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Abstract 

 Antibiotics are arguably one of the most influential breakthroughs of the 20th century, 

making routine surgery possible and virtually eliminating infectious diseases. However, the 

overuse and misuse of antibiotics have substantially eroded their effectiveness in treating bacterial 

disease, primarily due to the rise of antimicrobial resistance (AMR). Subtherapeutic levels of 

antibiotics contribute to the development of AMR by placing stress on bacteria. Such conditions 

encourage bacteria to mutate and select for antibiotic resistance. Resistant bacteria can then spread 

their antibiotic resistance genes to other species of bacteria through horizontal gene transfer 

(HGT), making it challenging to eradicate AMR once it has emerged. As of 2021, the antibiotic 

discovery pipeline has experienced a 40-year drought during which only two new classes of 

antibiotics have come to market. AMR has grown significantly worse and become more 

widespread during this period, and scientists have now identified resistance to nearly every 

antibiotic in the arsenal of modern medicine. Repeat exposure to various antimicrobials has also 

generated multidrug-resistant bacteria (MDR), and worse, extensively drug-resistant (XDR) 

bacteria. Organizations such as the CDC and the WHO have accordingly deemed AMR a global 

public health crisis. Worldwide, more than 700,000 people die each year from antibiotic-resistant 

infections. Yet, estimates predict that bacterial disease will be the leading cause of death globally 

by 2050, accounting for 10 million deaths annually. However, humanity has chosen to fight back. 

A substantial number of scientists are actively working toward finding solutions to the AMR crisis. 

I have compiled a comprehensive review of the early history of antibiotics, the current 

antimicrobial resistance crisis, and various future outlooks that humanity is exploring to try and 

avert calamity. 
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Process Analysis Statement 

 My goal for this thesis was to inform a larger audience about the current state of antibiotic 

resistance without overcomplicating the information, as typical research articles tend to do. The 

diminishing effectiveness of some of our most valuables medicines is not talked about enough, in 

my opinion. I believe the reasoning behind this to be that one typically doesn’t encounter antibiotic 

resistance often in day-to-day life. Because antibiotic resistance exists at the microscopic level, it 

is relatively easy to forget how very real and serious of a problem it is. As an aspiring 

microbiologist with interests in biotechnology, this thesis revitalized the passion I have not only 

for this topic but science in general. As I got further along with my writing, I was repeatedly 

reminded of why this is such an important topic and why it needs to be talked about more. As my 

abstract states, this is an issue that will increasingly impact the lives of millions worldwide until a 

resolution is found. This thesis isn’t about the Honors College, nor is it about a grade. I want this 

thesis to convey a larger message: we must act now if humanity wishes to avoid the deaths of 

millions! Scientists and researchers are hard at work trying to change the fate of humanity, but if 

I could reach one researcher or nurse with my manuscript, I know that I will have made a 

difference. So, to carry out this thesis, I first had to conduct an extensive and rigorous literature 

review. I spent weeks researching many different topics such as the history of antibiotics, antibiotic 

discovery, medically important classes of antibiotics, antibiotic resistance development, the 

overuse of antibiotics in clinical and agricultural settings, multidrug-resistant pathogens, resistant 

pathogens of concern, antibiotics in clinical development, and alternatives to antibiotics. I spent 

months sifting through article upon article to figure out what content I wished to include in the 

manuscript. I even created all the figures in this thesis myself (although I loosely based them off 

other figures I liked)! Having finished the thesis, I now realize that so much information exists on 

the topic of antimicrobial resistance that my comprehensive review does not seem as 

comprehensive as I had hoped it would. So many factors contribute to the development of 

antibiotic resistance, especially once you consider and begin to discuss the molecular biology of 

resistance in bacteria. The main takeaways from this manuscript should be that the clinical and 

agricultural overuse of antibiotics are the primary drivers of antibiotic resistance. You have the 

moral responsibility to use antibiotics correctly and safely. Finally, don’t ignore the issue of 

antimicrobial, spread awareness of it! The more awareness that we can bring to the issue, the more 

informed and better off humanity shall be.
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Introduction 

First introduced into widespread clinical use throughout the 1940s and 50s, the discovery 

of antibiotics is arguably one of the most influential medical breakthroughs of the 20th century. 

Hailed as “miracle drugs,” they arrived just as the medical community had begun to gain better 

control over infectious disease via changes within hospitals, communities, and modern medicine 

in general. In clinics and hospitals, a greater emphasis on hygienic practices, such as handwashing 

and disinfectant use, was helping to reduce the risk of disease transmission [1]. In communities, 

improved diets and nutrition made people better able to resist infections [1]. Clean water supplies 

helped reduce the transmission of some water-borne pathogens, such as cholera, spread by the 

bacterium Vibrio cholerae. The increased administration of vaccines also imparted protection 

against various formidable diseases [1]. Despite this, bacterial infections—such as pneumonia, 

tuberculosis, and syphilis—continued to take heavy tolls on populations and infectious disease 

remained a leading cause of death up to the mid-1900s [1]. 

 In the pre-antibiotic era, infections were a major complication of surgery, termed 

postsurgical infections. Antibiotics resolved these complications and made routine surgery 

possible by eliminating residual bacteria that evaded the standard hygienic practices [1]. However, 

the early euphoria over the success of antibiotics caused scientists and policymakers alike to 

conclude that bacterial infections were no longer a threat to humanity [1]. Believing that humans 

had triumphed over bacteria, scientists looked toward solving more complex medical problems, 

such as cancer, heart disease, and viral infections. An influx of new antibiotics on the market 

further reinforced this confidence that bacterial diseases were under control [1]. However, as 

antibiotics became harder to discover and more expensive to develop, many pharmaceutical 

companies cut their losses and dismantled their antibiotic discovery programs [1]. Even worse, the 

antibiotic discovery pipeline had effectively run dry by the start of the 1970s. Scientists cautioned 

that much higher volumes of bacteria were rapidly developing antibiotic resistance, but most 

people chose to ignore their warnings [1]. Unnoticed by the masses, the protection that antibiotics 

offered had already begun to weaken. 

