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Abstract

Antimicrobial resistance poses one of the greatest and most imminent threats to global health, environment and food security, 
for which an urgent response is mandated. Evolutionary approaches to tackling the crisis tend to focus on proximate issues 
including the mechanisms and pathways to resistance, with associated calls to action for infection control and antimicrobial 
stewardship. This is of clear benefit but overlooks the fundamental influence of policy and stakeholder decision-making on 
resistance evolution. In 1945, Fleming issued a stark warning on the irresponsible use of penicillin and its potential to cause 
death due to penicillin-resistant infections. Attention to resistance evolution theory and heeding Fleming’s advice could have 
allowed for a vastly different reality. Embedding evolutionary theory within policy, industry and regulatory bodies is not only 
essential but is now a race against time. Hence, critical appraisal of historical behaviour and attitudes at a global scale can 
inform a paradigm of anticipatory and adaptive policy. To undertake this exercise, we focused on the largest group of antibiot-
ics with the greatest clinical and economic footprint, the beta-lactams. We examined historical case studies that affected how 
beta-lactams were developed, produced, approved and utilized, in order to relate stakeholder decision-making to resistance 
evolution. We derive lessons from these observations and propose sustainable approaches to curb resistance evolution. We set 
a position that actively incorporates an evolutionary theory of antimicrobial resistance into decision-making within antimicro-
bial development, production and stewardship.

Introduction
Antimicrobial resistance (AMR) poses one of the greatest threats to healthcare systems globally [1] and has been dubbed a ‘silent 
pandemic’ [2]. It is set to be one of the highest causes of global mortality by 2050 [3] with 4.95 million bacterial AMR-associated 
deaths occurring in 2019 alone [4]. Antimicrobials enable modern healthcare provision and have an immeasurable impact on 
reducing the global health burden of infection, yet current economic and societal valuation methods do not fully capture this. 
In a post-antibiotic era, procedures such as chemotherapy and surgery would carry unacceptably high risks due to the mortality 
associated with infection [5, 6]. Those who are immunocompromised stand to be the worst affected [7]. Hence, AMR requires 
an urgent call to action – one that is currently lacking full global cohesion [8].

The first documented instance of AMR predated the discovery of penicillin through observations with Salvarsan in 1924 Prussia 
– Alexander Fleming’s discovery would not occur until 1928 [9]. Later, in 1945, Fleming stated a clear caveat following the global 
commercialized production of penicillin, framing today’s stark need for an orchestrated, global response to AMR:

'The greatest possibility of evil in self-medication [with penicillin] is the use of too-small doses, so that, instead of clearing 
up the infection, the microbes are educated to resist penicillin and a host of penicillin-fast organisms is bred out which can 
be passed on to other individuals and perhaps from there to others until they reach someone who gets a septicaemia or a 
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pneumonia which penicillin cannot save. In such a case the thoughtless person playing with penicillin treatment is morally 
responsible for the death of the man who finally succumbs to infection with the penicillin-resistant organism. I hope this 
evil can be averted.'

Alexander Fleming, New York Times, 26 June 26, 1945

The scale of resistance evolution should have already become apparent following the commercialization of penicillin by Chain 
and Florey in 1940 [10]. Global penicillin adoption and the attributed mortality reduction, amplified in the wake of World War 
II, cemented antibiotics as key contributors to improved public health, adding 20 years to life [10]. Consequently, as excessive 
usage became commonplace, resistance became widespread within years [11, 12] – a vicious pattern that has repeated itself for 
almost all beta-lactams (BLs) (Fig. 1). And yet, only in recent years has the impact of AMR evolution begun to be evaluated in 
earnest. Whilst antibiotic resistance receives a dedicated research focus, it is typically studied outside its explicit evolutionary 
context (Fig. 2).

Since the discovery and commercialization of penicillin, novel antibiotics with differing mechanisms of action have been 
developed from both natural and synthetic precursors [13, 14]. Mass use in humans and agriculture has imposed selection for 
resistance across bacterial species [15]. Factors shaping resistance evolution have been studied experimentally, bioinformatically 
and theoretically [16–18], in clinical [12, 19], agricultural [20, 21], environmental [22, 23] and laboratory settings [24]. More 
recently, novel methods of data analysis, such as machine learning, have enabled researchers to link clinical behaviour to resistance 
evolution [25]. Consequently, key mechanisms that confer resistance are well-known for many antibiotic groups [26, 27], as is 
their relationship to fundamental evolutionary properties such as mutation supply and strength of selection [28, 29].

However, studies into resistance evolution often focus on immediate causes: for example, the effect of antibiotic concentration 
[12, 30], the number of antibiotics used [31, 32] or the evolutionary pathways to resistance under controlled laboratory or clinical 
conditions [16, 33]. Comparatively, the association between resistance evolution and policy decisions from governments, industry 
and regulatory bodies is poorly understood, with the AMR benchmark score representing a contemporary effort in defining this 
relationship and its consequences [34].

Our aim is to identify major knowledge gaps regarding the consequences of stakeholder decision-making on resistance evolution 
by applying a historical and ontological approach to several case studies. In doing so, we provide insights into how evolutionary 
thinking can inform and be incorporated into antibiotic development, manufacture and administration policy. We will focus on 
BL antibiotics in humans, given their clear development timeline and continuous molecular refinement to meet emerging clinical 

Fig. 1. Timeline of penicillin introduction into clinical use and the first reports of resistance. For each antibiotic, we searched PubMed and Google 
Scholar for the first report of its clinical use or approval (top section of the plot) and the first report of resistance either in a clinic or laboratory setting 
(bottom section). Resistance was defined when a strain evolved resistance to an antibiotic to which it was previously sensitive. Colours indicate the 
antibiotic.
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and microbiological needs. At 65% of the total antibiotic market, they form the largest antibiotic group [35]. The widespread 
evolution of resistance to BLs (Box 1) poses a significant threat to mortality, quality of life [36] and global society [3].

Case study 1: Research sharing accelerates drug development – the NRDC
In 1949, allied with the Development of Intentions Act, the UK Government founded the National Research Development 
Corporation (NRDC). Its mission was to incentivize publicly funded research and was ostensibly a countermeasure against the 
loss of penicillin rights to the USA [37]. Possibly inspired by Chain and Florey’s decision not to patent the process of large-scale 
penicillin production [38], the NRDC influenced key decisions that had considerable impact on the development, production 
and use of cephalosporins [39] (Box 2). Specifically, companies that initially developed and produced novel cephalosporins were 
required to share research findings with other NRDC licensees. These antibiotics were associated with significant refinements to 
efficacy, tolerance and administration, including oral use [39, 40].

An almost immediate consequence of the incentivized sharing of research findings was the incitement of exploratory research and 
novel modes of funding. The extensive shared research between companies thrust development throughout the 1950s [39, 41]. In 
fact, the UK research sector, in part as a consequence of NRDC, stimulated the development of first-generation cephalosporins 
on a global scale, especially across Europe, the USA and Japan [42].

However, the evolutionary consequences of the rapid influx of novel therapeutics into clinics and farms throughout the mid-
1950s and early 1960s were not clearly prioritized by the NRDC and its stakeholders. Novel drugs were approved for clinical use 
soon after development [43], and their use was poorly stewarded [5] without consideration of the potential for cross-resistance 
and horizontal gene transfer [44]. Together, these factors likely promoted resistance evolution, yielding resistance to individual 
BLs as well as other drugs through cross-resistance. The first known cephalosporin-resistant bacteria were isolated as early as 
1968, shortly after their clinical adoption (Fig. 3) [45–48]. This trend continued into the latter half of the century, with resistance 
sometimes arising even prior to clinical use [48].

Enforced sharing of research findings between shareholders in the private and public sectors stimulated the development of novel 
antibiotics. However, a lack of consideration and contingency for stewardship and AMR evolution (including surveillance, data sharing 
and translation of lab findings to the bedside) likely compromised the NRDC’s ability to ensure sustainable, long-term effectiveness 
of antibiotics.

Fig. 2. Publication trends reflecting evolutionary thinking about resistance. Number of PubMed papers associated with search terms ‘antibiotic 
resistance’ and ‘antibiotic resistance evolution’ each year, from 1945 to 2023. Blue bars include the grey in their counts. Note that these search terms 
are restrictive and hence could have excluded studies addressing resistance evolution in a less explicit manner.
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Case study 2: Medical and financial drivers of prescription volume – beta-
lactamase inhibitors
In the early 1980s, co-amoxiclav (Box 3) was approved in the UK and the USA [49, 50] and soon entered the WHO list of 
essential medicines [51, 52]. It was licensed for community-acquired pneumonia (CAP) and urinary tract infections (UTIs) and 
continues to be one of the most consumed antibiotics globally [53, 54]. By 2001, some regions treated 90% of CAP cases with 
this combination of amoxicillin (BL) and clavulanic acid [beta-lactamase inhibitor (BLI)] [55, 56]. It was also effective against 
Gram-negative extended-spectrum beta-lactamase (ESBL) infections [57] – a significant feature given the progressive rise of 
enzymatic resistance over this time [58]. Co-amoxiclav was perceived favourably and adopted at scale largely due to its tolerability 
and broad-spectrum activity [59]. In addition, it provided the ability to directly switch from intravenous to oral treatment, further 
boosting its appeal [60].

During this period, the semantics of ‘strong(er)’ antibiotic (in contrast to the modern-day thinking that moved towards ‘appro-
priateness’) were embraced, so that the perceived benefits of co-amoxiclav led to patients being treated for the same infection 
with the same drug multiple times [61] – driving resistance evolution [60, 62]. Consequently, we now witness over 40% resistance 
in E. coli isolates in the UK [63].

Following the commercial success of co-amoxiclav, new BL/BLI combinations were developed. Piperacillin, an extended-spectrum 
penicillin, was combined with the BLI piperacillin/tazobactam (TZP) and approved for use in 1993 [64]. It possesses activity against 
beta-lactamases, penicillin-resistant bacteria [65] and Pseudomonas aeruginosa with licensed indications for hospital-acquired 

Box 1: BL resistance and beta-lactamases

The Ambler system classifies beta-lactamases that confer resistance by enzymatic cleavage, the most common mechanism 
of resistance (Fig. 2). Other mechanisms such as modification of penicillin-binding proteins and the regulation of BL entry and 
efflux have also been observed [163].
A key differentiator relates to whether the active site contains a serine, the basis of the extended-spectrum beta-lactamases 
(ESBLs – classes A, C and D) or zinc ion at the centre, the metallo-beta-lactamases (MBLs – class B) [164]. Carbapenemases, 
which inactivate carbapenem BLs are found within classes A, B and D and include Klebsiella pneumoniae carbapenem(KPC)-
resistant, MBL and oxacillinase (OXA)-type enzymes [165]. Carbapenemases are a major concern given their ability to render 
the majority of BLs ineffective [166]. Broad-spectrum beta-lactamases, including ESBLs and MBLs, are coded by the bla gene 
family. The Bla gene family forms the largest class of antibiotic resistance genes [167] and is responsible for the majority of 
antibiotic resistance occurrences [168].

