molecular pathways toward resistance development which involves fast efflux pump
activation and faster creation of resistant mutants credited to bacterial stress responses and error-prone
DNA repair mechanisms (Lange et al., 2019). Scientific investigations about host-directed therapies and
efflux pump inhibitors attempt to achieve maximum treatment levels of resistant tuberculosis. Research on
tuberculosis treatment adopts two main approaches that involve drug resistance targets alongside recycling
previously used medications (Nguyen, 2016).

The development of quick detection methods for antibiotic resistance genes and resistant phenotypes
stands as a top priority to supply correct antibiotic treatment paths. Further research on bacterial-host
immunity links offers the possibility to find brand-new therapeutic solutions. The WHO Global Action
Plan on Antimicrobial Resistance via Arip et al. (2022) asserts that diagnostic technologies and new
treatment medicines and vaccines need simultaneous funding development. The implementation of
additional strategies together with increased funding is needed according to Lange et al. (2019) to
decrease reported tuberculosis incidence. Several scientific disciplines like microbiology and
pharmacology and genomics and engineering must work together because their combined efforts become
vital for creating anti-antibiotic resistance innovations. The care team comprising of healthcare providers
and patients and community members needs educational campaigns for learning how to use antibiotics
responsibly and prevent infections (Gupta & Sharma, 2022).

The fight against antimicrobial resistance needs better antibiotic regulation laws plus advanced research
on novel antimicrobial drugs according to Sifri et al. (2019). Worldwide cooperation is essential to fight
antimicrobial resistance because it enables organizations to match their actions while sharing effective
techniques while delivering global access to working treatments. The creation of innovative
pharmaceutical discovery methods depends on total microbiome understanding of the environment to
achieve faster antibiotic development (Davies & Davies, 2010). Suspicious curves of resistance require
tracking through joint worldwide programs that also facilitate information exchange and evidence-driven
treatment implementations (Collignon & McEwen, 2019). Governments should join forces with
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pharmaceutical industries and research facilities to establish group approaches which speed up the
innovation process of antimicrobial drugs (Ahmed et al., 2024).

Literature Review

Antimicrobial resistance exists as an intricate system containing multiple root causes through which
antibiotic excessive use intersects with horizontal gene transfer during natural selection processes
(Elshobary et al., 2025). The development of antimicrobial resistance results from three distinct elements
which include antibiotic misuse as a direct factor and poor sanitation as an indirect factor together with
intrinsic bacterial characteristics as the third category (Bassetti & Garau, 2021). Antimicrobial resistance
continues to grow because of multiple converging components which now expose it as a top health
challenge worldwide. Antimicrobial resistance expands between epidemiological areas since it appears in
all locations and establishes fluid resistance patterns (Oliveira et al., 2024). The outcomes of antimicrobial
resistance stretch beyond what we observe to produce elevated morbidity as well as mortality rates and
enhanced healthcare costs leading to financial losses. Antimicrobial resistance’s clinical outcomes impact
patients who undergo two groups of health risks comprised of elderly people and individuals with weak
immune systems and patients with chronic illnesses.

Studies of antimicrobial resistance require knowledge from microbiology alongside infectious diseases
and pharmacology and public health disciplines. Medical professionals share consensus on antibiotic
resistance along with its dispersion mechanisms and its clinical impact as well as its resistance origin
basics (Sabtu et al., 2015). Antimicrobial resistance poses a substantial public health risk for the world
because antibiotics have become widely overused while resistance genes spread throughout populations
(Hoellein et al., 2022). Current tuberculosis control shows increasing strain from continuing development
of multidrug-resistant strains of *Mycobacterium tuberculosis* (Nguyen, 2016). The development of *M.
tuberculosis* strain resistance from drug-sensitive to extensively drug-resistant types threatens worldwide
efforts to manage tuberculosis (Nguyen, 2016). Various medical groups devote extensive efforts to
establish new drug treatment protocols for fighting drug-resistant tuberculosis.