Widespread antibiotic overuse has characterized clinical and agricultural settings roughly 

since WWII. Even in recent years, about 50% of the antibiotic use in the United States has been 

estimated to be inappropriate, either unnecessarily prescribed for viral infections or at wrong doses 

or durations [2]. Additionally, the use of antibiotics to enhance the growth of livestock in feedlots 



3 
 

remains one of the largest sources contributing to the development of antimicrobial resistance 

(AMR) [2]. This consistent and rigorous overuse has consequently promoted bacteria to evolve 

and acquire antibiotic resistance through natural selection. The problem has progressed to the point 

that scientists have now identified resistance to nearly every antibiotic that modern medicine 

offers, including last-resort drugs such as colistin. The appearance of multidrug-resistant 

pathogens, such as methicillin-resistant Staphylococcus aureus (MRSA), have made treatment-

based approaches increasingly less effective, as resistant bacteria make it difficult for physicians 

to select an appropriate antibiotic therapy [1]. The Centers for Disease Control and Prevention 

(CDC) and the World Health Organization (WHO) have become leading resources on antibiotic 

resistance, diligent in informing the public about all aspects of AMR. The CDC has implemented 

various surveillance programs that “monitor the appearance of new diseases, the incidence of 

existing diseases, and the [prevalence] of antibiotic-resistant bacteria [1].” 

The problem of AMR has become a matter of global public health concern. Humanity 

currently sits at the precipice of entering a post-antibiotic era of medicine, and the future looks 

bleak if we do not win the battle against bacterial resistance. However, hope remains as scientists 

develop new ways of fighting back against the invisible epidemic. New drug candidates are 

currently making their way through the antibiotic development pipeline, with Pfizer and 

GlaxoSmithKline (GSK) leading the way for pharmaceutical company research and development 

(R&D). Additionally, some scientists are searching for novel sources of natural product antibiotics, 

while others try to identify unique bacterial compounds that treatments could potentially target. 

Antimicrobial peptides are potential therapies that have shown sufficient promise in treating 

antibiotic-resistant bacterial infections. These molecules work by disrupting the membrane of 

bacterial cells, and compounds such as Polymixin B and E are generally only used as last-resort 

antibiotics. The final solution that shows real promise is phage therapy. Researchers in this area 

are attempting to manipulate bacteriophages to bind and induce cell lysis in antibiotic-resistant 

bacteria. 

A Brief History of Antibiotics 

 Some accounts on the true origins of antibiotics begin by describing prehistoric humanoids 

thawed from ice, medicinal recipes used by healers in ancient civilizations, or traditional wound 

remedies used in countries for thousands of years. For the sake of relevancy to modern medicine, 

we will begin with the discovery of penicillin, since it was essentially the first antibiotic to have 



4 
 

extensive impacts in the treatment of bacterial disease but also the first antibiotic to see widespread 

resistance develop. While working at St. Mary’s Hospital in London, Scottish physician and 

microbiologist Alexander Fleming accidentally discovered one of the earliest known antibiotics. 

In 1928 upon returning from vacation to his lab, Fleming found that he had mistakenly left a culture 

plate containing Staphylococci bacteria uncovered during his absence. To his surprise, the dish 

had grown mold, and Fleming immediately noticed a clear area surrounding the blue-green spotted 

fungi that separated it from the growth of the bacterial colonies [3]. Fleming later identified the 

species of fungus as Penicillium notatum, and the culture filtrate responsible for killing the bacteria 

was accordingly named penicillin. The clear area that Fleming noticed would later be known as a 

‘zone of inhibition.’ A decade later, Norman Heatly, Howard Florey, and Ernst Chain, along with 

several colleagues from Oxford, were successful in purifying penicillin. Their work proved 

instrumental in developing penicillin as a vital drug and enabled its mass production as a medicine 

during World War II [4]. Alongside this mass production, a considerable amount of debate had 

erupted between several notable researchers regarding the chemical structure of penicillin. British 

chemist Dorothy Hodgkin solved this mystery in 1945 by ingeniously using X-ray crystallography 

to reveal the beta-lactam ring within penicillin [4]. 

 Excitement over the discovery of penicillin led biochemist and microbiologist Selman 

Waksman to venture into the realm of drug discovery. Nicknamed the “Father of Antibiotics,” 

Waksman was the individual that initially coined the term ‘antibiotic,’ defining it as a compound 

or chemical made by a microbe to destroy other microbes [4]. Antibiotics obtained from bacteria 

or fungi are also known as natural products (NPs) to distinguish them from compounds that arise 

solely by chemical synthesis [5]. Possessing a strong background in soil microbiology, Waksman 

began a systematic study of microbes searching for novel producers of antimicrobial compounds 

in the late 1930s. Waksman screened soil-derived bacteria for antimicrobial activity based on their 

ability to create zones of inhibition when overlaid on Petri dishes containing a test pathogen [6]. 

If the growth of the pathogen is inhibited, then the bacterium has exhibited antimicrobial 

properties; this was the foundation of Waksman’s research platform, and his agar overlay process 

enabled him to screen well over 10,000 strains of different soil microbes [7]. Waksman’s research 

was pivotal in identifying an order of filamentous soil-dwelling bacteria, Actinomycetales 

(“actinomycetes”), as being prolific producers of NPs [4]. His team eventually discovered several 
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new antimicrobials, including actinomycin, streptothricin, and neomycin [7]. However, these 

discoveries paled in comparison to the discovery of streptomycin. 

In 1943, fortune struck Waksman’s research laboratory at Rutgers University when his 

research assistant, Albert Schatz, isolated a microbe capable of inhibiting the growth of 

Mycobacterium tuberculosis, the causative agent of tuberculosis (TB) [8]. The strain of bacteria 

was Streptomyces griseus, and the compound it secreted was accordingly named streptomycin. 

The discovery of streptomycin was significant because it was the first compound identified to be 

capable of fighting against TB. TB was still quite a common illness in the early 1900s, despite an 

80% decrease in its mortality rate from 1900 to 1945 [9]. Alongside the Bacille Calmette-Guérin 

(BCG) vaccine created in 1921, streptomycin helped to curtail the severity of TB for the remainder 

of the 20th century. Selman Waksman eventually earned the Nobel Prize in 1952 for streptomycin, 

despite his assistant Schatz having conducted most of the research leading to its discovery. Another 

reason for the importance of streptomycin’s discovery is because the non-toxic aminoglycoside 

could effectively treat infections from pathogens that had developed resistance to penicillin [6]. 