‍ ‍ 

Classification of beta-lactamases. Major enzymes from each of the four Ambler classes are depicted, with colours indicating 
the substrates hydrolysed by each enzyme. Adapted from [169].
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Box 2: Cephalosporins

In 1948, the same decade as penicillin commercialization, the first known cephalosporin was isolated in Sardinian sewage 
water by Guiseppe Brotzu. However, it was only a few years later that Edward Abraham and colleagues identified cephalosporin 
C (CPC) from this culture [170]. The BL ring in cephalosporins is bonded to a six-membered dihydrothiazine ring, in comparison 
with the penicillin BL ring, which is bonded to a five-membered thiazolidine ring [171]. The elucidation of the CPC structure 
in 1953 arose at a time when penicillin-resistant Staphylococcus emerged in hospital settings [172], creating a need for more 
effective treatments. As such, CPC became an important drug in its own right, as well as a precursor for the development of 
other cephalosporins including cephalosporins P and N [173] that were active against a similar spectrum of bacteria as peni-
cillin.
First-generation cephalosporins entered clinical use in 1964 [174] and offered advantages over penicillins, such as increased 
activity against penicillinase-producing bacteria [175, 176] and a more favourable allergy profile, compared with penicillins 
[177]. Due to these advantages, cephalosporins became frequently used for treating hospital infections in the 1970s [175, 178]. 
For example, penicillin-resistant strains of Staphylococcus aureus were found to be susceptible to cephalothin [179]. Similarly, 
third-generation cefamandole possessed greater Gram-negative activity and was introduced to overcome the emerging issues 
caused by Enterobacter infections [180]. There are now five generations of cephalosporins, which have realized various needs 
including improved oral availability [40] and efficacy against Pseudomonas [181, 182].
The advantages of cephalosporins led to them being dubbed ‘wonder drugs’ [183]. Consequently, they were regularly used as 
first-line antibiotics, leading to increased demand [184]. It has been estimated that the first three cephalosporin generations 
delivered a staggering 50% reduction in post-operative infections in hospitals between 1960 and 1990 [39]. Cephalosporins, 
along with penicillins and carbapenems, accounted for 50–70% of overall antibiotic use across several European Union coun-
tries in the 1990s, illustrating the long-term reliance on BLs to treat and prevent infections [175, 185].

pneumonia (HAP), intra-abdominal infection (IAI) and skin and soft tissue infection [66]. Consequently, TZP was ubiquitously 
adopted, becoming the ‘workhorse antibiotic’ responsible for 3.6% of global antibiotic use in 2009 [67]. Similar to co-amoxiclav, 
TZP is subject to repeat and inappropriate use [68], which has continued despite surveillance studies frequently identifying TZP 
resistance in Enterobacterales [63] and Pseudomonas [69].

Marketing forces pushed only a small number of antibiotics, narrowing the diversity of potential prescription patterns and compro-
mising stewardship. These antibiotics still provide essential roles across the globe, and with stewarded use, they realize critical areas 
of need. However, their mass adoption has contributed significantly to the current resistance problem, and their use should be 
rationalized.

Case study 3: The cephalosporin era – short-term market forces and their 
consequences
The clinical success of cephalosporins [70] (Box 2) resulted in sharply increasing sales under bold marketing [39, 71]. Ten 
years after the first cephalosporins were introduced into clinics, their first generation had annual sales of $640 million 
[39]. The increasing trend continued, with annual sales reaching $1 billion by 1984 [39, 71]. Prominent marketing led to 
the development and clinical use of the next generations of this drug class [72–75] and to increased revenue and market 
share [64, 76].

ESBLs form the class A group of beta-lactamases (Box 1) [65] with hydrolytic activity against cephalosporins and penicillins [77], 
rendering them ineffective against Gram-negative bacterial infection. Significant concern regarding resistance arose with the 
emergence of ESBLs in 1983 [78, 79], particularly as they became a common cause of hospital-acquired infections and associated 
mortality in critically ill patients [80–82]. Today, ESBL outbreaks have become commonplace [83, 84], with over 200 enzyme types 
having been identified [85]. This rapid emergence and spread of resistance was likely driven by mass use and the simultaneous 
introduction of many drugs with similar mode of action within a short interval [39, 86, 87].

A silver lining is that, as ESBL resistance evolution gathered pace, it prompted what is considered to be perhaps the first iteration 
of antimicrobial stewardship (AMS): to combat the spread of ESBLs, methods such as antibiotic streamlining [88] (and restricted 
cephalosporin use [89] emerged between 1988 and 1990.

Cephalosporins continue to provide a backbone of modern infection management. However, their application was compromised 
by poorly stewarded use: short-term market forces impacted long-term effectiveness and value by not accounting for factors that 
stimulate resistance evolution.
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Fig. 3. Timeline of cephalosporin introduction into clinical use and the first reports of resistance. The same methodology was used as in Fig. 1.

Box 3: Drug combinations using BLs and BLIs

Resistance to penicillin was already widespread by the early 1950s, with 50% of hospital isolates caused by penicillin-resistant 
Staphylococcus aureus [186]. Resistance occurred through the inactivation of the BL ring [187], sparking the search for an 
inhibitor of beta-lactamase enzymes, initially with little success. Once identified, it became apparent that co-administration 
with a BL antibiotic prevented cleavage by Gram-negative bacteria and restored drug activity [188].
The first BL/BLI combination introduced in 1981 was co-amoxiclav – a combination of amoxicillin and clavulanic acid [189]. 
Clavulanic acid, which contains a BL ring (i.e. a BLI with a BL ring), was isolated from Streptomyces clavuligerus in 1970 [190, 191] 
and lacked significant intrinsic antimicrobial activity. However, when combined with amoxicillin, it lowered the MIC of amoxi-
cillin against pathogenic bacteria such as Klebsiella pneumoniae and Staphylococcus aureus [192, 193]. Combinations such as 
ampicillin/sulbactam and piperacillin/tazobactam (TZP) soon followed [194, 195], all showing a similar ability to control the 
spread of ESBL-producing organisms. More recently, non-BL BLIs, which do not contain a BL ring structure, were developed to 
overcome further resistance issues.

Case study 4: Dead on arrival? Resistance evolution before an antibiotic is on 
the market
For several BL groups, resistance predates their clinical adoption (Figs 2, 3 and 4) [90]. For example, metallo-beta-lactamases 
(MBLs), capable of hydrolysing diverse BLs including carbapenems (Box 4), were first detected a decade prior to the discovery of 
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Fig. 4. Timeline of carbapenem introduction into clinical use and the first reports of resistance. The same methodology was used as in Fig. 1. Colours 
indicate the antibiotic.

Box 4: Carbapenems

The discovery of the first carbapenem, thienamycin, in 1976 [196] gave rise to a series of modified derivatives such as 
imipenem, the very first carbapenem, which entered clinical use in 1985 [197]. Increased interest surrounded it and its subse-
quent synthetic derivatives, meropenem and ertapenem [198], due to their stability against beta-lactamases and particularly 
ESBLs [199]. Carbapenems have a broad spectrum of activity against Gram-positive and Gram-negative bacteria.
Imipenem, administered in combination with cilastatin, and meropenem have activity against P. aeruginosa, a critical and hard-
to-target organism. Both are used for the treatment of severe infection, such as IAI, HAP and UTIs [200]. However, carbapenems 
do not have activity against methicillin-resistant Staphylococcus aureus (MRSA) or Enterococcus spp. [201]. The broad spectrum 
of Gram-negative activity sparked their widespread use for treating severe infections, despite their intended placement as a 
‘last-resort’ treatment [202]. The widespread use led to the evolution of resistance, which has been observed to (almost) all 
existing carbapenems [201].

the first carbapenem in 1966 [91, 92]. This was the first example to illustrate that the derivation of drugs from naturally occurring 
precursors might be accompanied with already evolved resistance. This MBL, BcII, was identified in Bacillus cereus [91, 92] and 
was considered an enigma as it was discovered in soil bacteria [93, 94].

Interestingly, BcII was the only MBL to be discovered for the next two decades, until the cassette chromosome recombinase A protein 
(CcrA) was discovered in Bacteroides fragilis in 1980 [95]. This enzyme, encoded by the blaCcrA gene, hydrolyses almost all known 
BLs and, crucially, is not inactivated by BLIs such as clavulanic acid [96, 97]. Several other enzymes, such as Klebsiella pneumoniae 
carbapenem (KPC) and New Delhi metallo-beta-lactamase (NDM), with a similarly broad spectrum of activity were identified soon 
after, presenting a significant threat to the efficacy of most BLs [98].

Despite the academic finding in 1966 and the emergence of MBLs in 1980, carbapenems were still used at mass scale throughout 
the 1990s. This heavy use created a strong selection for resistance, which could spread even faster when mechanisms of resistance 
are already present in bacterial populations [99]. Consequently, a series of class A, B and D beta-lactamase gene variants were 
identified (Box 1). For example, imipenem-resistant Bacteroides fragilis was identified in 1986 [100], with imipenem entering 
clinical use in the same year.

The spread of resistance was further accelerated as resistance genes incorporated into plasmids – mobile genetic elements that can 
be horizontally transferred between strains, including between unrelated bacterial species. Plasmid transfer of existing resistance 
genes was a major contributor to the rise and spread of AMR in South America throughout the 1990s and 2000s, with a substantial 
portion of P. aeruginosa isolates containing MBLs [101]. Rapid plasmid proliferation can also accelerate their subsequent evolution 
[102], a potential explanation for the emergence of the NDM – an MBL that could hydrolyse all known BLs at that time [103].

Carbapenems have been favoured for their pharmacokinetic profile, tolerance, wide spectrum of activity and clinical efficacy [104]. 
However, decision-makers during the peak use of carbapenems did not adequately account for the existence of resistance in natural 
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populations, nor the potential for horizontal gene transfer to exacerbate the spread and subsequent evolution of resistance genes. 
Interestingly, despite the rapid resistance evolution observed in the last decades of the twentieth century, carbapenems remain 
viable in many parts of the world – pointing to the importance of stewardship in preserving the efficacy of antibiotics. Today, 
we know that genes for synthesizing beta-lactamases are ancient, likely predating the split between Gram-positive and -negative 
bacteria [105, 106]. Resistance to BLs is just as old [107, 108] and can be found in permafrost soils that have been entirely free 
from human contact [109]. And yet, drug development pipelines do not typically account for the potential presence of resistance 
in natural bacterial populations. This is not surprising, given that we lack a framework to guide decisions on whether to proceed 
with developing a lead compound into a clinically relevant antibiotic, when resistance to it is found in the environment.

Resistance to pipeline drugs can already exist in bacterial populations, especially if they are derivatives of natural precursors. The 
spread of resistance to a new drug is accelerated when it is already present in the population, which has in the past compromised the 
use of carbapenems as a last line of defence. A clear appraisal of the resistance potential for pipeline drugs and deriving value beyond 
volume use would preserve their long-term value.

Case study 5: Limited options in the pipeline – consequences of concentrated 
manufacturing for the global supply of TZP
Whilst the awareness of resistance to most widely used drugs was causing increased clinical concern, fewer antimicrobials 
(including BLs) were being developed or entering clinical use [43, 110] (Figs 3 and 4). Most BLs entering clinical use since the 
1990s have been combinations of existing drugs, such as piperacillin/tazobactam [111]. In the past, the development of novel 
drugs was outpacing the resistance evolution that could make them obsolete [39, 89], but this was no longer the case. The reduced 
number of viable drugs has resulted in an increasingly dire situation, such as the availability of just a few BL/BLI combinations 
with activity against carbapenem-resistant Enterobacterales and multi-drug-resistant Pseudomonas [112].