Multiple strategies employed by the medical field include natural antimicrobial research and innovative
treatment approaches to fight antimicrobial resistance. Multiple new resistance mechanisms discovered
together with rapid bacterial gene transfers result in a significantly harder resistance issue. Antimicrobial
resistance growth weakens antibiotic potency which forces hospitals to extend patient stays at higher costs
and elevates both mortality risks and patient expenses (Levy & Marshall, 2004). Multidrug-resistant
pathogens represent the primary public health Issue in current settings as they spread between hospital and
community environments (Chis et al., 2022). The development of antibiotic-resistant pathogens has urged
medical workers to request both antibiotic containment measures and structured antibiotic prescription
methods (Ahmed et al., 2021).

The complete solution for antimicrobial resistance management involves consistent elements to stop
transmission and identify patients and their treatment needs in addition to tracking resistant bacteria
evolution. Modern medicine underwent a significant development thanks to antibiotic discoveries but
resistance weakened their effectiveness according to Angelini 2024 and Nguyen 2016. Bacterial resistance
continues to grow because doctors use antibiotics incorrectly for both animal and human medical care
(Bharadwaj et al., 2022). Antibiotic resistance spreads across the entire world throughout all geographical
areas and social classes. Antimicrobial resistance presents a hard challenge since healthcare professionals
must work with limited treatment choices for resistant infections because antibiotics develop too slowly.

Methodology
Data Collection and Analysis:

This research depends on a thorough literature review method which combines scientific articles and
international organization reports with related policy documents. Publicly available databases including
World Health Organization Global Antimicrobial Resistance and Use Surveillance System and European
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Antimicrobial Resistance Surveillance Network will provide data about antimicrobial resistance rates
together with antibiotic consumption patterns and specific resistance mechanism distribution. Statistical
procedures will analyze the collected data which allows experts to detect antimicrobial resistance
developments throughout different geographic areas as well as healthcare environments.

Search Strategy:

This research employed an extensive search method using PubMed along with Scopus and Web of
Science databases through which the search terms included ™antimicrobial resistance™ "antibiotic
resistance mechanisms" "antimicrobial stewardship™ and "drug-resistant infections". The research utilized
Scopus Web of Science and PubMed databases to search for specific terms relating to antimicrobial
stewardship alongside antibiotic resistance mechanisms and antimicrobial resistance and drug-resistant
infections. This research will include a review of gray literature where reports and policy documents from
organizations like World Health Organization, Centers for Disease Control and Prevention, along with
European Centre for Disease Prevention and Control aim to present an extensive view of antimicrobial
resistance trends.

Inclusion and Exclusion Criteria:

The research of antimicrobial resistance examined work published in peer-reviewed journals in the time
period of 2015 to 2019 (Bulteel et al., 2020). The research included studies which provided original
findings concerning antimicrobial resistance rates together with antibiotic consumption patterns plus
antimicrobial stewardship intervention results. Research focusing on individual infections like respiratory
or urinary tract infections was removed during the analysis. The exclusion criteria applied to studies
published in any language other than English together with researches lacking details of their study
protocols (Nieto Ramirez et al., 2020).

Epidemiological Surveillance:
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Figure 2: Global Prevalence of Antimicrobial Resistance (AMR)
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Bacterial resistance surveillance practices serve as an effective tool to study antimicrobial sensitivity
patterns which helps create regional containment methods while improving antibiotic usage (Martinez et
al., 2014). A surveillance program functions to create a data system for measuring resistant infection
occurrences and patterns which monitors resistant strain movements along with evaluating the outcomes
of measures that reduce resistance.