Only a few antibiotics were available for treating infectious diseases in the early 1940s, let alone 

penicillin-resistant infections. Thus, streptomycin was a vital addition to the antibiotic arsenal of 

medical professionals of the time. Further research on Streptomyces bacteria (“streptomycetes”) 

revealed to Waksman that members of the genus happen to be prolific producers of NPs, many of 

which are active against bacteria, fungi, and viruses [4]. 

The Golden Age of Antibiotic Discovery Waksman’s work ultimately ushered in what 

came to be known as the “Golden Age” of antibiotic discovery. The Golden Age was characterized 

by a widespread focus on antimicrobial R&D, lasting from 1940 to 1970. Most of the main classes 

of antibiotics emerged during this period (Figure 1), many of which can still be found in clinical 

use today (Table 1). The success Waksman had in his antimicrobial research endeavors did not go 

unnoticed. The pharmaceutical industry quickly adopted the Waksman platform, and major 

companies, such as Merck, Abbott, Eli Lilly, and Pfizer, set up antimicrobial R&D programs of 

their own [10]. Many pharmaceutical companies launched large-scale screening campaigns to 

search for novel antibiotics, only to find varying degrees of success. Campaigns that utilized 

actinomycete and streptomycete fermentations were consistently the most fruitful and often 

resulted in the production and discovery of entirely new classes of antibiotics. These platforms 
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were so successful that roughly 56% of all antibiotics discovered between 1945 and 1978 were 

isolated from the genus Streptomyces alone [11]. Equally important, actinomycetes produce 

around 72% of all known antibiotics [12], and nearly 90% of the antibiotics in clinical use today 

originated from the actinomycetes [13]. 

Historically, antibiotics were discovered and developed by finding a ‘lead compound’ that 

exhibits antimicrobial activity when tested; the Waksman platform is a prime example. However, 

sometimes these initial compounds lack sufficient activity or possess undesirable properties, such 

as toxicity. The structure of the lead compound can then act as a scaffold and undergo modification, 

via chemical means, into a semisynthetic derivative that is more active, more stable, less toxic to 

hosts, or capable of bypassing bacterial resistance [5]. Antibiotics produced by this method are 

called semisynthetic antibiotics. The birth of antimicrobial semi-synthesis can be traced back to 

Dorothy Hodgkin’s discovery of the beta-lactam ring in 1945. Her breakthrough was significant 

because the knowledge of penicillin’s chemical structure enabled researchers to develop 

semisynthetic derivatives. This expanded penicillin from a single antibiotic to a range of 

semisynthetic derivative drugs, constituting the class of antibacterial drugs known as the beta-

lactams [7]. Penicillins, cephalosporins, and carbapenems are the most relevant subclasses under  

Figure 1.  A Timeline of Antibiotic Discovery 
Timeline showing the years that new classes of antibiotics were discovered over the past century. Each 
antibiotic class is colored according to whether it was manmade or, if found in nature, the source of the 
natural product (NP): blue = actinomycetes, red = other bacterial species, purple = fungi, and orange = 
synthetic. 
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Table 1.  Clinically Relevant Classes of Antibiotics 

Class Year of first 
clinical use Example(s) Molecular target 

Sulfonamides 1936 Sulfamethoxazole/ 
Trimethoprim 

Folate synthesis: Binds dihydropteroate 
synthetase and dihydrofolate reductase to 
inhibit tetrahydrofolate synthesis 

Penicillins 1943 Penicillin, 
Amoxicillin, 
Ampicillin, 
Methicillin 

Cell wall synthesis: Binds penicillin-
binding proteins to inhibit peptidoglycan 
synthesis 

Aminoglycosides 1946 Kanamycin A, 
Gentamicin, 
Streptomycin 

Protein synthesis: Binds 16S rRNA in 30S 
ribosomal subunit to inhibit translation 

Tetracyclines 1948 Tetracycline, 
Doxycycline 

Protein synthesis: Binds 16S rRNA in 30S 
ribosomal subunit to inhibit translation 
Cell wall: Disrupts cell membrane 

Amphenicols 1949 Chloramphenicol 
Thiamphenicol 

Protein synthesis: Binds 50S ribosomal 
subunit to inhibit translation 

Macrolides 1952 Erythromycin, 
Clarithromycin, 
Azithromycin 

Protein synthesis: Binds 23S rRNA in 50S 
ribosomal subunit to inhibit translation 

Glycopeptides 1958 Vancomycin, 
Teicoplanin 

Cell wall synthesis: Binds D-Ala-D-Ala 
termini to inhibit transglycosylation and 
transpeptidation steps of peptidoglycan 
synthesis 

Quinolones 1962 Ciprofloxacin, 
Moxifloxacin 

DNA synthesis: Binds DNA gyrase and 
topoisomerase IV to inhibit replication 

Lincosamides 1963 Clindamycin, 
Lincomycin 

Protein synthesis: Binds 23S rRNA in 50S 
ribosomal subunit to inhibit translation 

Cephalosporins 1964 Cephalexin, 
Cephalothin, 
Cefacetrile 

Cell wall synthesis: Binds penicillin-
binding proteins to inhibit peptidoglycan 
synthesis 

Streptogramins 1965 Pristinamycin, 
Virginiamycin 

Protein synthesis: Binds 23S rRNA in 50S 
ribosomal subunit to inhibit translation 

Carbapenems 1985 Meropenem, 
Doripenem 

Cell wall synthesis: Binds penicillin-
binding proteins to inhibit peptidoglycan 
synthesis 

Oxazolidinones 2000 Linezolid Protein synthesis: Binds 50S ribosomal 
subunit to inhibit translation 

Lipopeptides 2003 Daptomycin Cell wall: Depolarizes cell membrane 

  

the umbrella of beta-lactam antibiotics. The penicillins and cephalosporins have primarily 

benefitted from semi-synthesis, and the continued production of derivatives with improved 

properties has resulted in distinct ‘generations’ (Table 2). 
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Table 2.  Beta-lactam subclasses distinguished by generation with examples of marketed antibiotics. 

