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Abstract

Despite mounting attention in recent years, health threats posed by
antimicrobial resistance are not new. Antimicrobial resistance has
dogged infectious disease treatment processes since the first modern
antimicrobials were discovered.
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An Evolutionary Arms Race

When recounting the history of medicine, few triumphs compare to the emergence and
widespread use of antimicrobials. Alexander Fleming’s serendipitous discovery of
penicillin on his petri dish! brought about a new era in biomedicine. Suddenly,
pathogens that had wreaked havoc for generations—spreading untold morbidity and
mortality in their wake—were at the mercy of our chemical armamentarium. Seemingly
overnight, infectious diseases receded before the ever-rising tide of antimicrobials, and
optimistic observers in the United States and Europe predicted a swift and righteous
victory over the scourge of infection.

Of course, such a victory was not achieved. Antibiotics are derived from the evolutionary
arms race between microbes and their ecological competitors (fellow microbes, fungi,
plants, and animals), and, as a result, the emergence of resistance is entirely
predictable. As swiftly as we claimed new victories, microbes began evading our latest
weapons, altering their cell walls, upregulating drug efflux systems, and dismantling and
detoxifying our new wonder drugs.23

This story of innovation and setbacks is as old as time, familiar to anyone who works
with pathogens, cares for patients, or develops new drugs. It begins with the early
investigators and innovators who first recruited naturally occurring and synthetic
chemicals in the fight against infectious diseases, and it continues toward an uncertain
future.

Humans Harness Modern Antimicrobials

In 1907, Paul Ehrlich, a German physician-scientist, delivered a lecture to the Royal
Institute of Public Health in London on the effect of aminophenylarsenic acid on

408 journalofethics.org


https://edhub.ama-assn.org/ama-journal-of-ethics/module/2818272
https://journalofethics.ama-assn.org/article/why-we-should-reexamine-golden-age-antibiotics-social-context/2024-05

trypanosomes (a type of single-cell parasite).4 In his address, Ehrlich detailed the
synthesis of arsenicals, or arsenic-derived compounds, and their selective toxicity in
treating sleeping sickness. In a moment of prescience, Ehrlich noted that while these
medicines were remarkably successful in controlling the disease in mice, resistance to
these compounds could be cultivated, passed on to new generations of trypanosomes,
and maintained after sustained treatment. Despite this forewarning of the difficulties to
come, the first battle in the war against infectious diseases had been won. The race to
develop more of these compounds had begun.

It is perhaps the closest thing to a modern biomedical fairytale: Fleming's plates of
Staphylococci exposed to the air during laboratory work were contaminated by a mold
and began to die.1 The 1929 discovery and isolation of penicillin ushered in a new era of
biomedical research and discovery. Penicillin’s potency and limited side effects in
humans—especially when compared to contemporaneous chemical antiseptics, such as
carbolic acid—led to its immediate recognition as a potential topical and systemic
treatment for pyogenic infections. Its use as a selective agent in bacterial culture media
also allowed for the reliable isolation of penicillin-tolerant microorganisms for the
purposes of diagnosis and scientific research.5

Early Uses of Penicillin

Unsurprisingly, Fleming’s work was recognized by antimicrobial researchers for its
revolutionary potential. At Oxford, a team assembled by Howard Florey and Ernst Chain
set out to isolate penicillin and assess its antimicrobial effects. In 1940, Florey’s team
published its study of the efficacy of penicillin in vivo. The effect of this new wonder drug
could not be understated: among mice infected with relevant human pathogens, all
untreated animals succumbed to their infections within 10 days, but those treated with
penicillin had dramatically improved survival rates.® With the knowledge that penicillin
was both efficacious and well tolerated in mice, Florey’s team set its sights on human
trials.

In 1940, a 43-year-old police officer, Albert Alexander, was admitted to the Radcliffe
Infirmary at Oxford for an infection of the face, scalp, and orbits. He was treated with
first-generation sulfonamide antibacterials; however, over several months, his condition
continued to worsen. On February 12, 1941, Florey’s team started an infusion of
penicillin and saw rapid clinical improvement. Unfortunately, by the fifth day the supply
of penicillin had been exhausted, and Alexander’s clinical status again began to decline.
On March 15, 1941, Alexander succumbed to his infection. His autopsy indicated
staphylococcal infection and osteomyelitis as the cause of death.”

The first use of Fleming’s wonder drug was a disappointment. Despite efficacy in mice,
tolerability in humans, and transient improvement in the patient’s infection during
treatment, there simply was not enough supply to meet the needs for effective, curative
dosing and duration in a human patient. Scarcity—not lack of efficacy—led to the failure
of the first therapeutic regimen of penicillin.

Florey’s team, however, was undeterred. In the same report published in 1941, Florey’'s
team detailed remarkable advances in the ability to purify, concentrate, and deploy
penicillin at therapeutic doses. Florey’s team had determined that, after intravenous
administration, penicillin was excreted in the patients’ urine. This penicillin could then
be recovered, purified, and reinfused, momentarily overcoming the problem of scarcity.
With the ability to essentially recycle penicillin and maintain bacteriostatic

AMA Journal of Ethics, May 2024 409



concentrations of penicillin in the blood, clinical outcomes improved, and patients began
to be cured of penicillin-susceptible infections.” While barriers to the widespread use of
the drug—scarcity, access, and deployment—remained, the first true superweapon in the
fight against infectious diseases had emerged.