Antimicrobial Resistance: Trends and Patterns

Antimicrobial resistance continues to evolve as a worldwide health emergency requiring complete
knowledge about its evolution and how organisms develop resistance. IUO refers to microorganisms
retaining their ability to survive against antimicrobial drugs even if these drugs worked in the past
(Dadgostar, 2019). The analysis will use both descriptive statistics to present antibacterial resistance rates
alongside antibiotic consumption patterns and regression analysis to determine antimicrobial resistance
influencing variables. The surveillance programs which track antimicrobial resistance prevalence patterns
enable comprehensive understanding for this complex issue (Bulteel et al., 2020). Public health policies
receive guidance from these data which also assist in the development of interventions against resistance
(P11S1473309916301906.Pdf, n.d.). The development of drug resistance in bacteria depends on various
elements which comprise both patient demographics and previous treatment reactions as well as
rifampicin resistance capability (P11S1473309916301906.Pdf, n.d.). Whole understanding of transmission
patterns requires distinguishing between first-time infections versus infections previously treated with
antibiotics according to CHIANG et al. (2010).

Antibiotic Consumption vs. Resistance Rates Over Time
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Graph 1: Antibiotic Consumption vs. Resistance Rates Over Time
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Figure 3: Trends in Antibiotic Resistance Over the Last Decade

New cases presenting antimuscular resistance signal transmission routes whereas resistance reported in
treated patients could icome from treatment-resistant organism changes or reinfection with the drug-
resistant agent or unobserved resistance mechanisms (CHIANG et al., 2010). During the 2002 to 2007
period CHIANG et al. (2010) retrieved full data about extensively drug-resistant tuberculosis from only 37
countries/territories. The development of operational surveillance systems stands essential for
antimicrobial resistance management since these systems maintain continuous production of trustworthy
exact data about resistance patterns. Laboratory protocols must be standardized and data management
systems need to operate efficiently to obtain the success of surveillance which is based on accurate
susceptibility data reporting systems (Saeed et al., 2017). The accessibility of local and institutional data
proves essential for clinical patient care even though national and worldwide data shows drug resistance
levels (Halstead et al., 2004).

Table 2: Regional Distribution of Key Drug-Resistant Pathogens

Pathogen Region 1 (North | Region 2 | Region 3 (Asia) | Region 4

America) (Europe) (Africa)

Staphylococcus 35% resistance  to | 30% resistance 40% resistance 50% resistance

aureus methicillin

Klebsiella 28%  resistance  to | 35% resistance 45% resistance 60% resistance

pneumoniae carbapenems

Pseudomonas 40%  resistance  to | 38% resistance 50% resistance 55% resistance

aeruginosa aminoglycosides

Escherichia coli 20%  resistance  to | 18% resistance 25% resistance 40% resistance
fluoroguinolones

Enterococcus 15% vancomycin | 12% vancomycin | 18% vancomycin | 25% vancomycin

faecalis resistance resistance resistance resistance

Twenty years back scientists easily recognized bacterial antimicrobial resistance through laboratory tests

by checking higher drug concentrations than those needed for regular bacteria (Tenover, 2001). The

development of resistance needs stable quality procedures for verifying antimicrobial susceptibility testing
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data (Var et al., 2015). The administration of suitable initial antimicrobial medications leads to decreased
patient mortality rates particularly for bloodstream infection cases (Shortridge et al., 2018). Drug
surveillance systems that perform routine drug sensitivity tests on *Mycobacterium tuberculosis* isolates
now operate across an expanding network of countries to check at least rifampicin resistance while
covering at least 80% of pulmonary tuberculosis bacteriologically confirmed patients (Dean et al., 2022).
Surveys sometimes limit their assessment to public healthcare institutions which neglects private sector
patients or concentrate on specific regions rather than covering all national territory leading to possible
biased results (Gandhi et al., 2010).