Subclasses Generation Examples 

Penicillins 

First Penicillin G, Penicillin V 

Second Cloxacillin, Dicloxacillin, Floxacillin, Methicillin, 
Nafcillin, Oxacillin 

Third Amoxicillin, Ampicillin 
Fourth Piperacillin, Ticarcillin 

Cephalosporins 

First Cefazolin, Cephalothin, Cephapirin, Cephadrine, 
Cefadroxil, Cephalexin 

Second Cefuroxime, Cefprozil, Cefmetazole, Cefotetan, 
Cefoxitin 

Third Cefotaxime, Ceftazidime, Cefdinir, Ceftriaxone, 
Cefpodoxime, Cefixime 

Fourth Cefepime 
Fifth Ceftaroline 

 

Around the same time, there was considerable success in developing synthetic 

antimicrobials. In 1949, a team of scientists at Parke-Davis successfully synthesized 

chloramphenicol without utilizing fermentation extracts, making it the first fully synthetic 

antibiotic [7]. Chloramphenicol also saw clinical use that same year, establishing it as the first 

synthetic antibiotic to reach the clinic. The scaffold of chloramphenicol originated from an NP that 

was first isolated from Streptomyces venezuelae in 1947 [7]. Unsurprisingly, the rationale behind 

semi-synthesis easily applies to fully synthetic antibiotics like chloramphenicol. “Replacing the 

nitro group with methanesulfonyl resulted in thiamphenicol in 1952,” which subsequently resolved 

the toxicity issues of chloramphenicol while promoting a better antimicrobial effect [7]. In 1950, 

American chemist John Sheehan succeeded in creating a fully synthetic version of penicillin, from 

which the first synthetic natural penicillin—penicillin V—was produced in 1957 (Table 2) [7]. 

The Collapse of the Golden Age Efforts to discover new antibiotics began to slow 

considerably during the early 1960s. Complications arose for the once-reliable Waksman platform 

as researchers dealt with the continual rediscovery of known compounds, leading many scientists 

to believe that all the ‘low-hanging fruit’ had been exhausted from actinomycete species. This 

notion explains the sharp decline in the discovery of NP families seen during the 1960s [11,14]. 

The economics of antibiotic development accompany this belief as another reason for the 

divestment in NP research. Antibiotic discovery is uniquely challenging, and the R&D of a novel 
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compound is both time-consuming and costly. A pharmaceutical company can spend $800 million 

or more to bring a new drug to market, and the process can take more than ten years [5]. The 

timeframe is lengthy so that scientists can ensure the safety of the antibiotic, as it must undergo 

characterization processes, pharmacokinetic and pharmacodynamic studies, and eventually human 

clinical trials. However, if complications, such as unfavorable side effects or insufficient efficacy, 

are identified at any point during this timeframe, then the company loses its investment [5]. Thus, 

there are huge risks associated with antibiotic R&D that companies may view as unpropitious. 

A surplus of antibiotics had entered the market by the late 1960s, and mass production 

helped these life-saving drugs become widely available. But as new antibiotics became harder to 

discover and more expensive to develop, pharmaceutical companies became less enthusiastic 

about them [5]. The industry faced the harsh reality that antibiotics were no longer the highly 

profitable products that they had once been [1]. Antibiotics are remarkable because they cure 

bacterial disease instead of just treating it, and therefore only need to be used for short periods. 

However, because of their short duration of use and curative nature, antibiotics are inherently not 

as profitable as drugs that treat chronic conditions, such as high cholesterol, heart disease, diabetes, 

or psychiatric disorders [15]. In fact, “the costs to develop a new antibiotic are no less expensive 

compared to the development of drugs for other therapeutic areas, but the commercial potential 

and return on investments for companies developing new antibiotics are significantly lower than 

drugs that treat chronic conditions [16].” As a result, the pharmaceutical industry no longer 

considered antibiotic development an economically wise investment [15]. This notion led one 

pharmaceutical company after another to quietly cut back or dismantle its antibiotic discovery 

programs over the next 20 years [1], and by 1970, the antibiotic discovery pipeline had almost run 

completely dry. 

The Rise of Antimicrobial Resistance 

Unfortunately, antibiotic resistance is not a new phenomenon but rather a persistent issue 

that has troubled humanity since the inception of antibiotic use in medicine. The first case of 

penicillin resistance, via beta-lactamase production, was reported as early as 1940 [17], only a few 

years after the antibiotic began to see widespread use in the medical field. Some scientists had 

already anticipated the challenge of antibiotic resistance, and the earliest recorded concern was 

expressed by Alexander Fleming, as reported by the New York Times in 1945 [16]. Fleming 

warned against the dangers of self-medication with antibiotics, explaining that patients could easily 
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abuse penicillin and simultaneously promote resistance in microbes if taken improperly. However, 

Fleming’s admonition largely fell on deaf ears, drowned out by the innovative research that defined 

the Golden Age. 

The rapid discovery of multiple classes of antibiotics during the Golden Age led to 

excessive use of the drugs, which inadvertently promoted the development of antibiotic resistance 

[4]. At that time, most outside the scientific community did not understand the concept that the 

overuse and improper use of antimicrobials contribute to the evolution of AMR. So, when 

scientists began to issue warnings that bacteria were rapidly becoming more resistant to antibiotics, 

many people disregarded their concerns [1]. The faltering antibiotic discovery pipeline has 

worsened the situation, as only a handful of antibiotic classes have been discovered from the 1970s 

onward; carbapenems (1976), oxazolidinones (1978), and monobactams (1981) being the most 

recent. Thus, the antibiotic field has now experienced a 40-year drought, with no new classes of 

antibiotics discovered since the early 1980s. Without novel antibiotics to keep resistance at bay, 

the number and prevalence of antibiotic-resistant strains of bacteria have risen substantially in the 

past 40 years, and the issue of AMR has now become a global health crisis. 