Resistance Evolves

As soon as this new antimicrobial was discovered—and even before the successful
treatment of patients at the Radcliffe Infirmary in London—researchers were beset with
the problem of resistance. In a 1940 letter to the editor of Nature, Oxford biochemists
Edward Abraham and Chain reported a startling discovery: an enzyme isolated from
penicillin-insensitive Escherichia coli could break down penicillin and hamper its
bacteriolytic functions.8 Researchers next sought to understand how resistance
developed and whether the antimicrobials themselves played a role in their own
inconsistent or waning efficacy. Milislav Demerec demonstrated that antibacterial
resistance arose spontaneously in bacterial cultures as a function of random genetic
mutations, although the mutations themselves were not a direct result of antibiotic
exposure. However, exposure to antibiotics selected for resistant bacterial strains and
allowed them to persist.®

Antimicrobials in the Modern Era

The decades following the implementation of penicillin saw incredible research and
innovation in the field of antimicrobials.1° An escalating cycle of discovery,
implementation, and emergence of resistance drove the development of new classes of
antibacterials, including the modified beta-lactams, cephalosporins, fluoroquinolones,
and aminoglycosides still used today (see Figure). Despite the emergence of resistance
to new antibacterials, scientists and pharmaceutical companies were generally able to
keep pace through the mid-20th century, deriving new compounds from natural
products and modifying them to suit clinical needs.
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Figure. Key Events in Antimicrobial Discovery and Resistance
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Against this backdrop of innovation and resistance, antimicrobials found another
application: agriculture. With the rise of industrial farming, animals were kept in
increasingly crowded and often unsanitary conditions, and antimicrobials were utilized
prophylactically in livestock to increase growth rates and prevent illness.2223 Unlike in
the clinical setting, in agriculture the use of antimicrobials is not subject to the same
oversight or guidelines for prescribing. The lack of consistent regulation permits wide
variation in terms of the classes and concentrations of antimicrobials used in
agriculture. Often, livestock are given subtherapeutic doses of antibacterials, which
creates an environment of selective pressure that fosters emergence of resistance
among the bacteria in the animals’ bodies.23 Despite early research indicating the
potential for antimicrobial resistance to spread from bacteria in livestock to bacteria in
human hosts,24 the use of clinically important antimicrobials in agriculture persists into
the present, and demand for meat continues to rise. In 2021, an estimated 54% of the
11 million kilograms of antimicrobials sold for use in domestic agriculture in the United
States belonged to the “medically important” category.25

While widespread use of antimicrobials in both health care and agricultural settings
created an environment for resistance to flourish, the discovery of new antibiotics
slowed.26 Soon enough, antimicrobial drug development began to clash with the realities
of an economic system predicated on supply and demand.27 As death rates from cancer
and heart disease rose to replace deaths from infectious diseases, pharmaceutical
companies faced slimmer economic margins for developing new anti-infectives. The rate
of discovery of new antibiotics slowed, and those few specialized drugs that were
developed to overcome antimicrobial resistance (eg, carbapenems, lipopeptides,
oxazolidinones, novel tetracyclines, and novel beta-lactam/beta-lactamase inhibitor
combinations) were expensive to use.28 With the latest antimicrobials often only
available in highly resourced settings, low- and middle-income countries (LMICs) face a
disproportionate burden of antimicrobial resistance and associated deaths. An
antimicrobial resistance research group estimated that 1.27 million deaths globally in
2019, including over a million in LMICs, were attributable to antimicrobial-resistant
bacteria.2® If the affected individuals had had the same type of infection but with an
antimicrobial-susceptible pathogen, they would have survived.

Mycobacteria, Retroviruses, and Fungi

Typical bacteria like streptococci or Escheria coli are neither the only pathogens to be
targeted by antimicrobials nor the only ones able to evade those antimicrobials through
development of resistance. In fact, the cycle of discovery and resistance has occurred
and continues in every area of infectious disease medicine, driven by microbial
evolution, human behavior, and market forces that dictate drug development and
dissemination.

The first effective anti-tuberculosis drug, streptomycin, was discovered shortly after
penicillin. Selman Waksman won a Nobel Prize for systematic research into
antimicrobials produced by soil bacteria, culminating in the discovery of streptomycin.30
This history is complicated by the conflicting perspective of graduate student Albert
Schatz, who made significant contributions to the discovery of streptomycin but had
been persuaded to sign away his rights to patents or royalties before suing to have
these restored.3!