Drug Resistance Detection Methods

The nature of drug resistance in *M. tuberculosis* demonstrates both heterogeneity and consists of
different levels including low-, moderate- and high-level drug resistance (Bottger, 2011). The
conventional critical concentration detection methods used in clinical laboratories as standard procedure
lack effectiveness for detecting the different levels of drug-resistant strains (Bottger, 2011). Laboratory
diagnosis serves as the main method to detect drug resistance because conventional drug-susceptibility
testing enables *M.tb* growth within specific anti-tuberculosis drugs (Calligaro et al., 2014). Drug
susceptibility testing serves as an important phenotypic method to verify resistance while testing new
medicines (Parsa et al., 2020).

Table 3: Comparison of Conventional vs. Molecular Methods for Detecting AMR

Method Time to Cost Efficiency Description
Result
Conventional Methods Several days Low to Moderate  Culture-based methods (e.g., disk
(3-7) moderate diffusion, broth dilution)
Molecular Methods (e.g., Several Moderate to High Detects  resistance  mutations
PCR) hours (1-6)  high directly from clinical samples
Sequencing (Whole 1-2 days High Very high  High sensitivity and specificity;
Genome or Targeted) detects multiple resistances
Automated Systems (e.g., Few hours High High Provides fast identification and
VITEK) resistance profiling

Detecting Mycobacterium tuberculosis through traditional methods takes an extended period and costs a
lot yet results in improper treatment planning that worsens patient distress (Xiong et al., 2024). Molecular
methods detect resistance-conferring mutations quickly with accuracy and they function successfully
according to Nguyen et al. (2019). Direct specimen testing enables these methods to detect resistance
mutations swiftly since they perform better than conventional culture-based diagnostic procedures (Seifert
et al., 2015). The patterns of Isoniazid resistance mutations change between different regions which
requires consistent monitoring of diagnostic techniques for optimal performance (Seifert et al., 2015).

Identifying drug resistance early becomes essential because such methods cut down treatment initiation
times thereby achieving better clinical outcomes while minimizing the spread of resistant strains across
the population (Mugenyi et al., 2024). Scientific studies determine major drug resistance mutations by
applying molecular genomic DNA sequencing analysis (Dom nguez et al., 2016). DNA sequencing works
together with numerous detection methods which include solid-phase hybridization and microarrays
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combined with real-time PCR and microscopic drug susceptibility assay and slide DST and phage-based
assays as well as colorimetric and nitrate reductase analytical techniques to identify anti-TB drug
resistance. (CHIANG et al., 2010). The GenoType Mycobacterium TB drug resistance second-line assay
enables the detection of XDR *M. tuberculosis* strains within a time span of one to two days according to
CHIANG et al. (2010).

The MTBDRsI test functions as a molecular screening instrument which detects every major resistant
mutation occurring against fluoroquinolones, aminoglycosides/cyclic peptides and ethambutol (Brossier et
al., 2010). The medical field still needs rapid molecular diagnostic solutions for linezolid and bedaquiline
and clofazimine treatments alongside nitroimidazoles and pyrazinamide (Georghiou et al., 2023). The
identification of rifampicin and isoniazid resistance in *rpoB* and *katG* genes depends on scientific
researchers who perform PCR technology combined with DNA strip assays for reverse hybridization-
based examinations (Brossier et al., 2010). Analyzing pyrazinamide resistance requires whole gene
sequence assessment and studying the promoter area while distinguishing drug resistance mutations from
background sequence variation according to Georghiou et al. (2023). Regular culture techniques miss drug
resistance mutations that molecular tests uncover to produce resistant drug properties (Seung et al., 2015).

The World Health Organization accepts several evaluation methods to identify tuberculosis drug
responsiveness instead of molecular DST testing. Molecular DST enables scientists to accurately identify
second-line resistance to medications according to scientific evidence (Dom'inguez et al., 2016). The
WHO approves the combination of Xpert MTB/RIF assay with LPAs as commercial testing methods for
drug resistance detection (Dom nguez et al., 2016). Medical facilities can use Xpert MTB/RIF tests to
detect both tuberculosis infections and immediate rifampicin resistance mutations as confirmed by WHO
(Diallo et al., 2022).