Causes of Antibiotic Resistance It should be noted, however, that the excessive use of 

antibiotics during the Golden Age is not the sole reason for the current situation that the world 

faces. AMR develops naturally over time through gradual genetic changes [19]. However, human 

influence has vastly escalated the rate at which AMR materializes, causing resistance to become 

much more prevalent. Many factors contribute to the emergence of antibiotic resistance, making 

the AMR crisis a multifaceted problem with no one singular solution. The primary cause for the 

evolution of resistance is the overuse of antibiotics. Antibiotics and antimicrobials have been 

grossly overused in clinical and agricultural settings since the mid-1900s. Doctors frequently 

overprescribe antibiotics to patients that do not require such treatment, and farmers routinely 

include sub-therapeutic levels of antibiotics in their animal feeds to promote growth and prevent 

disease in livestock. Awareness of the issue has increased significantly in recent years, with calls 

for antibiotic stewardship from the scientific community, medical professionals, policymakers, 

agriculturalists, and even everyday citizens. However, antibiotic stewardship campaigns are not 

enough to avoid the disastrous consequences of AMR as it becomes increasingly more prevalent 

in the microorganisms within our society. 
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Clinical Overuse of Antibiotics Many international and federal organizations, such as the 

WHO, CDC, and the Food and Drug Administration (FDA), have been diligent in informing the 

public about all aspects of AMR. Many of these entities have also issued statements that admonish 

the current overuse of antimicrobials, suggesting implementable measures to regulate these drugs 

and lessen improper use. Despite this discouragement, however, clinical practices continue to 

overprescribe antibiotics. This overuse, in part, stems from the “shortcomings in rapidly and 

accurately diagnosing infectious disease, the causative pathogen, and the susceptibility of that 

pathogen to specific antimicrobial therapies [20].” Multiple laboratory-based tests are required to 

identify a disease-causing pathogen with accuracy, and it often takes anywhere from days to weeks 

to receive back the results. Due to the inefficiency of this process, clinicians sometimes resort to 

prescribing antibiotics without determining the causative pathogen beforehand to expedite patient 

treatment. In other words, the clinician devises the treatment regimen based on an ‘educated 

guess.’ It is also not uncommon for clinicians to prescribe multiple antibiotics simultaneously in 

the hope that one proves to be effective in controlling the unidentified pathogen and curing the 

patient [20]. However, these practices usually only occur in extreme cases, such as patients 

hospitalized with acute infectious disease, and are employed by medical professionals with 

decades of experience. Be that as it may, such treatment methods are still poor approaches to 

patient care that disregard the basic principles of antibiotic stewardship.  

The problem of antimicrobial overuse is even more widespread amongst general 

practitioners, specifically regarding the serial application of antibiotics [21]. This situation 

commonly arises when practitioners see a patient presenting symptoms of illness possibly due to 

an infectious pathogen [20]. Rather than testing for the causative pathogen and its antimicrobial 

sensitivity, general practitioners frequently prescribe antibiotic therapies based solely on their own 

experience and knowledge of local epidemiology [20]. Such treatments can prove to be effective 

if the practitioner is correct in presuming the identity of the pathogen. However, the initially 

prescribed antibiotic is often inappropriate and fails to eliminate the infection. In such cases, the 

patient must undergo successive courses of different antibiotics until an effective therapy is found 

[20]. While the serial application of antibiotics can successfully treat a patient’s illness, it can 

generally do them more harm than good. Foremost, the treatment method fails to provide a prompt 

cure to patients and prolongs their duration of sickness. This lack of swift treatment can cause 

lasting damage to the patient’s body and/or physical health depending on the severity of the ailment 
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and the amount of time they are ill. The process also repeatedly subjects the microbiota of patients 

to selective pressure that can promote the development of AMR in ordinarily non-pathogenic 

microorganisms. Consecutive rounds of antibiotic therapy also place intense stress upon the natural 

flora of the human microbiome. This stress can adversely destroy commensal microbe populations 

and allow opportunistic pathogens to flourish, potentially leading to a secondary infection. For 

example, a significant portion of Clostridioides difficile infections materialize in the colon because 

of depleted microbiota populations due to antibiotic use. As such, this type of treatment neglects 

the standards of safe, quality patient care and explicitly disobeys antibiotic stewardship practices. 

In recent years, increased efforts to practice antibiotic stewardship in medical settings have helped 

diminish the prevalence of consecutive antibiotic treatments. However, antibiotic prescribing 

practices still do not meet current guidelines as serial antibiotic use persists in outpatient settings 

[22]. 

Overall, primary healthcare accounts for the most antibiotic prescriptions, and reports of 

widespread overprescribing are a unifying theme amongst primary care institutions in numerous 

countries across the globe [23]. Studies have reported that “approximately 80–90% of total human 

antibiotic consumption occurs in the outpatient setting [21].” In 2020, healthcare providers in the 

United States issued a total of 201.9 million outpatient antibiotic prescriptions; primary care 

physicians accounted for 64.1 million alone [24]. The sheer number of antibiotics annually 

prescribed in the U.S. indicates that further action is needed to curtail the overuse of these drugs. 

One way to significantly decrease overuse would be increasing efforts to lower the number of 

inappropriate antibiotic prescriptions. Multiple studies have estimated that at least 30% of 

antibiotic therapies prescribed in outpatient settings can be considered inappropriate [25]. Other 

studies that accounted for compound choice and the duration of treatment predicted even higher 

percentages of incorrect use (30–50% of cases) [15]. Additional study results also indicate that 

30–60% of all antibiotics prescribed in intensive care units (ICUs) are unnecessary, inappropriate, 

or suboptimal [26]. 

Incorrectly prescribed antibiotics realistically offer little to no therapeutic benefit and 

consequently can expose patients to adverse complications. Effective antibiotic therapy regimens 

primarily consist of two variables: the dose and duration of treatment [27]. Traditional treatment 

regimens generally consist of a fixed dosage administered over a specified period, and drug 

efficiency studies help determine these variables [27]. Physicians must consider these factors 
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whenever prescribing antibiotic regimens to patients. If either the dose or duration of therapy is 

insufficient, then the prescription is inappropriate. For example, if a practitioner mistakenly 

prescribes a 7-day regimen when the standard therapy duration is 14 days, then the antibiotic will 

not be present in the body long enough to eliminate the infection. In such a case, antibiotic use can 

be harmful to the patient by encouraging the development of resistance among any persisting 

infectious microbes. The dosage of an antibiotic arguably has the most significant impact on AMR 

development in microorganisms. When prescribing antibiotics, the concentration of the drug is 

pivotal to inhibiting bacterial growth or killing the bacteria. This concentration must be greater 

than or equal to what is known as the  ‘minimum inhibitory concentration’ (MIC) of the antibiotic, 

or the concentration above which bacteria will fail to grow [28]. If the antibiotic dose prescribed 

is not above the MIC of that compound, it likewise will be incapable of ridding the body of 

infection. Many studies have linked sub-MICs of antibiotics to the emergence of resistant genes 

[29], and the phenomenon is more understood now than ever before. Suboptimal antibiotic 

concentrations present ideal stimuli for pathogenic and non-pathogenic microorganisms to evolve 

antibiotic resistance traits through genetic alterations, such as mutagenesis. However, bacteria can 

also acquire antibiotic-resistant genes from their surrounding environment through horizontal gene 

transfer (HGT) [15], in which bacteria exchange pieces of their DNA. Thus, reducing the number 

of inappropriate antimicrobial prescriptions is an effective way to lessen overuse, decrease 

antibiotic resistance development, and deter the dissemination of resistant genes. 