The next chapter in anti-tuberculosis drug discovery is perhaps more collegial. In 1951,
3 drug companies reported the almost simultaneous discovery that the compound
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isoniazid was able to kill Mycobacterium tuberculosis.32 None of these companies would
receive a patent for their “new” drug, however. Two doctoral candidates in
Czechoslovakia (now the Czech Republic) had already published, back in 1912, a
method for producing isoniazid as an example of organic chemical synthesis, completely
unaware that it would become a cornerstone of tuberculosis treatment. With industry
researchers unable to lay claim to the drug as a “novel invention,” multiple companies
took up production of isoniazid, resulting in lower costs and easier dissemination.33

But strains of Mycobacterium tuberculosis quickly developed resistance to either drug,
streptomycin or isoniazid, when used alone. Even when used in combination with each
other and with other anti-tuberculosis medications, Mycobacterium tuberculosis has
proved a challenging target. When researchers began studying drug-resistant
tuberculosis, they hypothesized that resistance mutations would make the
mycobacterium less fit and less able to spread, limiting drug resistance to treatment-
experienced patients.34 But they soon discovered that drug-resistant tuberculosis not
only develops in patients receiving partial or sporadic tuberculosis treatment but also
spreads, resistance intact, to others. In 2012, nearly 4% of new tuberculosis infections
were already resistant to isoniazid and rifampicin, the 2 most important drugs for
treatment.3% The rate is as high as 20% in Eastern Europe and Central Asia, while the
rates may be underestimated in parts of Africa and the Middle East due to missing data
and barriers to comprehensive laboratory assessment for drug-resistant tuberculosis.3%

Person-to-person spread of drug-resistant tuberculosis was first described in the context
of another infectious disease, human immunodeficiency virus (HIV). In the early 1990s
in New York City, public health officials observed an increase in the prevalence of drug-
resistant tuberculosis, particularly in patients with HIV, even in the absence of prior
treatment.36 They hypothesized that close networks of patients with overlapping risk
factors for HIV and tuberculosis, as well as impaired immune function leading to more
severe, rapidly progressive tuberculosis infections, might explain these findings.36

The first antiretroviral drug to treat HIV—zidovudine, or AZT—was approved in 1987.37
Treatment with AZT provided little reprieve in the HIV epidemic, however, because the
same story of antimicrobial resistance played out for antiretrovirals as had for anti-
tuberculosis drugs: first discovery, then resistance, then discovery again, leading to
combination therapy. Durable suppression of HIV became possible with the use of triple-
drug therapy after 1995, and newer options continue to offer durable suppression with
fewer side effects and simpler regimens adapted to individual patients’ needs and
preferences. But despite a growing number of options and a greatly improved
understanding of HIV viral dynamics, drug resistance remains a challenge for many
patients who lived through the early days of less effective antiretroviral therapies or for
patients who have experienced sporadic or incomplete treatment.38 As with antibacterial
resistance and anti-tuberculosis drug resistance, antiretroviral resistance
disproportionately affects people living in LMICs, where HIV is more prevalent and where
reliable access to the latest treatments (as well as tools for diagnosis, monitoring, and
detecting resistance) depends on global resource sharing as well as economic and
infrastructure development.3®

As with HIV and tuberculosis, patients with compromised immune systems who deal with
more severe or prolonged infections are at increased risk for antimicrobial resistance.
Patients with compromised immune systems due to cancer, organ transplantation, HIV,
or other conditions bear the greatest burden from serious infections due to fungi. Like
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humans, fungi are eukaryotes, meaning they rely on similar cellular machinery for
survival and growth. For antifungals to be clinically useful, they must target factors
unique to fungi and absent in or nonessential to human cells to avoid off-target toxicity
in the patient being treated.4% This narrow set of therapeutic targets contributed—and
continues to contribute—to the relative lack of antifungals. Emergence of resistance to
even one class of antifungals, where alternatives are limited, can have devastating
consequences for patients with serious fungal infections.40

A Future of Antimicrobial Resistance

Antimicrobial resistance is a pressing threat to global health. The unifying themes across
pathogen types are clear: the discovery of antimicrobials has driven down mortality from
infectious diseases, including bacteria, fungi, mycobacteria, and viruses. Pathogens
undergo mutations that, with the selective pressure from exposure to antimicrobials,
lead to emergence and persistence of antimicrobial resistance. Where the burden of
infection is greatest—whether because of compromised immunity or geopolitical forces—
and where access to antimicrobials is inconsistent or unstable, resistance thrives. As a
result, our victories against death from infectious diseases are inequitably distributed
and tenuous.

Beyond the ethical and moral imperatives to reduce suffering and disease, the COVID-
19 pandemic has illustrated that infectious threats anywhere are infectious threats
everywhere and that one threat (a virus) can have downstream implications for a wide
range of infectious diseases and their treatments.4! Colonial-era mentalities regarding
borders and the segregation of illness and poverty are incongruent with the reality of
antimicrobial resistance as a global health threat. Preserving past successes and
advancing our battle against infectious diseases requires continued discovery, novel
therapeutics, improved global health infrastructure, and robust collaborations among
stakeholders in the antimicrobial development process. We must act now to ensure that
the wonder drugs of yesteryear remain viable options for treating the patients of today
and to ensure that the wonder drugs of tomorrow will be available worldwide, wherever
they are needed most.
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