The diagnosis of anti-tuberculosis drug resistance happens through phenotypic drug susceptibility testing
(pDST) yet molecular tests enable fast detection of drug-resistant tuberculosis (Shamsher, 2012). Drug
susceptibility tests following programmatic guidelines demand resistance evaluation of combinations
between isoniazid and rifampin in step 1 followed by testing of ethambutol and streptomycin and
pyrazinamide in step 2 and amikacin and kanamycin and capreomycin and ofloxacin in step 3 (CHIANG
et al., 2010). The Xpert MTB/RIF assay provides medical staff with rapid detection of *rpoB* gene
mutations indicative of rifampin resistance (Tabriz et al., 2020). PCR-SSCP and PCR-RFLP molecular
examinations revealed antibiotic-resistant strains because most AMK and CIP-resistant isolates did not
possess suggested candidate gene mutations (Tahmasebi et al., 2012). Scientific studies have demonstrated
that pncA gene sequence analysis provides useful information for identifying MDR-TB resistance to
pyrazinamide medications but examining other gene mutations could maximize their diagnostic potential
(Heym et al., 1996).

Future Directions in Combating Antimicrobial Resistance

Innovations in pharmaceutical medicine and therapeutic management need urgent development because
antimicrobial resistance grows as a significant healthcare threat. Scientists need to create new resistance
mechanism understanding approaches along with diagnostic methods and drug targets to manage this
spreading health risk. To prevent antimicrobial resistance from escalating medical science requires both
increasing numbers of new medications and therapeutic and prophylactic options (Heym et al., 1996).
Scientists develop antimicrobial resistance fighting drugs because researchers see this approach as an
effective strategy to combat antimicrobial resistance. Research should maintain its focus on both
resistance mechanisms and new drug targets to develop diagnostic tools for handling this escalating threat
according to Silva and Palomino (2011). Phage therapy serves as one solution to fight resistant infections
when combined with antimicrobial peptides and CRISPR-Cas systems (Hameed et al., 2018; CHIANG et
al., 2010).
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Impact of Antibiotic Stewardship Programs on Resistance Rates
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Graph 2: Impact of Antibiotic Stewardship Programs on Resistance Rates

Alternative therapeutic research by scientists includes combining phage therapy with immunotherapy to
approach resistant infections (Desjardins et al., 2016). Scientists use their knowledge of drug resistance
molecular and genetic elements to develop strategies that combat drug resistance (Wong et al., 2011).
Scientists combat DR-TB through combination solutions which include researching better
pharmaceuticals and therapies because these methods decrease the necessity for drug-susceptibility tests
according to Singh and Chibale (2021). Scientists must conduct research on resistant evolution and
effective multidrug-resistant and extensively drug-resistant TB treatments to solve this issue according to
Gillespie and Singh (2011). The development of new therapy approaches and medicinal products stands as
an essential requirement because of resistant infectious pathogens (Nguyen, 2016). The current drug-
resistant TB emergency needs new medications to reach the market urgently (Nguyen 2016). Both
resistance-targeting investigations and the development of new anti-TB drug classes have progressed
alongside each other according to Nguyen (2016).

Developing different treatment approaches involves two main strategies: modification of *M.
tuberculosis* virulence while adjusting immune response patterns in MTB patients (Gries et al., 2020).
Drug discovery methods increased in use during recent years along with high-throughput screening
becoming the main research focus (Zuniga et al., 2015). Organizations need to develop new medications
in combination with therapeutic approaches together with preventive management strategies for treating
drug-resistant TB (Kendall et al. 2019). Scientists need to find new treatment targets along with
developing novel diagnostic techniques to meet the escalating TB menace (Bule et al., 2017). The
achievement of a 2050 goal for TB elimination is possible according to modeling analyses (Merchant et
al.,, 2022) through integrating advanced tools for active infection detection and dormant infection
treatment with available vaccines and drugs.