Simultaneously, production and supply became more concentrated, typified by TZP, which was manufactured in only a few sites 
globally [113]. In 2016, one of these factories burnt down, leading to a major global shortage [114] of this essential workhorse 
antibiotic [115]. Clinicians were forced to use alternative treatments such as carbapenems, further exacerbating the evolution of 
carbapenem resistance [116]. This shortage was also linked to the rise of severe Clostridium difficile infections due to the use of 
other treatment options [117]. More recently, shortages of antibiotics across European countries [118] have risen sharply due to 
supply chain disruption and increased demand as a consequence of the COVID-19 pandemic [119].

Centralization of production pipelines can increase the risk of antibiotic shortages, resulting in suboptimal treatment regimens. In 
this way, antibiotic production, if concentrated and not diversified, creates an ideal milieu for accelerated resistance evolution [114].

Case study 6: Targeted drug development for areas of need – a modern paradigm
BLIs that contain a BL ring, such as clavulanic acid, tazobactam and sulbactam, were developed to tackle the rise of ESBL-
producing bacteria (Box 3). However, BLIs with a BL ring exhibit a narrow spectrum of activity, typically inhibiting only class 
A beta-lactamases (excluding KPC). Resistance to BL/beta-lactam-ring BLIs evolved throughout the 1990s [120], potentially 
enhanced by their narrow spectrum. To counter this and recover their clinical utility, the pursuit of non-BL BLIs (BLIs that do 
not possess the BL ring) commenced. In further contrast to previous drug development approaches, this time, the effort was 
pathogen directed and rooted in the understanding of antibiotic resistance mechanisms.

The first non-BL BLIs, such as vaborbactam and relebactam, were introduced in the 2010s [121–124]. They could inhibit class A 
(including KPC), class C and some class D beta-lactamases. In other words, this new class of drugs compensated for the reduced 
utility of BLIs with a BL ring, as it was specifically designed to do so. The development pipeline of non-BL BLIs also points to the 
benefits of using drugs with a diverse spectrum of activity, which can slow down resistance evolution by enabling diversification 
of drug use [125].

Incorporating evolutionary thinking into drug design and candidate selection can enhance the short- and long-term effectiveness of 
antibiotics by increasing robustness against resistance.

The early stewardship era (1990–2010s)
Whilst the end of the century saw a reduction in antibiotic prescription rates, especially for second- and third-generation cepha-
losporins, extensive use of TZP, co-amoxiclav and carbapenems remained high [126]. It comes as no surprise that resistance 
continued to evolve and spread, necessitating coordinated, global actions.

One of the earliest such actions was the initiation of national and global long-term antibiotic resistance surveillance programmes, 
such as the SENTRY programme in 1997 [127]. SENTRY specifically arose as a reaction to the dissemination of ESBLs in clinical 
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Table 1. Official UK regulations and guidance to improve antibiotic prescribing and stewardship, adapted from Ashiru-Oredope et al. [126]

Year Author Publication title Focus Type

1998 Standing Medical 
Advisory Committee 
(SMAC) sub-group 
on AMR

The Path of Least Resistance Report on AMR Report/
recommendations

National strategy for minimizing the 
development of AMR

1999 Department of 
Health

Resistance to antibiotic and other 
antimicrobial agents: action for the NHS 
following governments response to the 
House of Lords Science and Technology 
Select Committee report ‘Resistance to 
antibiotic and other antimicrobial agents’

Set out action plan for the NHS, aimed at 
reducing the emergence and spread of AMR 
and its impact on the treatment of infection; 
includes strategies to monitor and optimize 
prescribing

Health Service 
Circular

2000 Department of 
Health

UK AMR Strategy and Action Plan UK action plan to reduce resistance Guidance

2003 Department of 
Health

Winning ways: Working together to reduce 
Healthcare Associated Infection in England

Set out for the first time a clear direction 
for the local NHS to reduce Healthcare 
Associated Infections (HCAIs); includes 
seven action areas, such as prudent use of 
antibiotics

Guidance

Department of 
Health

Hospital Pharmacy Initiative for Promoting 
Prudent Use of Antibiotics in Hospitals

Letter highlighting new funding for 
promoting prudent antibiotic prescribing 
through enhanced clinical pharmacy activity

Chief Medical 
Officer Professional 
Letter

2006 Department of 
Health

The Health Act 2006 Code of practice for prevention and 
control of healthcare-associated infections; 
requires all NHS trust to have antimicrobial 
prescribing policies

Code of practice

2007 Department of 
Health

Saving Lives: reducing infection, delivering 
clean and safe care

Provides the tools and resources for trust; 
implementation of code of practice for 
prevention and control of healthcare-
associated infections

Guidance/toolkit

Specialist Advisory 
Committee on AMR 
(SACAR)

Antimicrobial Framework A framework to support the safe and 
appropriate use of antimicrobials

Best practice, care 
guideline

2008 Department of 
Health

Health and Social Care Act 2008 Sets out what registered providers of health 
and social care services should do to 
ensure compliance with the Care Quality 
Commission registration requirement for 
cleanliness and infection control; includes 
antimicrobial prescribing and stewardship as 
guidance for compliance

Code of practice

2009 Department of 
Health and HPA

Clostridium difficile infection: how to deal 
with the problem

10 key recommendations, including AMR 
stewardship, for healthcare providers and 
commissioners to best tackle C. difficile 
infections

Guidance

National Pharmacy 
Reference Group

Antimicrobial stewardship: an evidence-
based antimicrobial self-assessment toolkit 
(ASAT) for acute hospitals

A web-enabled, version-controlled 
instrument for the assessment of AMS in 
acute hospitals

Self-assessment 
toolkit

2010 HPA HPA Antibiotic Guidance for Primary Care Updated antibiotic guidance for primary care 
clinicians, modifiable locally by PCTs and 
distributed to practices

Guidance

settings. In the late 1990s, the National Nosocomial Infections Surveillance (NNIS) system in the USA created subsets of surveil-
lance programmes in intensive care units and surgical settings to monitor the spread of AMR [128].

Greater credence was placed on AMS, as it became a widespread term. Several policies emanated from AMR concerns (Table 1), 
and by 2006, all NHS trusts in the UK were mandated by statutory laws to adopt antimicrobial prescribing policies [129]. The 
United Nations initiated a global response in 1995, emphasizing multiple strategies to reduce the impact of AMR, many of which 
required implementation at a local level [130] (Table 2).
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Table 2. WHO strategies for containing the emergence and transmission of antibiotic-resistant bacteria, adapted from Smith and Coast [130]

Level of intervention

Local National Regional Global

General strategies for containing emergence and transmission of AMR

Surveillance Required at all levels in order to obtain an accurate picture of emergence resistances and the rate of transmission of new resistances 
and to identify the impact of interventions designed to contain AMR in particular contexts

Financial incentives or 
disincentives

Could be used at all levels in conjunction with many other policies as a mechanism for improving update of or compliance with 
any intervention; would include such mechanisms as financial benefits, environmental taxes and use of permit systems

Strategies for containing the emergence of resistance

Education of professionals On specific problematic 
micro-organisms in local 
areas

On issues most relevant to 
general national conditions

On general principles 
through regional 
organization and the Internet

On general principles 
through global organization 
and the Internet

Education of patients on 
inappropriate use and 
compliance with instructions

Local campaigns and 
education by health 
professionals

By providing national 
information campaigns

On general principles 
through regional 
organizations and the 
Internet

On general principles 
through global organization 
and the Internet

Rapid diagnosis of bacterial 
infections

By improving local facilities By providing infrastructure 
for improved local facilities

Through the provision of 
aid to countries whose 
infrastructure is lacking

Through the provision of 
aid to countries whose 
infrastructure is lacking

Control of sensitivity data 
related to prescribers

From local facilities By providing infrastructure 
for improved local facilities

Antimicrobial policies Development of local 
facilities taking account of 
specific local conditions

Development of national 
medical associations

Antimicrobial cycling At local level, taking account 
of prevailing local conditions

Regulation of antimicrobial 
use in agriculture

Developed by national 
policymakers

Through regional agreements Through international 
agreements

Choosing the optimal agent, 
dose and dosage frequency

At patient level

Removal of potential septic 
foci/prostheses

At patient level

Use of drug combinations At patient level

Using antiseptics as an 
alternative

At patient level Guidelines suggesting the use 
of alternative agents

Using cranberry juice as an 
alternative to antibiotics for 
UTIs

At patient level Guidelines suggesting the use 
of alternative agents

A combination of these strategies alongside the prudent use of BL/BLI combinations [131, 132] solidified the importance of 
mitigating resistance, particularly given the lack of novel antibiotic options on the horizon. Interest in resistance evolution 
increased (Fig. 1), but academic findings have not translated clearly into stewardship initiatives.

Despite their immense clinical value and enablement of modern expensive invasive procedures, poor return on investment [133] 
and a broken economic model [134] severely impacted investment into the development of novel antimicrobials, which declined 
significantly since the 1990s [135, 136]. Investment is undermined by the inevitability of resistance evolution, which reduces the 
long-term efficacy of any potential new products [136]. Such problems are rooted in outdated economic and industrial models, and 
in particular, older development pipelines did not adequately account for factors that could mitigate the spread of resistance [137].

Contemporary global initiatives (2010s to present)
Stewardship and policy reform have continued with vigour, and we now see action to combat AMR across the world. A landmark 
achievement by the WHO was the introduction of AMR national action plans, which have now been implemented in 178 
countries [138]. Of particular importance was the introduction of the WHO priority pathogen list in 2017, which includes a 
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considerable number carrying BL resistance. Detection and surveillance are vital and provide early signals of emerging resistance 
and pandemics [139]. The Global Antimicrobial Resistance and Use Surveillance System (GLASS) was launched by the WHO 
in 2015 to standardize data collection [140]. Efforts to combine stewardship and surveillance are gaining increased attention, as 
they have a major role to play in responsible and appropriate antibiotic use.

Dame Sally Davies spearheaded the first United Nations General Assembly (UNGA) AMR meeting in 2016, leading to 193 
countries signing a declaration pledge to combat AMR [141]. This appears to have been the necessary touchpaper for action and 
the creation of initiatives and organizations committed to tackling the AMR crisis. GARDP, established in 2016, looks to bolster 
the pipeline and includes public, private and non-profit partners to create new treatments and reduce access inequalities [142]. 
Similarly, CARB-X emerged in 2016 in partnership with the UK Department of Health and Social Care and is a non-profit that 
aims to expand the antibiotic pipeline [143]. The AMR Industry Alliance (AMRIA) [144] represents the industry in its AMR 
efforts and seeks a collective effort from its members. The British Society for Antimicrobial Chemotherapy (BSAC) has been 
a longstanding player in the game and acts with global intent to advocate for better infection management. Their GAMSAS 
programme is underway to provide accreditation of standard AMS practice [145], permitting a means for commissioning-based 
approaches, incentives and reimbursement for stewardship as a distinct expert clinical activity. Together, these form prime 
examples of the collaborations necessary across governmental bodies and R and D organizations to target the resistant bacteria 
that pose the greatest threat to global health [146].

The AMR benchmark report exploits the putative, multifaceted approaches necessary for tackling AMR [34] by evaluating 
manufacturers and identifying key areas of need and achievement. The report highlights the importance of stewardship and 
pipeline developments that respond to issues of unmet need [146]. This is indicative of a worthy shift from producing treatments 
for syndromes of infectious diseases to pathogen-directed therapy and appraisal. The report also identifies the dangers of global 
inequality in access, prescription and use of antibiotics, positing that infrastructure improvements are a key requirement to 
reducing the global burden of AMR [147].

