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sulphanilamide. The sulpha drugs were the first chemical substances that made 
a real difference in the treatment of bacterial infections in particular infections 
caused by streptococcal species. The historical importance of sulpha drugs is great, 
and even to date have wide usage in the treatment of systemic or localized infections. 
 

Antibiotics

During the time that sulphonamides were available another important 
development took place when Sir Alexander Fleming did his historical 
discovery of penicillin in 1928.5 While studying a staphylococcal variant, he 
found one of the culture plates contaminated with a fungus which destroyed the 
surrounding staphylococcal colonies. This accidental rediscovery of the long-
known ability of Penicillium fungi to suppress the growth of bacterial cultures 
spurred additional research. Fleming investigated the properties of ‘mould 
broth filtrates’ which he named penicillin for brevity. He described penicillin as 
an antiseptic ‘more powerful than phenol’, and the name ‘penicillin’ has since 
been applied to pure antibiotic substances. After this first historic observation 
it took a decade before penicillin could be sufficiently purified and produced 
on an industrial scale. Indeed, only after the successful purification and 
concentration by Chain and Florey in 1940, it became possible to demonstrate 
the importance of penicillin by a clinical trial in 1941. Thereafter, in the course 
of the 20th century numerous new antibiotics were discovered and developed 
and introduced in daily practice.

Antibiotics are unique among all other medical drugs. They are the only class of 
medicines, whose primary target is present in bacterial cells but absent in human 
cells, i.e. they are highly selective for bacterial cells. Although the value of hygiene 
measures cannot be underestimated, antibiotics have revolutionized human 
healthcare in a way that only a few other scientific discoveries have. Antibiotics 
have not only enabled us to overcome ‘the captain of the men of death’ by saving 
lives of patients with serious infections, these drugs have also played a pivotal role 
in major advances in medicine and surgery, a role which is less often highlighted 
and yet has paramount significance.6

On the other hand, antibiotics disturb natural ecological niches by exerting 
selective evolutionary pressure on bacteria present in the niches were they are 
applied, both in the human, the animal and agricultural domains of society as 
well as in the innate environment. As a consequence of exposure to antibiotics the 
less susceptible and fully resistant mutants of susceptible species survive as do the 
intrinsically resistant (see below) species; these surviving cells may subsequently 
greatly expand their niche. We currently face an era of serious threats to human and 
animal health due to the world wide emergence of multi-drug resistant bacteria. 
This threat was always on the horizon. As early as 1943, Sir Alexander Fleming 
noted that microbes can be ‘educated to resist penicillin’.7 Notwithstanding this 
early observation, only little has been done to prevent the emergence of drug 
resistance.6,7

Introduction
Infectious diseases are much older than mankind and when Homo sapiens arrived 
by evolutionary descent, they were vulnerable for infections. However, the exis-
tence, causes and mechanisms of diseases due to microscopically small organisms 
remained obscure for many centuries and it became clear only since the second 
part of the nineteenth century. The transport of ‘contagious material’ was sug-
gested by Ignaz Semmelweis, who was convinced that transfer of the putrefying 
organic materials from a sick woman resulted in puerperal fever in a healthy 
woman,1 without recognizing the relationship of microorganisms to disease. 
Although the existence of microorganisms had already been revealed as a result of 
van Leeuwenhoek’s development of the microscope, it took two additional centu-
ries to recognise that microorganisms could be the cause of diseases, that at least 
some of them were pathogenic to man. Experiments to proof that a microorgan-
ism could cause a specific disease were performed by Robert Koch in 1877 with his 
experiments with Bacillus anthracis.2 The next step in Koch’s work was to define 
the conditions in which a specific microorganism could cause a specific disease, i.e. 
Koch’s postulates.3 With the application of these postulates a connection was made 
between clinical manifestations of a disease and microorganisms observed under 
the microscope, establishing the causative role of specific microorganisms for spe-
cific diseases as tuberculosis, anthrax and cholera.

Antibacterial agents
Heavy metals

In the early sixteenth century heavy metals such as gold and mercury were 
considered as an elixir of life by Paracelsus. In 1908 Paul Ehrlich pioneered the use 
of arsenic and 25 years he discovered that arsenical compounds had activity against 
syphilis, and discovered that compound 606 (Salvarsan; ‘beneficial arsenic’) was 
amazingly active against such infection.