Agricultural Overuse of Antibiotics in the Past The use of antibiotics in agriculture 

began to substantially increase during the late 1940s, shortly after World War II. In 1948, the 

Merck drug sulfaquinoxaline became the first antibiotic to be officially licensed for routine 

inclusion in poultry feeds as a defense against coccidiosis [30]. With news of this development, 

antibiotic use soon spread to other areas of U.S. food production as well: “sulphonamides helped 

suppress foulbrood in commercial beehives, NP antibiotics curbed infections in farmed fish, and 

antibiotic tubes alleviated mastitis in the dairy sector [30].” Toward the end of the 1940s, 

researchers at American Cyanamid’s pharmaceutical division, Lederle Laboratories, made an 

unexpected discovery while investigating antibiotic fermentation wastes as a possible alternative 

to pricey vitamin B12 feed supplements [30]. Their studies indicated that the addition of 

nontherapeutic antibiotics to livestock feed significantly accelerated animal growth, increasing 

animals’ weight gains at a much lower cost compared to conventional feed supplements [30]. The 
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growth-promoting effect that nontherapeutic antibiotics have in food animals is a byproduct of 

their interactions with the animal’s gut microbiota [31]. Antibiotics act upon susceptible bacteria 

in the gut microbiome and lead to a reduction in microflora populations. The result is a decrease 

in competition for nutrients that allows the cells that line the gut wall to absorb more of the 

available nutrients, leading to increased growth and development of the animal. 

Sales grew immensely for Lederle Laboratories following the announcement of their 

findings in 1949, and their newly developed animal feeds were rapidly adopted across the U.S. by 

farmers eager to supply the booming post-war demand for meat [30]. It did not take long for 

agricultural antibiotics to make their way to Europe. By 1955, antibiotic growth promoters were 

licensed for use and available without a veterinary prescription in West Germany, Great Britain, 

the Netherlands, and France [30]. Despite warnings of the development of antibiotic resistance 

from scientists and medical professionals alike, the rampant international overuse of therapeutic 

and nontherapeutic antibiotics persisted well into the late 1960s. Severe outbreaks of multidrug-

resistant salmonellosis erupted in Great Britain between 1963 and 1966, drawing much-needed 

attention to the worsening problem of antibiotic overuse in agriculture. The pathogen responsible 

was an increasingly resistant Salmonella typhimurium strain (S. typhimurium Type 29) [32]. A 

team of British scientists studying S. typhimurium from 1961–1965 discovered that the Type 29 

strain was evolving at an alarmingly fast rate. By 1965, the Type 29 strain had developed multidrug  

resistance to antibiotics, including sulphonamides, streptomycin, tetracyclines, and ampicillin 

[32]. Ensuing investigations linked the surge of Type 29 outbreaks to a farm in Sussex that had 

instituted new, intensive rearing practices for male calves [32]. Usually sold at less than a week 

old, the young calves were particularly susceptible to salmonella infections. Thus, the calves were 

carelessly treated with many different antibiotics to try and fend off infections during handling and 

transport [32]. 

Under intense pressure from the public, British officials established the Swann Committee 

in 1968 in response to the outbreaks of Salmonella during previous years [33]. They commissioned 

the Swann Committee to conduct an extensive antibiotic review that same year, and the 

conclusions of that review were presented in November 1969 [30]. The committee recommended 

a series of reforms, of which the primary sought to restrict any antibiotic that is important for 

treating infectious disease in humans from unnecessarily being added to animal feeds [34]. 

Additionally, the committee recommended that they prohibit penicillins and tetracyclines from 
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inclusion in animal feedstuffs and that all medically relevant antibiotics should require a veterinary 

prescription to obtain them [34]. Great Britain subsequently banned using penicillins and 

tetracyclines as growth promoters in 1971 [30]. The reforms recommended by the Swann 

Committee are noteworthy because they represent one of the earliest efforts taken by a nation to 

regulate the use of antibiotics in agriculture. Yet, most countries outside of Western Europe were 

reluctant to enact these same bans on antibiotic growth promoters. Even in the United States, FDA 

regulators were too preoccupied with ensuring the purity of U.S. food to enact restrictions on 

antibiotic growth promoters [30]. A quote from renowned biochemist Ernst Chain in 1970 reflects 

these sentiments, stating: “The Swann report has changed nothing essential. The farmers can get 

hold of exactly the same antibiotics as before. In all probability more antibiotics will be used [33].” 

Like other scientists of the time, Chain wished to see more rigorous regulations on the use of 

antibiotics, fully aware of the dire consequences of antibiotic resistance. Yet, the gross overuse of 

antibiotics in agricultural settings can still be seen today, despite countless efforts to lessen the 

degree to which farmers use these drugs. 

Agricultural Overuse of Antibiotics Today It has been well established that the overuse 

of antibiotics is not constrained to medical settings alone. One could even argue that agricultural 

overuse is just as powerful a driver for antibiotic resistance as clinical overuse, if not more. While 

antibiotic misuse in medicine is often prone to intense public scrutiny, antibiotic abuse in 

agriculture is generally more widespread and faces much less regulatory oversight. Additionally, 

there are far more animals than humans in the United States. According to the U.S. Census Bureau, 

the population of the United States was 331.4 million as of April 1, 2020 [34]. As of 2020, there 

were an estimated 518.3 million chickens, 94.4 million cattle, 222 million turkeys, and 75.7 million 

hogs in the U.S., according to the United States Department of Agriculture (USDA) [36,37,38,39]. 