If novel antibiotics, including BLs, are to remain a cornerstone of therapy, their pipelines must remain innovative, sustainable and 
accessible. Today, new economic models are being instigated to stimulate the dwindling market through push-and-pull incentives. 
An example is the UK de-linkage model, an archetype of value-based healthcare, which provides reimbursement for antimicrobials 
based on the value they provide to healthcare rather than the volume used [148]. This is an example of a pull mechanism that 
incentivizes both responsible use and the development of new antibiotics. A vital aspect of such programmes is the incorporation 
of surveillance of AMR and prescribing practices into economic models, as done by the Antimicrobial Registry (UKAR) in the 
UK [149] and similar programmes in Sweden [150], Canada [151], Japan [152] and Switzerland [153]. A similar pull incentive, 
the PASTEUR Act, is being considered for adoption in the USA [154]. Some European states are considering adopting a different 
type of model, which offers patent exclusivity for any drug in their portfolio if they market an antimicrobial [155].

Concluding themes
In this review, we focused on important historical case studies that shaped the development, use and long-term efficacy of BL antibiotics. 
We demonstrated important advances in science and discovery and how legislative and industry stakeholders have worked together to 
influence the direction of travel. However, some of these early actions exacerbated the problem that we face today because stakeholders 
did not fully consider the long-term, evolutionary consequences of their decisions. Modern technology offers a means of empowering 
evolutionary theory and a path towards better industrial and clinical practice that mitigates resistance spread, and to a world where 
antibiotics maintain their efficacy and true value for as long as possible. Novel thinking has led to redefining working antimicrobials as 
a common pool resource, that is, as a key utility of societal infrastructure. This definition allows for improved valuation of the societal 
value of antimicrobials and is fitting for both high- and low-income countries.

A recurring theme across the case studies has been the inevitability of resistance emergence and a time lag to implementing stewardship 
and containment strategies. In the past, resistance was rarely considered a problem until severe infections became untreatable. The 
NRDC demonstrated the value of stakeholder cooperation in stimulating rapid research and development but was not able to embed 
a cohesive stewardship and surveillance approach. The cephalosporin discovery era staged a time of rapidly evolving AMR, but the 
continuous influx of novel drugs delayed the understanding and appreciation of the magnitude of the problem. Consequently, towards 
the end of the nineties, investment into R and D of new antimicrobials became less attractive. A lack of diversity in discovery and 
production is typified by the case of the fire impacting global TZP supply. We hope that identifying, and acting to ameliorate, the impact 
of stakeholder decision-making on the emergence and spread of resistance can bolster investor confidence in antibiotic development.

The examined case studies yield important lessons too. For example, the rise of ESBLs led to the need for novel drugs. But, unlike in 
the past, the development of new drugs this time around accounted for pharmacological and clinical needs, resulting in the success of 
non-BL BLIs. For the first time, discovery pipelines also accounted for how drug properties might impact resistance evolution. Diversity 
in the antibiotic armoury allows diversification of drug use and plays a critical role in slowing down the emergence and spread of 
resistance [156]. Similarly, the use of BL/BLI drug combinations, as opposed to relying on individual drugs, marked a key milestone.
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Table 3. Current practice, persisting gaps and opportunities for resistance evolution theory application by case study theme

Case study theme Current policy and behaviours Persisting gap Placement of applied evolutionary theory

Case study 1:
research and insights 
sharing

WHO priority pathogen list
WHO global research agenda
Surveillance programmes*
Public–private partnerships, e.g. 
GARDP and CARBX

Pipelines for similar medicines require 
stewardship
Persistent focus on similar mechanisms of 
activity
A balance of free market and targeted need 
using value-based economics to de-risk 
pipelines
Localized priority pathogen lists

Mapping the therapeutic and resistance 
landscape of pipeline drugs
Embracing OneHealth learnings for zoonotic 
spread and resistance overspill
Incorporating evolutionary theory into 
pipeline due diligence
Modelling of future resistance for individual 
agents under realistic scenarios

Case study 2:
drivers of prescription 
volume

Volume de-linked economic model 
in the UK (or other similar models)
AMS initiatives
WHO National Action Plans
Education of public and healthcare 
providers

Incentivizing stewardship by considering 
working antimicrobials akin to societal 
infrastructure and through value-based 
economics
Stewardship of generics on a global level
Gaps in surveillance of global drug use and 
supply chains
Adoption of pull incentives with AMS at core
Need for diagnostic stewardship

Dynamic and predictive linking between 
volumes of use to resistance
Adaptive and dynamic antibiograms, from 
lab to bedside
Modelling of resistance and diagnostic needs 
to be incorporated into prescription practices

Case study 3:
market crowding on 
limited range

Diversification in drugs developed
Consideration of other antimicrobial 
technologies, alone or together with 
antibiotics

Sales of novel medicines predominantly 
limited to high-income countries, leading to 
overuse of a limited range of antibiotics in 
low-income countries
Lack of clarity and detail in global 
consumption volumes

Inform future horizon and development 
pipelines by geographical need
Inform launch strategy and combination 
strategies
Inform adjunct technologies, e.g. 
bacteriophage
Modelling of volume impact on resistance

Case study 4:
resistance surveillance

Many surveillance programmes 
– per drug, pathogen, resistance 
mechanism

Lack of harmonized and standardized 
approaches for surveillance (varies according 
to programme)
Poor linkage of animal, environmental and 
human AMR
Surveillance is rarely real time
gastro-intenstinal (GI) carriage targeted 
screening in some systems

Anticipatory surveillance approaches
Harness computational and AI power in the 
prediction of resistance spread
Harmonize and standardize reporting per 
pathogen/drug/mechanism
Accounting for environmental resistance in 
patient spread
Predicting impact on microbiome carriage

Case study 5:
diversity of 
manufacture and 
distribution

Companies diversifying manufacture 
and supply

Increasing knowledge of this issue
Inconsistent global distribution and 
production
Diversification of production
Need for equitable and robustly mapped 
supply chains
Infrastructure definition of working 
antimicrobial alignment: adopting regional 
sustainable development in diverse regions 
and economies

Better understanding of how distribution 
impacts resistance spread
Optimizing supply chains to minimize 
selection for resistance
Mapping the OneHealth impacts of new 
antimicrobials

Case study 6:
need-driven 
development

Novel drugs and pipeline are more 
aligned to areas of need per pathogen 
and resistance mechanism
Pull incentive roll-outs

Poor mapping of entire pipelines
Risk of duplicate research
Difficult to predict future resistance issues for 
novel medicines
Need to link pull incentives to early discovery 
and development

Intelligent drug design based on retrospective 
and future predicted resistance
Experimental evaluation of resistance 
under laboratory conditions when selecting 
candidates for further development

*Surveillance programmes: ATLAS, Ears-NET, SENTRY, VIVLI, GLASS, PROMED, MAPP, BDTool, SEDRIC, MICROBE and SMART.

The advent of global coordinated actions and the formation of multi-disciplinary stakeholder organizations and initiatives is a 
critical turning point. These efforts are primarily focused on linking various disparate stakeholders to evaluate the problem in a 
global context. Others examine how the socio-political landscape and inequalities contribute to the problem. And some attempt 
to invoke a sustainable incentive for antibiotic development and stewarded use.

However, microbes and their resistance mechanisms do not respect geographic boundaries, creating a need for coordinated 
and effective actions across national, regional and global scales (Table 2) that are not met by existing efforts. There are many 
stakeholders in the current landscape, and although most policy seeks similar aims, there is a need for cohesion and common 
goals. Steps towards better integration of stakeholders across the pharmaceutical industry, government and regulatory bodies 
are critical and must be adopted on a global scale. This is why it is vital to recognize that the success of an incentive depends on 
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several critical factors: (i) that all G20 countries contribute investment [157], (ii) that this investment and security incentivize 
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The vital role that antimicrobials play in the world must be communicated as best as possible to realize true civic value and 
responsible use. AMR now has a OneHealth policy agenda, which spans humans, animals, food security and the environment. 
We witness experts from diverse disciplines pull together in an effort to curb its impact, with 2024 staging the third UN General 
Assembly meeting on AMR [158]. We argue that steps towards better integration of evolutionary theory across the pharmaceutical 
industry, government and regulatory bodies are critical and must be adopted on a global scale.

Table 3 summarizes current practice, persisting gaps and opportunities by case study theme for incorporating resistance evolution 
theory and thinking. Whilst important for existing drugs under extensive use, resistance surveillance must extend to drugs in 
development. This is particularly important as most drugs in development are derivatives of natural precursors, potentially leading 
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might impact resistance evolution, informing the choice of key parameters such as dosage [159, 160] or drug combinations 
[161, 162]. New laboratory, genomic and bioinformatic techniques are continually developed to improve the study and surveillance 
of resistance evolution, but they are rarely implemented into drug development pipelines and legislation.

In this review, we focused on critical historical case studies that shaped the development, use and long-term efficacy of BL antibiotics. 
We discussed important advances in discovery science and how legislative and industry stakeholders worked together (knowingly 
or not) to influence the direction of travel. However, some of these actions have exacerbated the problem that we face today because 
stakeholders did not adequately consider the long-term consequences of drug development pipelines and administration policies. 
Better integration between evolutionary microbiologists and key decision-makers offers a path towards a better industrial and clinical 
practice that minimizes resistance spread and, ultimately, a world where antibiotics maintain their effectiveness.

Funding information
The authors received no specific grant from any funding agency. Funding was provided by the Wellcome Trust and Royal Society Sir Henry Dale Fellow-
ship to M.L. (grant 216779/Z/19/Z).

Conflicts of interest
T.A. was an employee of Pfizer Ltd at project initiation. T.A. is an elected trustee of the British Society for Antimicrobial Chemotherapy and the director 
of ​thesignpost.​com and has recent consultancy contracts with ESSITY, Menarini, Pharmafilter, ADVANZ, BinaryPharma and UK Sepsis Trust. Z.R. is an 
employee and shareholder of Pfizer Ltd.

https://www.unep.org/topics/chemicals-and-pollution-action/pollution-and-health/antimicrobial-resistance-global-threat#:~:text=The%20World%20Health%20Organization%20(WHO,development%2C%20and%20equity%20within%20societies
https://www.unep.org/topics/chemicals-and-pollution-action/pollution-and-health/antimicrobial-resistance-global-threat#:~:text=The%20World%20Health%20Organization%20(WHO,development%2C%20and%20equity%20within%20societies
https://www.unep.org/topics/chemicals-and-pollution-action/pollution-and-health/antimicrobial-resistance-global-threat#:~:text=The%20World%20Health%20Organization%20(WHO,development%2C%20and%20equity%20within%20societies
https://www.unep.org/topics/chemicals-and-pollution-action/pollution-and-health/antimicrobial-resistance-global-threat#:~:text=The%20World%20Health%20Organization%20(WHO,development%2C%20and%20equity%20within%20societies
https://www.unep.org/topics/chemicals-and-pollution-action/pollution-and-health/antimicrobial-resistance-global-threat#:~:text=The%20World%20Health%20Organization%20(WHO,development%2C%20and%20equity%20within%20societies
https://www.cdc.gov/antimicrobial-resistance/about/?CDC_AAref_Val=https://www.cdc.gov/drugresistance/about.html
https://www.cdc.gov/antimicrobial-resistance/about/?CDC_AAref_Val=https://www.cdc.gov/drugresistance/about.html
https://www.cdc.gov/antimicrobial-resistance/about/?CDC_AAref_Val=https://www.cdc.gov/drugresistance/about.html
https://www.thelancet.com/series/antibiotic-resistance
https://www.acs.org/education/whatischemistry/landmarks/flemingpenicillin.html
https://www.acs.org/education/whatischemistry/landmarks/flemingpenicillin.html


14

Ashfield et al., Microbiology 2025;171:001534

	18.	 Letten AD, Hall AR, Levine JM. Using ecological coexistence 
theory to understand antibiotic resistance and microbial compe-
tition. Nat Ecol Evol 2021;5:431–441. 