Koch reported the in vitro inhibition of tubercle bacilli growth by gold cyanide 
and in 1894 a mixture of gold and magnesium was used to treat tuberculosis. Many 
publications were written about chrysotherapy for tuberculosis. Believing that 
tuberculosis and rheumatoid arthritis (RA) had a common infectious aetiology, 
Forester applied gold for the treatment of RA.4 Despite the fact that RA turned out 
not to be directly caused by microorganisms, chrysotherapy proved to be rather 
effective and became an established drug in the treatment of RA.

Chemotherapeutics

Based on the idea’s and work of Paul Ehrlich, Mietzsch and Klarer had synthesized 
Prontosil in 1932. Prontosil was not active against bacteria in vitro, but was quite 
active in experimentally infected animals. The explanation for this discrepancy 
was that Prontosil is a pro-drug metabolized by the recipient to the active agent 
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Biochemically, several types of resistance mechanisms are observed including an-
tibiotic inactivation, target modification, altered permeability and ‘bypass’ met-
abolic pathways.9 It can be stated that resistance emergence is due to a combi- 
nation of two groups of factors:
1	 Selection of resistant clones as a direct consequence of exposure to antibiotics 

favouring:
	 •	 intrinsically resistant bacterial species 
	 •	 variants of originally susceptible bacteria that have acquired resistance traits 	

	 by spontaneous mutations in their genome or by acquisitions of resistance 	
	 genes through horizontal gene transfer from other bacteria in their vicinity

2	 Expansion and the spread of resistant strains from their place of emergence to 
other sites, resulting in outbreaks, epidemics and pandemics of resistant clones.

Resistance thus seems an inevitable consequence of the evolution of micro- 
organisms under antibiotic pressure and their ability to spread globally. Moreover, 
it is difficult to unravel the separate contribution of each of the factors leading to 
resistance problems. Although appropriate use of antibiotics essentially exerts the 
same selective effect favouring the emergence of resistance, it is the inappropriate  
use of antibiotics that can and should be targeted in the combat against the emergence  
of antibiotic resistance. Inappropriate usage is still highly prevalent and there are 
several types of inappropriate use of antibiotics (table 1).10,11

The contribution of the different types of inappropriate use of antibiotics to 
acquired resistance is difficult to estimate. However, correlation between antibiotic 
prescriptions and resistance is well described.12,13 In primary care antibiotic 
exposure is associated with a subsequent twofold risk of antibiotic resistance in 
respiratory and urinary bacteria.14 In hospitals antibiotic prescribing selects for 
resistant bacteria both at patient level and at the level of institutions.15 An almost 
twofold risk of increase in emergence of MRSA was observed in patients exposed to 
antibiotics.16 The risk of mortality from infection in patients harbouring resistant 
microorganisms in prescribing ineffective antibiotics for patients harbouring 
resistant organisms was associated with an 1.6-fold increased risk.17 

With regard to the section ‘overuse’ (table 1) general practitioners are the most 
involved group of physicians. Apart from clinical experience to discriminate a bac-
terial infection from other infections modern techniques are helpful as shown in 
as the use of biomarkers such as C-reactive protein to guide antibiotic prescrib-
ing in COPD.18,19 Continuous medical education is required in the awareness of 
overuse and underuse by general practitioners and hospital doctors. In 2015 poor 
knowledge and confidence amongst final year medical students in Australia were 
observed.20 In 2004 in a survey amongst doctors in a teaching hospital in the USA 
it was seen that only 21% of doctors feel confident that they were using antibiotics 
optimally and 90% of doctors prefer more education about antibiotic use.21 

A recent publication shed light on a separate problem, the (re)filling of an antibi-
otic prescription over time: the probability of filling an antibiotic prescription in 62 
million enrolees in health insurance plans was 62% over 4 years.22 