Any pharmaceutical substance is vulnerable to change which means resistance development will
eventually take place. The fundamental basis for extending medication effectiveness in treating
tuberculosis stems from system-level analyses and resistance mechanism comprehension (Nguyen, 2016).
Modern tuberculosis treatments demand parallel usage of different therapeutic options during new
medicine research (Singh & Chibale, 2021). Phage therapy combined with immunotherapy along with
medicine repurposing make up the current treatment strategies against tuberculosis. The development
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process of drug resistance and the procedures for treating multi-drug resistant and extensively drug-
resistant TB should be well-understood by scientists (Singh & Chibale, 2021). A significant challenge
exists in TB research because scientists lack understanding about how MTB disables both therapeutic
drugs and immune responses (Bhunu et al., 2017).

Results

Drug development and target-based screening and alternative pathway induction serve as methods for
fighting multi-drug resistant tuberculosis alongside one another (Singh & Chibale, 2021). Current
pharmaceutical products serve as investigatory bases that scientists use to combat drug resistance based on
Singh and Chibale (2021). Anti-TB drug research aims at essential Mtb proteins GuaB2 and WecA and
Wag31 since these proteins regulate both inosine monophosphate dehydrogenase and arabinogalactan
transferase activity and cell division (Nguyen, 2016). New pharmaceutical products possessing drug
resistance-strengthening properties constitute the essential approach to manage antimicrobial resistance.

Per Hameed et al. (2018), tuberculosis leads to worldwide fatalities that exceed those recorded from HIV
infections. After announcing tuberculosis as a global health emergency in 1993 because of HIV/TB co-
infection the WHO prescribes treatment with a six-month drug combination of isoniazid and rifampicin
combined with pyrazinamide and ethambutol for drug-susceptible TB. Modern technological
advancements did not affect the central position of infectious diseases in health challenges faced by the
contemporary world. Tuberculosis takes a place in the World Health Organization's list of top ten
international death causes while the organization recognizes it as the leading fatal infectious agent
(Dahanayake & Jayasundera, 2020). The global death toll from tuberculosis reached 1.5 million
individuals whereas HIV contributed to 214 000 deaths in the year 2020. Worldwide tuberculosis remains
among several fatal infectious diseases which take lives from people across all continents. Drug resistance
evolution stands as a fundamental cause of mortality that affects human populations. People continue to
perish due to the ongoing development of resistant medical conditions (Nadgir & Biswas, 2023). MDR-
TB infections are responsible for extensive mortality rates because they necessitate intricate medication
protocols (lacobino et al., 2020).

The growing worldwide tuberculosis health emergency becomes worse because bacterial populations
continue to develop drug-resistant traits. The irrational patterns of development related to
*Mycobacterium tuberculosis* (*M. tuberculosis*) infection create dangerous tuberculosis outbreaks in
regions which hold the pathogen within one-third of their population (Baptista et al., 2021). MDR-TB
strains make TB treatment difficult because they lower drug response and extend treatment duration while
resulting in negative patient recovery (Cohen et al., 2014). The progressive emergence of Mycobacterium
tuberculosis strains which resist multiple and extended drug subsets creates a grave treatment barrier for
tuberculosis that results in higher mortality statistics (Mabhula & Singh, 2019). Drugs and novel therapies
are necessary for medical research because drug resistance continues without proper control (Black et al.,
2014).

Each year the widespread tuberculosis disease acts as a global health concern because it impacts more
than 10 million people across the world. The global community believed there were 630,000 MDR
tuberculosis cases. Medical practitioners confront mounting dangers because of primary resistance
transmission of health care-acquired agents (P11S1473309913700306.Pdf, n.d.). Molla et al. (2022) rank
tuberculosis among the serious infectious disease-related disorders which kill patients worldwide. Drug
resistance evolution represents the primary factor responsible for mortality statistics according to
Mekonen et al. (2018) and PI1S1473309913700306.Pdf (n.d.). There exists a significant hurdle for
medical practitioners to handle drug-resistant TB because few medications remain available for treatment.