	19.	 Benveniste R, Davies J. Aminoglycoside antibiotic-inactivating 
enzymes in actinomycetes similar to those present in clinical 
isolates of antibiotic-resistant bacteria. Proc Natl Acad Sci USA 
1973;70:2276–2280. 

	20.	 Nagpala PG. The introduction of a gene encoding a novel peptide 
into plants to increase plant bacterial resistance. Louisiana State 
University and Agricultural & Mechanical College 1990.

	21.	 Khachatourians GG. Agricultural use of antibiotics and the 
evolution and transfer of antibiotic-resistant bacteria. Cmaj 
1998;159:1129–1136.

	22.	 Mutuku C, Gazdag Z, Melegh S. Occurrence of antibiotics and 
bacterial resistance genes in wastewater: resistance mecha-
nisms and antimicrobial resistance control approaches. World J 
Microbiol Biotechnol 2022;38:152.

	23.	 Nong Q, Yuan K, Li Z, Chen P, Huang Y, et al. Bacterial resistance 
to lead: chemical basis and environmental relevance. J Environ 
Sci 2019;85:46–55. 

	24.	 Andersson DI, Balaban NQ, Baquero F, Courvalin P, Glaser P, 
et  al. Antibiotic resistance: turning evolutionary principles into 
clinical reality. FEMS Microbiol Rev 2020;44:171–188.

	25.	 Kim JI, Maguire F, Tsang KK, Gouliouris T, Peacock SJ, et  al. 
Machine learning for antimicrobial resistance prediction: current 
practice, limitations, and clinical perspective. Clin Microbiol Rev 
2022;35:e0017921.

	26.	 Murray BE, Moellering RC Jr. Patterns and mechanisms of anti-
biotic resistance. Med Clin North Am 1978;62:899–923. 

	27.	 Darby EM, Trampari E, Siasat P, Gaya MS, Alav I, et al. Molecular 
mechanisms of antibiotic resistance revisited. Nat Rev Microbiol 
2023;21:280–295. 

	28.	 Oz T, Guvenek A, Yildiz S, Karaboga E, Tamer YT, et al. Strength 
of selection pressure is an important parameter contributing to 
the complexity of antibiotic resistance evolution. Mol Biol Evol 
2014;31:2387–2401. 

	29.	 van Dijk T, Hwang S, Krug J, de Visser JAGM, Zwart MP. Mutation 
supply and the repeatability of selection for antibiotic resistance. 
Phys Biol 2017;14:055005. 

	30.	 Goranova M, Ochoa G, Maier P, Hoyle A. Evolutionary optimi-
sation of antibiotic dosing regimens for bacteria with different 
levels of resistance. Artif Intell Med 2022;133:102405. 

	31.	 Brooks BD, Brooks AE. Therapeutic strategies to combat antibi-
otic resistance. Adv Drug Deliv Rev 2014;78:14–27. 

	32.	 Read AF, Woods RJ. Antibiotic resistance management. Evol Med 
Public Health 2014;2014:147. 

	33.	 Palmer AC, Kishony R. Understanding, predicting and manipu-
lating the genotypic evolution of antibiotic resistance. Nat Rev 
Genet 2013;14:243–248. 

	34.	 Rafiqi F, Cesari E, Dinar-Farjon D, Gervan MV, Hellamand M, et al. 
Antimicrobial resistance benchmark. AMF 2021.

	35.	 Thakuria B, Lahon K. The beta-lactam antibiotics as an empir-
ical therapy in a developing country: an update on their current 
status and recommendations to counter the resistance against 
them. J Clin Diagn Res 2013;7:1207–1214. 

	36.	 Cassini A, Högberg LD, Plachouras D, Quattrocchi A, Hoxha A, 
et al. Attributable deaths and disability-adjusted life-years caused 
by infections with antibiotic-resistant bacteria in the EU and the 
European economic area in 2015: a population-level modelling 
analysis. Lancet Infect Dis 2019;19:56–66. 

	37.	 Tansey E, Reynolds LA. Post penicillin antibiotics: from accept-
ance to resistance?: wellcome trust. 2000.

	38.	 Gaynes R. The discovery of penicillin—new insights after more 
than 75 years of clinical use. Emerg Infect Dis 2017;23:849–853. 

	39.	 Bhide A, Datar S, Stebbins K. Case histories of significant medical 
advances: cephalosporins. Harvard business school general 
management unit working paper. 2021., pp. 20–133.

	40.	 Weinstein AJ. The cephalosporins: activity and clinical use. Drugs 
1980;20:137–154. 

	41.	 Muñiz CC, Zelaya TEC, Esquivel GR, Fernández FJ. Penicillin and 
cephalosporin production: a historical perspective. Revista lati-
noamericana de microbiología 2007;49:88–98.

	42.	 Kumazawa J, Yagisawa M. The history of antibiotics: the Japa-
nese story. J Infect Chemother 2002;8:125–133. 

	43.	 Hutchings MI, Truman AW, Wilkinson B. Antibiotics: past, present 
and future. Curr Opin Microbiol 2019;51:72–80. 

	44.	 Fernandez J, Jimenez-Rodriguez TW, Blanca-Lopez N. Classi-
fying cephalosporins: from generation to cross-reactivity. Curr 
Opin Allergy Clin Immunol 2021;21:346–354. 

	45.	 Boyer JL, Andriole VT. Laboratory and clinical studies of a new 
antibiotic, cephaloglycin in the treatment of urinary tract infec-
tions. Yale J Biol Med 1968;40:284–295.

	46.	 Scheld WM, Korzeniowski OM, Sande MA. In vitro susceptibility 
studies with cefaclor and cephalexin. Antimicrob Agents Chem-
other 1977;12:290–292. 

	47.	 Neu HC, Fu KP, Aswapokee N, Aswapokee P, Kung K. Compar-
ative activity and beta-lactamase stability of cefoperazone, 
a piperazine cephalosporin. Antimicrob Agents Chemother 
1979;16:150–157. 

	48.	 Vuye A, Pijck J. In vitro antibacterial activity of BMY-28142, a new 
extended-spectrum cephalosporin. Antimicrob Agents Chemother 
1985;27:574–577. 

	49.	 NHS. About co-amoxiclav; 2024. https://www.nhs.uk/​
medicines/ co-amoxiclav/about-co-amoxiclav

	50.	 White AR, Kaye C, Poupard J, Pypstra R, Woodnutt G, et  al. 
Augmentin (amoxicillin/clavulanate) in the treatment of 
community-acquired respiratory tract infection: a review of the 
continuing development of an innovative antimicrobial agent. J 
Antimicrob Chemother 2004;53 Suppl 1:i3–20. 

	51.	 WHO. WHO Model Lists of Essential Medicines; 2024. https:// www.​
who.int/groups/expert-committee-on-selection- and-use- 
 of-essential-medicines/essential-medicines-lists

	52.	 WHO. Amoxicillin + clavulanic acid; 2024. https://list.essential-
meds.org/medicines/310

	53.	 Zivanovic V, Gojkovic-Bukarica L, Scepanovic R, Vitorovic T,  
Novakovic R, et  al. Differences in antimicrobial consumption, 
prescribing and isolation rate of multidrug resistant Klebsiella pneu-
moniae, Pseudomonas aeruginosa and Acinetobacter baumannii on 
surgical and medical wards. PLoS One 2017;12:e0175689. 

	54.	 Ashiru-Oredope D, Hopkins S. Antimicrobial stewardship: English 
Surveillance Programme for Antimicrobial Utilization and Resist-
ance (ESPAUR). J Antimicrob Chemother 2013;68:2421–2423. 

	55.	 Rosón B, Carratalà J, Tubau F, Dorca J, Liñares J, et al. Useful-
ness of betalactam therapy for community-acquired pneumonia 
in the era of drug-resistant Streptococcus pneumoniae: a rand-
omized study of amoxicillin-clavulanate and ceftriaxone. Microb 
Drug Resist 2001;7:85–96. 

	56.	 Balgos AA, Rodriguez-Gomez G, Nasnas R, Mahasur AA, 
Margono BP, et  al. Efficacy of twice-daily amoxycillin/clavu-
lanate in lower respiratory tract infections. Int J Clin Pract 
1999;53:325–330.

	57.	 Tamma PD, Villegas MV. Use of β-lactam/β-lactamase inhibi-
tors for extended-spectrum-β-lactamase infections: defining 
the right patient population. Antimicrob Agents Chemother 
2017;61:e01094-17. 

	58.	 Livermore DM. Beta-lactamase-mediated resistance and oppor-
tunities for its control. J Antimicrob Chemother 1998;41 Suppl 
D:25–41. 

	59.	 Lee N, Yuen KY, Kumana CR. Clinical role of beta-lactam/beta-
lactamase inhibitor combinations. Drugs 2003;63:1511–1524. 

	60.	 Hammond A, Stuijfzand B, Avison MB, Hay AD. Antimicrobial 
resistance associations with national primary care antibiotic 
stewardship policy: primary care-based, multilevel analytic 
study. PLoS One 2020;15:e0232903. 

https://www.nhs.uk/medicines/co-amoxiclav/about-co-amoxiclav
https://www.nhs.uk/medicines/co-amoxiclav/about-co-amoxiclav
https://www.who.int/groups/expert-committee-on-selection-and-use-of-essential-medicines/essential-medicines-lists
https://www.who.int/groups/expert-committee-on-selection-and-use-of-essential-medicines/essential-medicines-lists
https://www.who.int/groups/expert-committee-on-selection-and-use-of-essential-medicines/essential-medicines-lists
https://list.essentialmeds.org/medicines/310
https://list.essentialmeds.org/medicines/310


15

Ashfield et al., Microbiology 2025;171:001534

	61.	 Leflon-Guibout V, Ternat G, Heym B, Nicolas-Chanoine MH. Expo-
sure to co-amoxiclav as a risk factor for co-amoxiclav-resistant 
Escherichia coli urinary tract infection. J Antimicrob Chemother 
2002;49:367–371. 

	62.	 Vihta K-D, Stoesser N, Llewelyn MJ, Quan TP, Davies T, et  al. 
Trends over time in Escherichia coli bloodstream infections, 
urinary tract infections, and antibiotic susceptibilities in Oxford-
shire, UK, 1998-2016: a study of electronic health records. Lancet 
Infect Dis 2018;18:1138–1149. 

	63.	 English Surveillance Programme for Antimicrobial Utilisation and 
Resistance (ESPAUR). UK Health Security Agency, 2023.

	64.	 Col NF, O’Connor RW. Estimating worldwide current antibi-
otic usage: report of task force 1. Rev Infect Dis 1987;9 Suppl 
3:S232–43. 