Antibiotic Resistance

Antibiotic resistance is recognised as one of the most serious threats to the treat-
ment of infectious diseases globally. Already in 1993 Calvin M Kunin, an infectious 
diseases specialist in the USA, wrote a perspective in the Annals of Internal Medicine 
warning against a worldwide calamity due to the global emergence of antimicro-
bial resistance.38 However, only in 2004 this emerging threat finally prompted the 
World Health Organisation (WHO) to issue a warning that antibiotic resistance 
would seriously impact the opportunities to treat infectious diseases in the future.7 
In 2015 the WHO published its Global Action Plan on Antimicrobial Resistance, 
outlining the way for all nations to combat the emergence of resistance, a world-
wide effort that is currently being implemented in many countries. The awareness 
posed by the threat of emerging antimicrobial resistance is now greater than ever. 
    Methicillin-resistant Staphylococcus aureus (MRSA), vancomycin resistant en-
terococci (VRE), multiple resistant (MR) enteric gram negative bacilli (Escherichia 
coli, Klebsiella species, Enterobacter species) and penicillin-resistant Streptococcus 
pneumoniae (PRSP) are prime examples of common pathogenic microorganisms 
with increasing rates of resistance to commonly used antimicrobials. The degree 
of resistance varies worldwide and depends highly on the availability of antibiotics 
for the population and national policies regarding antibiotic use. Countries with 
easy access to antibiotics, even without prescription, have a higher degree of antibi-
otic resistance than countries with a stricter regimen. Nordic European countries 
including the Netherlands have a strict regimen and as a consequence have lower 
resistance compared to the South-European countries.8 In low and middle income 
countries antimicrobial resistance is higher due to routine over the counter avail-
ability and misuse of antibiotics.

Types of Resistance

Resistance to antibiotics is commonly divided in two different classes: primary 
(intrinsic) and secondary (acquired) resistance. Primary resistance refers to resis-
tance that a bacterium has naturally – i.e. without manipulations such as exposure 
to antibiotics – against the activity of an antibiotic compound. This resistance is 
considered to reflect genomic information of a bacterium. Secondary resistance is 
the acquired capacity of a bacterium to resist the activity of an antibiotic compound 
to which it was previously susceptible by acquisition of additional genomic infor-
mation. This renders the bacterium resistant to an antibiotic compound to which 
it was naturally susceptible. It is particularly the increase in secondary resistances 
that causes world-wide concern. Bacteria have become more and more adapted due 
to the long-term massive usage of antibiotics in human, animal and agricultural 
sectors of society. The global resistance emergence is further aggravated by the 
fact that resistant organisms selected in one sector of society may contaminate the 
innate environment and spread to other sectors of society via the environment and 
via travel of people and animals, and through the transport of agricultural produce 
and other goods.
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In The Netherlands so called A-teams including at least an infectiologist, a clini-
cal microbiologist and a pharmacist have been established. During their regular 
(weekly) meeting they discuss patients with infections. The use of last resort anti-
biotics is restricted and specific care is taken to switch as soon as possible from 
intravenous to oral therapy. Additionally, an Antibiotic Stewardship Committee is 
in charge of the standard antibiotic treatments and provides alternatives in case of 
an allergy or adverse effect.

Education in the hospital to medical doctors/pharmacists and for general prac-
titioners plays a major role in restriction of antibiotics.

Re-introducing old antibiotics As one of the possible solutions for the low 
number of effective antibiotic compounds, it has been suggested to re-introduce 
antibiotics that have been used previously but currently are no longer in use in 
clinical setting. These older drugs were for some reason, deleted from antibiotic 
guidelines and formularies, and, therefore, disappeared from the standard of care. 
For this re-evaluation it is important to first focus on the reasons why these drugs 
were removed from the market. In this respect, the fate of colistin, a prototypical 
polymyxin, may serve as an example. In its handbook ‘The use of antibiotics’ 
(third edition, 1979) Kucers states that ‘“The polymyxins” are not absorbed from 
the gastrointestinal tract and, therefore, are administered intramuscularly or 
intravenously for treatment of systemic infections’ (page 534). ‘Patients with renal 
failure: the polymyxins accumulate in these patients, so a modified dosage schedule 
with serum level monitoring is necessary’ (page 535). ‘The polymyxins frequently 
cause side effects’, ‘untoward effects were observed in 25.1 percent’ (page 539). Due 
to these warnings regarding adverse effects, and due the concurrent development 
of several aminoglycosides (without these side effects), colistin became a second 
choice antibiotic and finally disappeared from daily practice. However, the current 
situation with many strains of multi-drug resistant Gram-negative bacteria 
causing serious infections in health care setting across the globe prompted a 
re-evaluation of the polymyxin class of antimicrobial agents. Another antibiotic 
that was not used for decades, is fosfomycin which was already discovered in 1969.30 
It was not even mentioned in the 1982 edition of Kucers handbook, suggesting it 
was not clinically relevant at that time. A genuine interest in this antibiotic only 
arose in the first decade of the 21st century. 