The development of improved medical research and advanced tools for diagnosis and disease senator
development and vaccine delivery for active and latent disease patients makes the 2050 target achievable.
According to Song et al., 2021, antibiotic resistance causes the United States to lose more than 35,000
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people annually among the 2.8 million population who experience antibiotic resistance. The global health
emergency of antimicrobial resistance exists because the resistance affects human health together with
animal health and the health of natural ecosystems worldwide. Scientists have declared antimicrobial
resistance to represent the biggest challenge to public health in this modern century (Espinal, 2003). The
drug resistance phenomenon presents a severe complication because it blocks all efforts to fight diseases
worldwide. Researchers need to understand completely all areas related to antimicrobial resistance
transmission and its causal elements to create successful treatments.

Professional health workers track the escalating healthcare issue concerning MTB resistant strains that
affect both developed and developing countries worldwide (Mathuria et al., 2013). Results from 2012
Who research indicate that multidrug-resistant tuberculosis strains globally exceeded 5.7% (Falzon et al.,
2014). Medical studies indicate MDR-TB strains of the *Mycobacterium tuberculosis* bacteria show
resistance to both isoniazid and rifampicin while these drugs form the key therapeutic component of
standard anti-tuberculosis medication protocols according to Silva et al., 2011). Extremely drug-resistant
tuberculosis belongs to the World Health Organization classification because it shows resistance to both
capreomycin and fluoroquinolones and at least one of two injectable drugs like kanamycin or amikacin.
Patients with MDR-TB need long-term exposure to second-line antibacterial drugs that yield worse results
than first-line medications and produce severe adverse reactions (Seung et al., 2015).

Medical authorities have recently started working on developing antimicrobial drugs following the
worldwide rise of antibiotic resistance according to Mancuso et al. (2023). The growth of resistant bacteria
known as superbugs creates severe public health dangers since researchers have not developed new
antibiotics because antibiotic resistance continues to rise. Bacterial viruses and fungi and parasitic changes
to medicines produce antibiotic resistance which leads to difficult infections and fatal diseases from severe
states and spreads infectious diseases. Endemic allergies lead to severe damages to patients who
experience elevated death rates and need extended durations of hospitalization that results in increased
healthcare expenses (Nifio-Vega et al., 2025). People adopt inappropriate practices when using antibiotics
to treat both viral infections in the upper respiratory tract and when they use antibiotics for animal growth
promotion thus accelerating natural antimicrobial resistance patterns (Posada-Perlaza et al., 2019). The
global health security system faces serious threats because bacteria transfer their resistant genes which
results in the development of multidrug-resistant microorganisms according to Hetta et al. (2023). These
microbes continue to resist all newly discovered antibiotics as microbiologists conduct constant antibiotic
research (Monika et al., 2020). The global health emergency status of drug resistance emerges because it
blocks effective infection protection approaches and disease treatment solutions for bacterial, fungal and
parasitic sources (Parmanik et al., 2022).

Antimicrobials are responsible for resistance development because of their improper and excessive human
medicine applications combined with their animal medicine and agricultural uses (Parmanik et al., 2022).
Human healthcare practices an incorrect use of antimicrobials through treating viral infections with
antimicrobials along with using broad-spectrum drugs rather than specific narrow-spectrum medications
(Tanwar et al., 2014). Antibiotics utilized in mass animal care create antibiotic-resistant microorganisms
that humans encounter through food sources and direct contact. Antimicrobial selection pressure allows
microorganisms to activate resistance genes that they can further transfer to other bacterial strains
(McEwen & Collignon, 2018). Antimicrobial-resistant bacteria spread through the joint actions of
international travel, trade and migration. Different factors that researchers have identified allow
antimicrobial resistance to disseminate at high speed worldwide (Baho et al., 2018).