	65.	 Ambler RP. The structure of beta-lactamases. Philos Trans R Soc 
Lond B Biol Sci 1980;289:321–331. 

	66.	 Perry CM, Markham A. Piperacillin/tazobactam. Drugs 
1999;57:805–843. 

	67.	 Hubbard ATM, Mason J, Roberts P, Parry CM, Corless C, et  al. 
Piperacillin/tazobactam resistance in a clinical isolate of Escher-
ichia coli due to IS26-mediated amplification of bla

TEM-1B
 Nat 

Commun 2020;11:4915. 

	68.	 Wilcox MH, Freeman J, Fawley W, MacKinlay S, Brown A, et al. Long-
term surveillance of cefotaxime and piperacillin-tazobactam 
prescribing and incidence of Clostridium difficile diarrhoea. J 
Antimicrob Chemother 2004;54:168–172. 

	69.	 Slekovec C, Robert J, Trystram D, Delarbre JM, Merens A, et al. 
Pseudomonas aeruginosa in French hospitals between 2001 
and 2011: back to susceptibility. Eur J Clin Microbiol Infect Dis 
2014;33:1713–1717. 

	70.	 Bud R. Antibiotics: the epitome of a wonder drug. BMJ 2007;334 
Suppl 1:s6. 

	71.	 Barriere SL. Controversies in antimicrobial therapy: formulary 
decisions on third-generation cephalosporins. Am J Hosp Pharm 
1986;43:625–629.

	72.	 Hsieh WC, Ho SW. Evaluation of antibacterial activities of ceph-
alosporin antibiotics: cefazolin, cephaloridine, cephalothin, 
and cephalexin. Zhonghua Min Guo Wei Sheng Wu Xue Za Zhi 
1975;8:1–11.

	73.	 Tartaglione TA, Polk RE. Review of the new second-generation 
cephalosporins: cefonicid, ceforanide, and cefuroxime. Drug Intell 
Clin Pharm 1985;19:188–198. 

	74.	 Klein NC, Cunha BA. Third-generation cephalosporins. Med Clin 
North Am 1995;79:705–719. 

	75.	 Bryskier A. Cephems: fifty years of continuous research. J Anti-
biot 2000;53:1028–1037. 

	76.	 Van Boeckel TP, Gandra S, Ashok A, Caudron Q, Grenfell BT, et al. 
Global antibiotic consumption 2000 to 2010: an analysis of national 
pharmaceutical sales data. Lancet Infect Dis 2014;14:742–750. 

	77.	 Bradford PA. Extended-spectrum beta-lactamases in the 21st 
century: characterization, epidemiology, and detection of this 
important resistance threat. Clin Microbiol Rev 2001;14:933–951. 

	78.	 Rice LB, Willey SH, Papanicolaou GA, Medeiros AA, 
Eliopoulos GM, et al. Outbreak of ceftazidime resistance caused 
by extended-spectrum beta-lactamases at a Massachu-
setts chronic-care facility. Antimicrob Agents Chemother 
1990;34:2193–2199. 

	79.	 Knothe H, Shah P, Krcmery V, Antal M, Mitsuhashi S. Transfer-
able resistance to cefotaxime, cefoxitin, cefamandole and cefuro-
xime in clinical isolates of Klebsiella pneumoniae and Serratia 
marcescens. Infection 1983;11:315–317. 

	80.	 Duclos G, Lakbar I, Boucekine M, Lolo G, Cassir N, et al. Associa-
tion between multidrug-resistant bacteria and mortality in criti-
cally ill patients. Adv Ther 2023;40:1736–1749. 

	81.	 Karam GH, Heffner JE. Emerging issues in antibiotic resist-
ance in blood-borne infections. Am J Respir Crit Care Med 
2000;162:1610–1616. 

	82.	 Quinn JP. Clinical strategies for serious infection: a North Amer-
ican perspective. Diagn Microbiol Infect Dis 1998;31:389–395. 

	83.	 Wiener J, Quinn JP, Bradford PA, Goering RV, Nathan C, et  al. 
Multiple antibiotic-resistant Klebsiella and Escherichia coli in 
nursing homes. JAMA 1999;281:517–523. 

	84.	 Pitout JDD, Nordmann P, Laupland KB, Poirel L. Emergence 
of Enterobacteriaceae producing extended-spectrum beta-
lactamases (ESBLs) in the community. J Antimicrob Chemother 
2005;56:52–59. 

	85.	 Ghafourian S, Sadeghifard N, Soheili S, Sekawi Z. Extended 
spectrum beta-lactamases: definition, classification and epide-
miology. Curr Issues Mol Biol 2015;17:11–21.

	86.	 Carmen A, Luminita B, Delia M, Florin H, Ovidiu B, et al. Etiology, 
frequency and antimicrobial resistance of Enterobacteriaceae 
infections in an intensive care unit. Editorial Board 1982;96:18.

	87.	 Ahmad S. Prevalence and antimicrobial susceptibility of 
extended-spectrum β-lactamase-producing Klebsiella pneumo-
niae at a microbiology diagnostic center in kashmir. Rawal Med J 
1970;34.

	88.	 Briceland LL, Nightingale CH, Quintiliani R, Cooper BW, 
Smith KS. Antibiotic streamlining from combination therapy to 
monotherapy utilizing an interdisciplinary approach. Arch Intern 
Med 1988;148:2019–2022.

	89.	 Rahal JJ, Urban C, Horn D, Freeman K, Segal-Maurer S, et al. Class 
restriction of cephalosporin use to control total cephalosporin 
resistance in nosocomial Klebsiella. JAMA 1998;280:1233–1237. 

	90.	 Srinivas K, Ghatak S, Angappan M, Milton AAP, Das S, et al. Occur-
rence of antimicrobial resistance genes prior to approval of anti-
biotics for clinical use: evidences from comparative resistome 
analysis of Salmonella enterica spanning four decades. EAMR 
2023;13:71–84. 

	91.	 Bebrone C. Metallo-beta-lactamases (classification, activity, 
genetic organization, structure, zinc coordination) and their 
superfamily. Biochem Pharmacol 2007;74:1686–1701. 

	92.	 Sabath LD, Abraham EP. Zinc as a cofactor for cephalosporinase 
from Bacillus cereus 569. Biochem J 1966;98:11C–3C. 

	93.	 Bottone EJ. Bacillus cereus, a volatile human pathogen. Clin 
Microbiol Rev 2010;23:382–398. 

	94.	 Lim HM, Pène JJ, Shaw RW. Cloning, nucleotide sequence, and 
expression of the Bacillus cereus 5/B/6 beta-lactamase II struc-
tural gene. J Bacteriol 1988;170:2873–2878. 

	95.	 Concha NO, Rasmussen BA, Bush K, Herzberg O. Crystal struc-
ture of the wide-spectrum binuclear zinc beta-lactamase from 
Bacteroides fragilis. Structure 1996;4:823–836. 

	96.	 Yang Y, Rasmussen BA, Bush K. Biochemical characterization 
of the metallo-beta-lactamase CcrA from Bacteroides fragilis 
TAL3636. Antimicrob Agents Chemother 1992;36:1155–1157. 

	97.	 Livermore DM, Woodford N. The beta-lactamase threat in Entero-
bacteriaceae, Pseudomonas and Acinetobacter. Trends Microbiol 
2006;14:413–420.

	98.	 Timsit J-F, Wicky P-H, de Montmollin E. Treatment of severe 
infections due to metallo-beta-lactamases Enterobacterales in 
critically ill patients. Antibiotics 2022;11:144. 

	99.	 Walker ES, Levy F. Genetic trends in a population evolving antibi-
otic resistance. Evolution 2001;55:1110–1122. 

	100.	 Cuchural GJ Jr, Malamy MH, Tally FP. Beta-lactamase-mediated 
imipenem resistance in Bacteroides fragilis. Antimicrob Agents 
Chemother 1986;30:645–648. 

	101.	 Gales AC, Menezes LC, Silbert S, Sader HS. Dissemination in 
distinct Brazilian regions of an epidemic carbapenem-resistant 
Pseudomonas aeruginosa producing SPM metallo-beta-
lactamase. J Antimicrob Chemother 2003;52:699–702. 

	102.	 San Millan A, Escudero JA, Gifford DR, Mazel D, MacLean RC. 
Multicopy plasmids potentiate the evolution of antibiotic resist-
ance in bacteria. Nat Ecol Evol 2016;1:0010. 

	103.	 Kumarasamy KK, Toleman MA, Walsh TR, Bagaria J, Butt F, et al. 
Emergence of a new antibiotic resistance mechanism in India, 



16

Ashfield et al., Microbiology 2025;171:001534

Pakistan, and the UK: a molecular, biological, and epidemiolog-
ical study. Lancet Infect Dis 2010;10:597–602. 

	104.	 Moellering R, Eliopoulos GM, Sentochnik DE. The carbapenems: 
new broad spectrum beta-lactam antibiotics. J Antimicrob Chem-
other 1989;24 Suppl A:1–7. 

	105.	 Pathak A, Nowell RW, Wilson CG, Ryan MJ, Barraclough TG. 
Comparative genomics of Alexander Fleming’s original Penicil-
lium isolate (IMI 15378) reveals sequence divergence of penicillin 
synthesis genes. Sci Rep 2020;10:15705. 

	106.	 Roach PL, Clifton IJ, Fülöp V, Harlos K, Barton GJ, et al. Crystal 
structure of isopenicillin N synthase is the first from a new struc-
tural family of enzymes. Nature 1995;375:700–704. 

	107.	 Galán J-C, González-Candelas F, Rolain J-M, Cantón R. Antibi-
otics as selectors and accelerators of diversity in the mecha-
nisms of resistance: from the resistome to genetic plasticity in 
the β-lactamases world. Front Microbiol 2013;4:9. 

	108.	 Haeggman S, Löfdahl S, Paauw A, Verhoef J, Brisse S. Diver-
sity and evolution of the class A chromosomal beta-lactamase 
gene in Klebsiella pneumoniae. Antimicrob Agents Chemother 
2004;48:2400–2408. 

	109.	 Rigou S, Christo-Foroux E, Santini S, Goncharov A, Strauss J, 
et  al. Metagenomic survey of the microbiome of ancient Sibe-
rian permafrost and modern Kamchatkan cryosols. Microlife 
2022;3:uqac003. 

	110.	 Powers JH. Antimicrobial drug development--the past, the 
present, and the future. Clin Microbiol Infect 2004;10 Suppl 
4:23–31. 

	111.	 Shi Z, Zhang J, Tian L, Xin L, Liang C, et al. A comprehensive over-
view of the antibiotics approved in the last two decades: retro-
spects and prospect. Molecules 2023;28:1762. 

	112.	 Sabino S, Soares S, Ramos F, Moretti M, Zavascki AP, et  al. A 
cohort study of the impact of carbapenem-resistant Enterobacte-
riaceae infections on mortality of patients presenting with sepsis. 
mSphere 2019;4:e00052-19. 

	113.	 Oehler RL, Gompf SG. Shortcomings in the US pharmaceu-
tical supply chain: potential risks associated with interna-
tional manufacturing and trade-related tariffs. J Am Med Assoc 
2020;324:143–144.

	114.	 Shafiq N, Pandey AK, Malhotra S, Holmes A, Mendelson M, et al. 
Shortage of essential antimicrobials: a major challenge to global 
health security. BMJ Glob Health 2021;6:e006961. 