The total population of livestock in the United States during 2020 was 910.4 million animals, 

which is almost three times the size of the U.S. population at the time. The gut microbiomes of 

food animals function as natural reservoirs for antibiotic-resistant bacteria to inhabit and 

proliferate. Therefore, poultry, cattle, and swine make excellent host organisms for harboring and 

spreading resistant microbes. With close to a 3:1 ratio of food animals to American citizens, it is 

not unreasonable to assume that the use of antibiotics in agriculture would likely contribute to the 

development of antibiotic resistance. However, resistance development ultimately depends on the 

actions and decision-making of farmers since they are the individuals responsible for administering 
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the antibiotics. If the farmer adheres to the veterinarian guidelines for safely using antibiotics in 

food animals, and is cognizant of proper antibiotic stewardship practices, then antibiotic resistance 

is unlikely to emerge in his/her livestock. 

The commercial demand for animal meat products is growing at an unprecedented rate, 

with meat consumption increasing in developing countries and the global population quickly 

approaching 8 billion [40]. According to global trends, the demand for poultry will substantially 

grow in the future, which is baffling when you consider that 9.3 billion chickens are already 

slaughtered annually in the United States [40,41] The global expansion of intensive farming has 

accordingly led to increases in the use of antimicrobials in food-producing animals [42]. Modern 

livestock production commonly uses antimicrobials as a prophylactic measure to prevent disease 

and maintain the health and productivity of food animals. However, a significant portion of the 

antimicrobials used are clinically relevant in human medicine, not only for the treatment of 

common infections but also to mitigate complications during surgeries and organ transplants [42]. 

In their 2020 Summary Report, the FDA reported that 57% of all antimicrobial drugs sold 

domestically for use in food-producing animals are considered important in human medical 

therapy [43]. Overall, this is a 38% decrease from 2015, the peak year of sales seen within the last 

decade [44]. The data thus suggests that continued efforts to support the judicious use of 

antimicrobials in food-producing animals are indeed having a positive impact. However, this sales 

and distribution information does not accurately represent the actual use of products [44]. 

Antimicrobials are also regularly added to animal feeds at sub-therapeutic levels to 

promote growth [45]. The continued use of antimicrobials as growth promoters is a massive 

problem because low doses of antimicrobials provide ideal stimuli for AMR to emerge in bacteria 

and other microbes. Studies have indicated that the level of antimicrobial resistance that develops 

in animal populations correlates with levels of antimicrobial drug use [46]. Additionally, repeat 

exposure to sub-therapeutic doses of antimicrobials can promote resistance, not only to the specific 

drug used but in some cases against other antimicrobials [47]; this is one way that multidrug 

resistance can develop outside of clinical settings. The gut microbiome of food-producing animals 

plays an essential role in the transmission of antibiotic-resistant bacteria, functioning as a reservoir 

for bacteria to proliferate. The resistant bacteria can also be introduced to water ecosystems when 

rainfall washes contaminated manure into water reservoirs. Finally, the improper handling of 
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animal products can contaminate food with antibiotic-resistant bacteria [48], potentially presenting 

opportunities for the animal-to-human transmission of resistant microbes if consumed.  

The Emergence of Resistant Superbugs 

 Since the drying up of the antibiotic discovery pipeline at the end of the 1960s, only a 

handful of new antibiotic classes have managed to make it to the clinical setting. Despite its initial 

discovery in 1953 (Figure 1), lipopeptides were the last novel antibiotic to reach the market with 

the FDA approval of daptomycin in 2003 [49]. However, the field has experienced an astonishing 

lack of innovation since the discovery of monobactams in 1981 (Figure 1). This hiatus in antibiotic 

discovery has provided bacteria and other microbes plenty of time to evolve and develop resistance 

to the same medications that we rely on so heavily. Scientists have already identified numerous 

species of MDR bacteria—resistant to three or more antimicrobial classes. In 2019, the CDC 

published its Antibiotic Resistance Threats in the United States, 2019 report. The report serves as 

a reference for recent information on antibiotic resistance, providing the latest estimates on 

antibiotic-resistance infection rates and mortality, a list of antibiotic-resistant microbes considered 

to be threats, and highlights of additional actions for minimizing AMR. According to the CDC, 

over 2.8 million antibiotic-resistance infections occurred in the United States in 2019, resulting in 

an estimated 35,900 deaths [50]. Additionally, each year at least 1.7 million adults in the U.S. 

develop sepsis, a life-threatening complication of infection [50]. 

The most well-known MDR bacteria, and possibly one of the earliest relevant examples, 

would be MRSA, otherwise known as methicillin-resistant S. aureus. Methicillin was developed 

in 1960 to circumvent the growing number of penicillin-resistant bacteria and was primarily used 

to treat S. aureus infections. British scientists first identified MRSA in 1961, only a year after 

clinical settings adopted methicillin; the first MRSA case would not appear in the United States 

until 1968 [51]. MRSA is resistant to penicillin-like beta-lactamases and is a common hospital-

acquired infection, but the microbe can also be community-acquired [15]. MRSA tends to be 

troublesome in healthcare settings, often causing bloodstream infections, pneumonia, or surgical 

site infections, and can cause sepsis if left untreated. An estimated 360,000 Americans were 

hospitalized with MRSA infections in 2009, and 19,000 of these individuals died from their illness 

[50]. Although MRSA is still a real threat to patients, especially hospital-acquired-MRSA (HA-

MRSA), invasive MRSA infections have been declining since 2005 [52]; the CDC reported 

323,700 cases in 2019 that resulted in 10,600 deaths [50]. While invasive HA-MRSA rates have 
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been steadily declining, the rates of community-acquired-MRSA (CA-MRSA) have been rapidly 

increasing over the past decade [15]. 

 The ESKAPE pathogens are additional multidrug-resistant superbugs that have developed 

extensive antimicrobial resistance. The ESKAPE pathogens encompass a group of six bacterial 

species designated as a major threat to humans, not because they are associated with a very high 

risk of mortality but because they account for the most antibiotic-resistant nosocomial infections 

worldwide [51]. The acronym ESKAPE stands for Enterococcus faecium, S. aureus, Klebsiella 

pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and several species of 

Enterobacteriaceae. The ESKAPE pathogens are one of the biggest threats that physicians face in 

today’s world, and novel antimicrobial drugs are desperately needed to fight them. Both the WHO 

and the CDC include these bacteria as high-priority pathogens on their lists of antibiotic-resistant 

threats. The most severe Gram-negative infections commonly occur in healthcare settings from 

species of Enterobacteriaceae (typically K. pneumoniae, P. aeruginosa, and A. baumannii) [15]. 