Efforts of different biochemical processes combined with genetic systems enable antimicrobial agents to
develop complex resistance properties (Russo et al., 2022). The development of bacterial antibiotic
resistance includes three primary mechanisms that include antibiotic breakdown by enzymes and
modifications of target sites while drugs face reduced absorption and alternative metabolic pathways
(Urban-Chmiel et al., 2022). Bacterial antibiotics show resistance through natural properties or acquire
new resistant characteristics (Nguyen, 2016). Bacteria demonstrate two resistance mechanisms to
treatment by using their natural intrinsic resistance and acquired resistance which develops through
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genetic changes and horizontal gene transfer mechanisms (Nguyen, 2016). Research indicates bacteria
spread antimicrobial resistance via horizontal gene transfer mechanisms that work either through
conjugation transduction and transformation (McCallum et al., 2009). Antimicrobial resistance spreads
among environmental features and animal populations due to human activities which makes it a
challenging multifaceted issue. The implementation of antibiotic resistance marker genes in genetically
modified crops leads to antibiotic resistance emergence according to Capita & Alonso-Calleja (2012).
Pollock & Meemelancas (2020) explain that antibiotic usage within human healthcare as well as within
animal farming and agricultural settings has increased medical issues according to Verraes et al. (2013).
Microorganism evolution naturally produces bacterial resistance yet accelerated development occurs
because humans and animals misuse antibacterial medications (Wang et al., 2017).

Bacteria create enzymes that weaken antibiotic elements into inactive forms as described by Bandara
(2017). Drugs fail to work because antibiotic target sites change during drug binding prevention (Dermott
et al., 2003). The bacterial cell membrane becomes permeable at a different rate during this process thus
preventing antibiotics from reaching their intracellular targets. The mechanism of bacterial efflux pumps
transports antibiotics outside of cells to decrease antibiotic drug levels in bacterial cells (Nguyen, 2016).
The ability of bacteria to develop new metabolic pathways grants them resistance against antibiotics
because they can survive antibiotic exposure (Duijkeren et al., 2018; Kapoor et al., 2017). The so-called
efflux pumps, acting as transmembrane proteins, expel antibiotics from the cell. For this reason, the
antibiotic properties are reduced. (Sharma et al., 2019). Different antibiotic export mechanisms become
achievable because transport systems demonstrate broad substrate reach which leads to multidrug
resistance (Costa et al., 2013). The bacterial cell of *E. coli* has AcrB as its broad-spectrum transporter
(Nguyen, 2016). The drug resistance specialization requires regulatory proteins which control the
expression patterns of transporters (Nguyen, 2016).

Discussion
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Graph 4: Cost of Treatment for Drug-Resistant vs. Drug-Sensitive Infections

Figure 4: Global Spread of Antimicrobial Resistance

Antimicrobial resistance exists as a complex multidimensional challenge that creates substantial health
risks for human beings as well as animals and the natural environment. These converging elements result
in fast antimicrobial resistance spread throughout the world (Mohammed et al., 2024). The solution to this
challenge needs multiple stakeholders to work together including healthcare staff with policymakers and
researchers and members of the general public according to Tenover (2006).

Conclusion

Protection against microbial resistance poses an increasing public health danger worldwide because
people use antibiotics excessively and incorrectly across human medicine and veterinary care and
agricultural settings.

Animal antibiotic use for production purposes worsens antimicrobial resistance through simultaneous
drug and bacteria exposure of both humans and animals that happens when animals consume the products
or release them into surrounding areas (Rossi et al., 2020). Public health faces a substantial danger from
the quick rise of antibiotic resistance while new approaches to fight this problem become important
immediately. The implementation of effective stewardship programs needs to occur at every healthcare
level to achieve appropriate antimicrobial use. Healthcare providers should present diagnostic tools to help
treatment plan selection while pursuing narrow-spectrum drugs and improving treatment schedules.
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