	115.	 Gage-Brown A, George C, Maleki J, Singh KP, Muhi S. Is 
piperacillin-tazobactam an appropriate empirical agent for 
hospital-acquired sepsis and community-acquired septic shock 
of unknown origin in Australia? Healthcare 2022;10:851. 

	116.	 Access to Medicine Foundation. Drug resistance and antibiotic 
shortages: new white paper makes case for fixing the antibiotic 
market. 2018.

	117.	 Gross AE, Johannes RS, Gupta V, Tabak YP, Srinivasan A, et al. 
The effect of a piperacillin/tazobactam shortage on antimicro-
bial prescribing and Clostridium difficile risk in 88 US medical 
centers. Clin Infect Dis 2017;65:613–618. 

	118.	 European Medicines Agency. EMA update on shortages of 
antibiotics in the EU; 2023. https://www.ema.europa.eu/en/​
news/ ema-update-shortages-antibiotics-eu

	119.	 Fukushige M, Ngo NH, Lukmanto D, Fukuda S, Ohneda O. Effect 
of the COVID-19 pandemic on antibiotic consumption: a system-
atic review comparing 2019 and 2020 data. Front Public Health 
2022;10:946077. 

	120.	 Stapleton P, Wu PJ, King A, Shannon K, French G, et al. Incidence 
and mechanisms of resistance to the combination of amoxicillin 
and clavulanic acid in Escherichia coli. Antimicrob Agents Chem-
other 1995;39:2478–2483. 

	121.	 Tooke CL, Hinchliffe P, Bragginton EC, Colenso CK, Hirvonen VHA, 
et  al. β-lactamases and β-lactamase inhibitors in the 21st 
century. J Mol Biol 2019;431:3472–3500. 

	122.	 Yahav D, Giske CG, Grāmatniece A, Abodakpi H, Tam VH, et  al. 
New β-lactam-β-lactamase inhibitor combinations. Clin Microbiol 
Rev 2020;34:e00115-20. 

	123.	 Lee Y, Kim J, Trinh S. Meropenem-vaborbactam (Vabomere™): 
another option for carbapenem-resistant Enterobacteriaceae. PT 
2019;44:110–113.

	124.	 O’Donnell JN, Lodise TP. New perspectives on antimicrobial 
agents: imipenem-relebactam. Antimicrob Agents Chemother 
2022;66:e0025622. 

	125.	 Gifford DR, Furió V, Papkou A, Vogwill T, Oliver A, et al. Identifying 
and exploiting genes that potentiate the evolution of antibiotic 
resistance. Nat Ecol Evol 2018;2:1033–1039. 

	126.	 Ashiru-Oredope D, Sharland M, Charani E, McNulty C, Cooke J, 
et  al. Improving the quality of antibiotic prescribing in the NHS 
by developing a new antimicrobial stewardship programme: 
start smart—then focus. J Antimicrob Chemother 2012;67 Suppl 
1:i51–63. 

	127.	 Fluit AC, Jones ME, Schmitz FJ, Acar J, Gupta R, et al. Antimicro-
bial susceptibility and frequency of occurrence of clinical blood 
isolates in Europe from the SENTRY antimicrobial surveillance 
program, 1997 and 1998. Clin Infect Dis 2000;30:454–460. 

	128.	 Fridkin SK, Steward CD, Edwards JR, Pryor ER, McGowan JE Jr, 
et al. Surveillance of antimicrobial use and antimicrobial resist-
ance in united states hospitals: project ICARE phase 2. Project 
Intensive Care Antimicrobial Resistance Epidemiology (ICARE) 
hospitals. Clin Infect Dis 1999;29:245–252. 

	129.	 Department of Health. The Health Act 2006: Code of prac-
tice for the prevention and control of healthcare associated 
infections; 2006. https://webarchive.nationalarchives.gov.
uk/​ukgwa/+/ www.dh.gov.uk/en/Publicationsandstatistics/
Publications/Publ icationsPolicyAndGuidance/DH_4139336

	130.	 Smith RD, Coast J. Antimicrobial resistance: a global response. 
Bull World Health Organ 2002;80:126–133.

	131.	 Vila J, Rodríguez-Baño J, Gargallo-Viola D. Prudent use of anti-
bacterial agents: are we entering in an era of infections with no 
effective antibacterial agents? what can we do? Enfermedades 
Infecciosas y Microbiología Clínica 2010;28:577–579. 

	132.	 Earnshaw S, Mancarella G, Mendez A, Todorova B, Magiorakos AP, 
et al. European antibiotic awareness day: a five-year perspective 
of Europe-wide actions to promote prudent use of antibiotics. 
Euro Surveill 2014;19:20928. 

	133.	 Srinivasaraghavan R, Dhandapany G. Non availability of cloxa-
cillin, a deterrent for rational antimicrobial practice. Indian 
Pediatr 2016;53:1032–1033.

	134.	 Plackett B. Why big pharma has abandoned antibiotics. Nature 
2020;586:S50–S52. 

	135.	 Laxminarayan R, Matsoso P, Pant S, Brower C, Røttingen J-A, 
et al. Access to effective antimicrobials: a worldwide challenge. 
Lancet 2016;387:168–175. 

	136.	 Alanis AJ. Resistance to antibiotics: are we in the post-antibiotic 
era? Arch Med Res 2005;36:697–705. 

	137.	 Ha DR, Haste NM, Gluckstein DP. The role of antibiotic steward-
ship in promoting appropriate antibiotic use. Am J Lifestyle Med 
2019;13:376–383. 

	138.	 WHO. Antimicrobial resistance; 2023. https://www.who.​
int/ news-room/fact-sheets/detail/antimicrobial-resistance

	139.	 Martínez JL, Baquero F. Emergence and spread of antibi-
otic resistance: setting a parameter space. Ups J Med Sci 
2014;119:68–77. 

	140.	 WHO. Global Antimicrobial Resistance and Use Surveillance 
System (GLASS); 2024. https://www.who.int/initiatives/glass

	141.	 Department of Health and Social Care. UK secures historic UN 
declaration on antimicrobial resistance; 2016. https://www.gov.uk/ 
 government/news/uk-secures-historic-un-declaration-on-
antimi crobial-resistance

	142.	 GARD-P: Global Antibiotic Research and Development Partner-
ship; (n.d.). https://gardp.org

https://www.ema.europa.eu/en/news/ema-update-shortages-antibiotics-eu
https://www.ema.europa.eu/en/news/ema-update-shortages-antibiotics-eu
https://webarchive.nationalarchives.gov.uk/ukgwa/+/www.dh.gov.uk/en/Publicationsandstatistics/Publications/PublicationsPolicyAndGuidance/DH_4139336
https://webarchive.nationalarchives.gov.uk/ukgwa/+/www.dh.gov.uk/en/Publicationsandstatistics/Publications/PublicationsPolicyAndGuidance/DH_4139336
https://webarchive.nationalarchives.gov.uk/ukgwa/+/www.dh.gov.uk/en/Publicationsandstatistics/Publications/PublicationsPolicyAndGuidance/DH_4139336
https://www.who.int/news-room/fact-sheets/detail/antimicrobial-resistance
https://www.who.int/news-room/fact-sheets/detail/antimicrobial-resistance
https://www.who.int/initiatives/glass
https://www.gov.uk/government/news/uk-secures-historic-un-declaration-on-antimicrobial-resistance
https://www.gov.uk/government/news/uk-secures-historic-un-declaration-on-antimicrobial-resistance
https://www.gov.uk/government/news/uk-secures-historic-un-declaration-on-antimicrobial-resistance
https://gardp.org


17

Ashfield et al., Microbiology 2025;171:001534

	143.	 CARB-X: Combating Antibiotic-Resistant Bacteria; (n.d.). https:// ​
carb-x.org

	144.	 AMR Industry Alliance; (n.d.). https://www.amrindustryalliance.​
org

	145.	 GAMSAS: Global Antimicrobial Stewardship Accredita-
tion Scheme; (n.d.). https://ams-accredit.com/register/​
register-for- accreditation

	146.	 Tacconelli E, Carrara E, Savoldi A, Harbarth S, Mendelson M, 
et  al. Discovery, research, and development of new antibiotics: 
the WHO priority list of antibiotic-resistant bacteria and tubercu-
losis. Lancet Infect Dis 2018;18:318–327. 

	147.	 Khurana MP, Essack S, Zoubiane G, Sreenivasan N, Cordoba GC, 
et al. Mitigating antimicrobial resistance (AMR) using implemen-
tation research: a development funder’s approach. JAC Antimi-
crob Resist 2023;5:dlad031. 

	148.	 Adler A, Cooper S, Crabb N. New ways of evaluating and 
purchasing antimicrobials. Lancet Infect Dis 2022;22:1542. 

	149.	 UK Antimicrobial Registry; (n.d.). https://bsac-ukar.org

	150.	 Rex J. Sweden to test an access-focused model for new anti-
biotics: contracting for availability. amr.solutions2020; 2024. 
https://amr.solutions/2020/03/16/sweden-to-test-an- access-
focused-model-for-new-antibiotics-contracting-for- availability

	151.	 CCA (Council of Canadian Academies). Overcoming Resistance. 
Ottawa (ON): Expert Panel on Antimicrobial Availability, CCA; 
2023.

	152.	 MHLW. Ministry of Health, Labour and Welfare of Japan; 2023. 
https://www.mhlw.go.jp

	153.	 Swiss Round Table on Antibiotics. Publication of the white paper: 
effective antibiotics for the Swiss health care system: today 
and in the future; 2024. https://roundtableantibiotics.ch/en/​
news/ white-paper-effective-antibiotics-for-the-swiss-health-
care- system-today-and-in-the-future

	154.	 Infectious Diseases Society of America. PASTEUR Act will build 
antibiotic arsenal, protect existing medicines; 2020. https://www.​
idsociety.org/news--publications-new/articles/2020/pasteur-act-​
will-build-antibiotic-arsenal-protect-existing-medicines

	155.	 Anderson M, Wouters OJ, Mossialos E. Transferable exclusivity 
extensions to stimulate antibiotic research and development: 
what is at stake? The Lancet Microbe 2023;4:e127–e128. 

	156.	 Peterson LR. Squeezing the antibiotic balloon: the impact of anti-
microbial classes on emerging resistance. Clin Microbiol Infect 
2005;11 Suppl 5:4–16. 

	157.	 The Wellcome Trust. The growing crisis in antibiotic R&D: oppor-
tunities for G20 member action to support sustainable innovation. 
2020

	158.	 WHO. Director-general’s opening remarks at the UNGA high-level 
meeting on AMR - political leadership and action on antimicro-
bial resistance: the road to the 2024 UNGA high-level meeting 
on AMR; 2022. https://www.who.int/director-general/speeches/​
detail/director-general-s-opening-remarks-at-the-unga-high-​
level-meeting-on-amr-political-leadership-and-action-on-anti-
microbial-resistance

	159.	 Harmand N, Gallet R, Martin G, Lenormand T. Evolution of 
bacteria specialization along an antibiotic dose gradient. Evol Lett 
2018;2:221–232. 

	160.	 Lagator M, Uecker H, Neve P. Adaptation at different points along 
antibiotic concentration gradients. Biol Lett 2021;17:20200913. 

	161.	 Barlow M, Hall BG. Experimental prediction of the natural evolu-
tion of antibiotic resistance. Genetics 2003;163:1237–1241. 

	162.	 Baym M, Stone LK, Kishony R. Multidrug evolutionary strategies 
to reverse antibiotic resistance. Science 2016;351:aad3292. 