New antibiotics

When the number of effective antibiotics decreases over time, development of new 
antibiotics becomes crucial.24 Indeed, several new compounds of known classes 
of antibiotics and a small number of new classes of agents have been developed 
and introduced into clinical practice to overcome existing and emerging anti-
microbial resistances. However, the number of new antibiotics in the pipeline is 
currently low, with only two novel classes discovered in the last 20 years.25-27 In 
part this is an economic issue since for many manufactures it has been and still is 
much more profitable to invest in medicines for prevalent chronic illnesses such 

Next to this, a substantial component, perhaps the most influencing factor, for 
inappropriate use is the influence of the pharmaceutical industry. The publica-
tion of Podolsky gives impressive information about aggressive pharmaceutical 
marketing.23 

Combating Resistance

Cornerstones of an effective strategy to respond to antibiotic resistance include 
refining stewardship of existing antimicrobials, re-introducing old antibiotics 
within the framework of antimicrobial stewardship, and introducing new agents. 

Antibiotic Stewardship

It is likely that the real change in combatting antimicrobial resistance can only be 
achieved by rational and restricted or controlled use of antimicrobials. The change 
in attitude and behaviour towards antibiotics is the goal of so called antibiotic 
stewardship programs. Antibiotic stewardship is essential for the human, animal 
and agricultural sectors of society in a coordinated attempt to stop the emergence 
of antimicrobial resistance and even to redress the degree of multi resistant 
microorganisms.24 Essential is that the rules of antibiotic stewardship hold for all 
antibiotics, the existing ones and also for the new and renewed ones.

Since the relationship between antibiotic prescription and resistance is recog- 
nised12 measures for appropriate prescription have been taken, which are bundled 
as antibiotic stewardship.31 Antibiotic stewardship has three primary goals:
•	 Ensure effective treatment and prevention of bacterial infection32
•	 Reduce unnecessary antibiotic use and costs
•	 Minimise collateral damage

At patient level, stewardship has been defined as ‘the optimal selection, dosage and 
duration of antimicrobial treatment that results in the best clinical outcome for the 
treatment or prevention of infection, with minimal toxicity to the patient and min-
imal effect on subsequent resistance.6 The Infectious Diseases Society of America 
together with the Society of Health Care Epidemiology of America was the first 
to publish an extensive guideline on Antibiotic Stewardship in 2007.33 The pur-
pose of these guidelines was to improve the use of antimicrobial agents in hospitals 
and to prevent antimicrobial resistance in hospitals. Next to this the guidelines 
were aimed to provide evidence-based recommendations for developing a pro-
gram to enhance antimicrobial stewardship in the hospital setting to improve 
the quality of care. The first Dutch guideline on this topic by Stichting Werkgroep 
Antibioticabeleid (SWAB) was largely based on this example. Stewardship has led 
to interventions to monitor and direct antimicrobial use. For new drugs and old 
revisited drugs the antibiotic vigilance, as incorporated in guidelines for promot-
ing antibiotic stewardship should be as strict or even stricter to avoid resistance 
against these last resort drugs.
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with the original absorption test (chapter 2) and the next step was to validate the 
new test in a much larger patient population (chapter 3).

Chapter 4 describes studies on the absorption of orally administered penicillin, 
another small spectrum agent with a highly variable and unpredictable absorption 
profile.

Chapter 5 describes a new method for simplified therapeutic drug monitor-
ing (TDM) for the long-term oral use of rifampin. Rifampin is notorious because 
it quickly develops resistance as a result of many factors, including underdosing. 
Universal testing to assess the absorption of oral rifampin seems to be necessary 
but remains elusive in many low to middle income settings where most new cases of 
tuberculosis occur. However, the simplified absorption test may be of value in such 
settings as well as in developed countries including the Netherlands.