Like the observations of CA-MRSA, MDR Gram-negative pathogens are also becoming 

increasingly more prevalent in our communities [15]. That includes extended-spectrum beta-

lactamase (ESBL)-producing Escherichia coli and Neisseria gonorrhoeae [15]. 

Acinetobacter bacteria are especially challenging to deal with due to their extensive 

antibiotic resistance. It just so happens that A. baumannii was one of the first bacteria to be 

classified as ‘pan-resistant,’ meaning resistant to almost all antibiotics [1]. Pan-resistant species 

of Acinetobacter have even developed resistance to carbapenems and polymixins—generally 

considered last-resort antibiotics [15,48]. Carbapenem-resistant Acinetobacter can induce 

pneumonia or cause wound, bloodstream, or urinary tract infections [48]. he bacterium frequently 

contaminates the surfaces of healthcare facilities and medical equipment and, if not controlled 

through intense cleaning and disinfectant use, outbreaks have occurred in hospitals and nursing 

homes [50]. The CDC reported a total of 8,500 cases of carbapenem-resistant Acinetobacter in the 

United States during 2017, and more than 60% of these infections were MDR, resulting in the 

death of at least 700 Americans [15,48]. 

Next Steps in Fighting Resistance 

 A 2014 report by the Review on Antimicrobial Resistance has estimated that the global 

death toll attributed to AMR infections will exceed 10 million annually by 2050 [53]. Humanity 

is currently traveling down a dangerous path, and the issue of antimicrobial resistance only seems 
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to worsen year after year. Only two new classes of antibiotics (oxazolidinones and lipopeptides) 

have received FDA approval and made it to the market within the last 30 years [54]. Despite the 

antibiotic development pipeline only displaying a marginal amount of success, some 

pharmaceutical companies have remained dedicated to discovering, developing, and bringing new 

antibiotics to market. GSK, Johnson & Johnson, MSD, Pfizer, Shionogi, Sanofi, and Otsuka are 

seven of the largest pharmaceutical companies with active antimicrobial R&D programs [55]. Each 

company is working to develop new antibacterial and antifungal agents that can target many of the 

antimicrobial-resistant pathogens identified as threats by the CDC and the WHO. Collectively, the 

pharmaceutical companies have 92 unique medicine and vaccine projects in the pipeline, 16 of 

which have either received FDA approval or are already in post-clinical trials [55]. Close to one-

third of the projects specifically target M. tuberculosis, which accounts for most of the MDR 

infections observed around the world [55]. Another third of the projects were developed to target 

various Enterobacteriaceae species [55]. GSK, Pfizer, and the rest of these pharma companies are 

actively working to take back control from AMR by developing vital therapies for treating the 

priority microbes on the CDC and WHO’s watchlist. 

Scientists across the globe are also currently searching for under-explored environments 

and ecological niches as potential prospects for natural product antibiotic discovery. ctinomycete 

and streptomycete species were the primary sources of antibiotic classes discovered during the 

Golden Age. Once this NP source was exhausted, however, compound rediscovery quickly became 

a hindrance to antibiotic research [4]. In the 60 years since the Golden Age, it has become 

abundantly clear that only a tiny fraction of the soils on the planet have been sampled for antibiotic-

producing bacteria [4]. Screening an array of soil environments from various countries would 

likely yield numerous new bacterial strains and NPs. Sampling under-explored environments has 

also shown lots of promise in obtaining novel compounds, such as marine environments. For 

example, the “marine actinomycete genus Salinospora has proven to be a source of structurally 

novel NPs,” including a compound called salinosporamide A [4]. Sampling underexploited 

microorganisms outside the genus of Actinomycetales could present a viable opportunity to revive 

the Waksman platform [14]. For example, Acidobacteria, Verrucomicrobia, and Rokubacteria are 

several of the most abundant soil taxa and are even more common that Actinomycetales. Because 

they are difficult to cultivate in vitro, the capabilities of these species to produce secondary 
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metabolites are still unknown, but they could potentially carry an abundance of antibiotic-like 

compounds. 

There are several other important technologies that look to be promising in the treatment 

of antibiotic-resistant diseases. Natural peptides, such as beta-defensins and cathelicidins, are 

ubiquitous in both prokaryotic and eukaryotic organisms. Insects fascinatingly utilize 

antimicrobial peptides as a component of their immune system to fight microbial infections [56]. 

Upon microbial invasion, the synthesized peptides will interact with lipid molecules in the 

membranes of the bacteria. The lipid and peptide will bind to one another, after which the peptide 

molecule is ingested into the cytoplasmic membrane [56]. Ingestion of the peptide disrupts the 

cytoplasmic membrane and consequently induces cell lysis, therefore causing a bactericidal effect. 

Peptide antibiotics are also produced by a variety of microorganisms, such as bacteria, fungi, and 

some species of the genus Streptomyces [56]. Bacitracin, Gramicidin S, Polymixin B, and 

Polymixin E (otherwise known as colistin) are antimicrobial peptides that are currently in clinical 

use [56]. Until recently, many of these compounds were deemed unsafe for treating systemic 

disease, and instead were only used as a topical antibacterial [56]. 

Conclusions 

 Our world currently faces an invisible epidemic, the magnitude of which increases with 

each passing day. This crisis was brought on by humanity’s own doing, through the careless and 

rampant overuse of antimicrobial drugs in medicine and agriculture. The unnecessary and 

inappropriate overprescribing of antibiotics in clinical settings encouraged resistant 

microorganisms to develop within the human body. The widespread use of nontherapeutic 

antibiotics as growth promoters promoted bacteria in the gut microbiomes of livestock to select 

antibiotic resistance genes. Resistant infections already account for 35,000 deaths annually in the 

United States, and this number will continue to rise until we find solutions to keep resistance at 

bay. To hinder AMR development, world leaders first need to introduce tighter regulations on 

using antimicrobials of medical importance in agriculture. Minimizing the use of human 

therapies in livestock will limit the development of bacterial resistance and simultaneously 

preserve the effectiveness of those treatments. We must also increase our antibiotic research 

efforts to expedite the development or discovery of breakthrough therapies and technologies. A 

simple way to facilitate this would be awarding government incentives to pharmaceutical 

companies to conduct antibiotic research of their own. If we are to escape the 2050 doomsday 
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estimate that bacterial disease will kill 10 million people globally, every person must play their 

part in practicing proper antibiotic stewardship 
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