	163.	 King DT, Sobhanifar S, Strynadka NCJ. The mechanisms of resist-
ance to β-lactam antibiotics. In: Gotte M, Berghuis A, Matlashewski 
G, Wainberg M and Sheppard D (eds). Handbook of Antimicrobial 
Resistance. New York, NY: Springer New York; 2014. pp. 1–22.

	164.	 Hall BG, Barlow M. Revised Ambler classification of {beta}-lacta-
mases. J Antimicrob Chemother 2005;55:1050–1051. 

	165.	 Rice LB. Mechanisms of resistance and clinical relevance of 
resistance to β-lactams, glycopeptides, and fluoroquinolones. 
Mayo Clin Proc 2012;87:198–208. 

	166.	 Qamar MU, Lopes BS, Hassan B, Khurshid M, Shafique M, et al. 
The present danger of New Delhi metallo-β-lactamase: a threat 
to public health. Future Microbiol 2020;15:1759–1778. 

	167.	 Miao X, Zhu L, Bai X. Bacterial community assembly and 
beta-lactamase (bla) genes regulation in a full-scale chlora-
minated drinking water supply system. J Environ Chem Eng 
2022;10:107677. 

	168.	 Mitchell SM, Ullman JL, Teel AL, Watts RJ. pH and temperature 
effects on the hydrolysis of three β-lactam antibiotics: ampicillin, 
cefalotin and cefoxitin. Sci Total Env 2014;466–467:547–555. 

	169.	 Bush K, Jacoby GA. Updated functional classification of 
β-lactamases. Antimicrob Agents Chemother 2010;54:969–976. 

	170.	 Greenwood D. Chapter 13 - β-Lactam antibiotics: cephalosporins. 
In: Antibiotic and Chemotherapy, Ninth Edition. London: W.B. Saun-
ders, 2010. pp. 170–199.

	171.	 Chaudhry SB, Veve MP, Wagner JL. Cephalosporins: a focus on 
side chains and β-lactam cross-reactivity. Pharmacy 2019;7:103. 

	172.	 Abraham EP. A glimpse of the early history of the cephalo-
sporins. Rev Infect Dis 1979;1:99–105. 

	173.	 DEMAIN AL, NEWKIRK JF. Biosynthesis of cephalosporin C. Appl 
Microbiol 1962;10:321–325. 

	174.	 Griffith RS, Black HR. Cephalothin—a new antibiotic: preliminary 
clinical and laboratory studies. J Am Med Assoc 1964;189:823–828. 

	175.	 Das N, Madhavan J, Selvi A, Das D. An overview of cephalosporin 
antibiotics as emerging contaminants: a serious environmental 
concern. 3 Biotech 2019;9:231. 

	176.	 Florey H, Abraham E, Newton G, Burton H, Kelly B, et al. Improve-
ments relating to the production of an antibiotic substance by a 
cephalosporium species. British Patent 1956.

	177.	 Dash CH. Penicillin allergy and the cephalosporins. J Antimicrob 
Chemother 1975;1:107–118. 

	178.	 Adriaenssens N, Coenen S, Versporten A, Muller A, Minalu G, et al. 
European Surveillance of Antimicrobial Consumption (ESAC): 
outpatient antibiotic use in Europe (1997–2009). J Antimicrob 
Chemother 2011;66:vi3–vi12. 

	179.	 Chang TW, Weinstein L. In vitro biological activity of cephalothin. 
J Bacteriol 1963;85:1022–1027. 

	180.	 Levine LR, McCain E. Cefamandole in the treatment of infec-
tions due to Enterobacter and indole-positive Proteus. J Infect Dis 
1978;137:S125–S132. 

	181.	 Verbist L, Verhaegen J. GR-20263: a new aminothiazolyl cepha-
losporin with high activity against Pseudomonas and Enterobacte-
riaceae. Antimicrob Agents Chemother 1980;17:807–812. 

	182.	 MacDougall C. Penicillins, cephalosporins, and other β-lactam 
antibiotics. In: The Pharmacological Basis of Therapeutics, vol. 13e. 
New York, NY: McGraw-Hill Education, 2017

	183.	 Demain AL, Elander RP. The beta-lactam antibiotics: past, 
present, and future. Antonie van Leeuwenhoek 1999;75:5–19. 

	184.	 Dancer SJ. The problem with cephalosporins. J Antimicrob Chem-
other 2001;48:463–478. 

	185.	 Cars O, Mölstad S, Melander A. Variation in antibiotic use in the 
European Union. Lancet 2001;357:1851–1853. 

	186.	 Livermore DM. Antibiotic resistance in staphylococci. Int J Antimi-
crob Agents 2000;16 Suppl 1:S3–10. 

	187.	 Semenitz E. Mechanism of action of beta-lactam antibiotics and 
problems concerning the development of resistance in antibac-
terial chemotherapy. Wien Klin Wochenschr Suppl 1983;142:7–11.

	188.	 Reading C, Cole M. Structure-activity relationships amongst 
beta-lactamase inhibitors. J Enzyme Inhib 1986;1:83–104. 

	189.	 Matsuura M, Nakazawa H, Hashimoto T, Mitsuhashi S. Combined 
antibacterial activity of amoxicillin with clavulanic acid against 
ampicillin-resistant strains. Antimicrob Agents Chemother 
1980;17:908–911. 

https://<200A>carb-x.org
https://<200A>carb-x.org
https://www.amrindustryalliance.org
https://www.amrindustryalliance.org
https://ams-accredit.com/register/register-for-<200A>accreditation
https://ams-accredit.com/register/register-for-<200A>accreditation
https://bsac-ukar.org
https://amr.solutions/2020/03/16/sweden-to-test-an-access-focused-model-for-new-antibiotics-contracting-for-availability
https://amr.solutions/2020/03/16/sweden-to-test-an-access-focused-model-for-new-antibiotics-contracting-for-availability
https://www.mhlw.go.jp
https://roundtableantibiotics.ch/en/news/white-paper-effective-antibiotics-for-the-swiss-health-care-system-today-and-in-the-future
https://roundtableantibiotics.ch/en/news/white-paper-effective-antibiotics-for-the-swiss-health-care-system-today-and-in-the-future
https://roundtableantibiotics.ch/en/news/white-paper-effective-antibiotics-for-the-swiss-health-care-system-today-and-in-the-future
https://www.idsociety.org/news--publications-new/articles/2020/pasteur-act-will-build-antibiotic-arsenal-protect-existing-medicines
https://www.idsociety.org/news--publications-new/articles/2020/pasteur-act-will-build-antibiotic-arsenal-protect-existing-medicines
https://www.idsociety.org/news--publications-new/articles/2020/pasteur-act-will-build-antibiotic-arsenal-protect-existing-medicines
https://www.who.int/director-general/speeches/detail/director-general-s-opening-remarks-at-the-unga-high-level-meeting-on-amr-political-leadership-and-action-on-antimicrobial-resistance
https://www.who.int/director-general/speeches/detail/director-general-s-opening-remarks-at-the-unga-high-level-meeting-on-amr-political-leadership-and-action-on-antimicrobial-resistance
https://www.who.int/director-general/speeches/detail/director-general-s-opening-remarks-at-the-unga-high-level-meeting-on-amr-political-leadership-and-action-on-antimicrobial-resistance
https://www.who.int/director-general/speeches/detail/director-general-s-opening-remarks-at-the-unga-high-level-meeting-on-amr-political-leadership-and-action-on-antimicrobial-resistance


18

Ashfield et al., Microbiology 2025;171:001534

The Microbiology Society is a membership charity and not-for-profit publisher.

Your submissions to our titles support the community – ensuring that 
we continue to provide events, grants and professional development for 

microbiologists at all career stages.

Find out more and submit your article at microbiologyresearch.org

	190.	 Brown AG, Butterworth D, Cole M, Hanscomb G, Hood JD, et al. 
Naturally-occurring beta-lactamase inhibitors with antibacte-
rial activity. J Antibiot 1976;29:668–669. 

	191.	 Reading C, Cole M. Clavulanic acid: a beta-lactamase-inhiting 
beta-lactam from Streptomyces clavuligerus. Antimicrob 
Agents Chemother 1977;11:852–857. 

	192.	 Finlay J, Miller L, Poupard JA. A review of the antimi-
crobial activity of clavulanate. J Antimicrob Chemother 
2003;52:18–23. 

	193.	 Brown AG. Clavulanic acid, a novel beta-lactamase inhibitor-
-a case study in drug discovery and development. Drug Des 
Deliv 1986;1:1–21.

	194.	 Drawz SM, Bonomo RA. Three decades of beta-lactamase 
inhibitors. Clin Microbiol Rev 2010;23:160–201. 

	195.	 Desai NR, Shah SM, Cohen J, McLaughlin M, Dalal HR. Zosyn 
(piperacillin/tazobactam) reformulation: expanded compat-
ibility and coadministration with lactated Ringer’s solu-
tions and selected aminoglycosides. Ther Clin Risk Manag 
2008;4:303–314. 

	196.	 Kahan JS, Kahan FM, Goegelman R, Currie SA, Jackson M, et al. 
Thienamycin, a new beta-lactam antibiotic. I. discovery, taxonomy, 
isolation and physical properties. J Antibiot 1979;32:1–12. 

	197.	 Miyadera T, Sugimura Y, Hashimoto T, Tanaka T, Iino K, et  al. 
Synthesis and in vitro activity of a new carbapenem, RS-533. J 
Antibiot 1983;36:1034–1039. 

	198.	 El-Gamal MI, Oh CH. Current status of carbapenem antibiotics. 
Curr Top Med Chem 2010;10:1882–1897. 

	199.	 Hammond ML. Ertapenem: a group 1 carbapenem with distinct 
antibacterial and pharmacological properties. J Antimicrob 
Chemother 2004;53:ii7–ii9. 

	200.	 Hawkey PM, Livermore DM. Carbapenem antibiotics for serious 
infections. BMJ 2012;344:e3236. 

	201.	 Carbapenems ​bnf.​nice.​org: national institute for health and 
care excellence [cited 2024 June]; 2024. https://bnf.nice.org.uk/
treatment-summaries/carbapenems

	202.	 Manikal VM, Landman D, Saurina G, Oydna E, Lal H, et al. Endemic 
carbapenem-resistant Acinetobacter species in Brooklyn, New York: 
citywide prevalence, interinstitutional spread, and relation to antibi-
otic usage. Clin Infect Dis 2000;31:101–106. 

https://bnf.nice.org.uk/treatment-summaries/carbapenems
https://bnf.nice.org.uk/treatment-summaries/carbapenems

	﻿Reflecting on Fleming’s caveat:﻿ the impact of stakeholder decision-­making on antimicrobial resistance evolution
	Abstract
	Introduction
	Case study 1: Research sharing accelerates drug development – the NRDC
	Case study 2: Medical and financial drivers of prescription volume – beta-lactamase inhibitors
	Case study 3: The cephalosporin era – short-term market forces and their consequences
	Case study 4: Dead on arrival? ﻿﻿Resistance﻿﻿ evolution before an antibiotic is on the market
	Case study 5: Limited options in the pipeline – consequences of concentrated manufacturing for the global supply of TZP
	Case ﻿﻿study﻿﻿ 6: Targeted drug development for areas of need – a modern paradigm
	The early stewardship era (1990–2010s)
	Contemporary global initiatives (2010s to present)
	Concluding themes
	References