Re-introducing old antibiotics within the framework of antimicrobial 
stewardship (chapters 6-10)

Chapter 6 presents a detailed review of the old polymyxin class drug colistin. 
In brief, colistin was isolated in 1949 from the Bacillus polymyxa ‘colistinus’ and 
became available for clinical use in 1959, but was largely replaced by other agents 
after only two decades. The increasing resistance to antibiotics led clinical inves-
tigators to reconsider the position of colistin, with emphasis on the impact of the 
reported adverse events and strategies against colistin resistance.36-37

Chapter 7 describes the results of a study on the chemical stability of colistin 
over time, which is relevant for long term infusion therapy at home, e.g., for cystic 
fibrosis patients with chronic pulmonal infections, especially with Pseudomonas 
aeruginosa. 

Chapter 8 is a review about fosfomycin, which was discovered in 1969.30 Fos
fomycin has a broad spectrum of activity, including multi-drug resistant bacteria. 
In the Netherlands, fosfomycin has long been registered as an oral formulation 
prescribed for the treatment of uncomplicated urinary tract infection, while intra-
venous administration was only recently approved. 

Chapter 9 evaluates different fosfomycin dosing regimens for the treatment of 
systemic infections. In this chapter a new pharmacokinetic model for dosing of 
fosfomycin is described.

Chapter 10 describes a study on the kinetics of fosfomycin after an oral and 
intravenous dose of 3 gram in patients suffering from urine tract infections with 
multi-drug resistant strains of the species Escherichia coli.

Chapter 11 provides a summary and general discussion of the findings and 
implications of the studies described in this thesis, as well as some suggestions for 
antibiotic stewardship and future research.

as cardiovascular and rheumatic diseases, rather than in medicines that are pre-
dominantly prescribed as short courses in selected individuals which actually lead 
to a rapid cure obviating the need for further treatment as is the case with most 
infections.6 In 2012 the Infectious Diseases Society of America has proposed an 
alternative antibacterial drug approval pathway which would accept smaller and 
less expensive clinical trials.28 As possible a result of this action, in 2019 studies 
with new antimicrobial drugs have been published.24,29 The increased activity in the 
discovery and development of new drugs is shown by – for example – the next gen-
eration aminoglycoside,29 plazomicin,. Although this development possibly marks 
the beginning of a new era, it can only be part of the solution to overcome resis-
tance to antibiotics. In case these few new antimicrobials are used in the same way 
as antibiotics were used the past, resistance for these compounds will occur sooner 
or later. It is also hard to imagine that a new antibiotic compound (for example 
a second generation aminoglycoside) will drastically change the treatment land-
scape, as new antibiotics will not be introduced as first line agents in standard care. 
Rather, they will only be used as second line or as a last resort antimicrobial agents. 

Scope of this thesis

The aim of this thesis was to stimulate rational and effective use of antimicrobials, 
by addressing the first two cornerstones: (1) refining stewardship of existing 
antimicrobials and (2) re-introducing old antibiotics within the framework of 
antimicrobial stewardship.

The overall aim is to contribute to antimicrobial stewardship and to explore the 
value of the re-introduction of old antibiotics that are currently scarcely used. The 
basic step is the in vitro relationship expressed as minimal inhibitory concentration 
(MIC) for a given bacteria for a given antibiotic. The next step is the in vivo situation. 
This thesis concentrates on the in vivo situation.

Outline of this thesis
Refining stewardship of existing antimicrobials (chapters 2-5)

Chapter 2 and chapter 3 describe studies on the proper use of the small spectrum 
oral antibiotic, flucloxacillin, which is known to have variable absorption. Fluclox
acillin, first described in 1970,34 is used to treat infections caused by Staphylococcus 
(S.) aureus strains. It is used empirically for presumed staphylococcal infection in 
countries, including the Netherlands, that have documented low rates of methi-
cillin-resistant S. aureus (MRSA) strain.35 In case of severe systemic staphylococcal 
infections flucloxacillin treatment is usually started intravenously, followed by 
prolonged oral administration. Since absorption of orally administered flucloxa-
cillin is variable and unpredictable, absorption tests have been recommended. For 
this purpose we designed a simplified absorption test. This new test was compared 
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