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This introduction provides a concise overview of the global epidemiology of uncom-

plicated urinary tract infections (uUTIs) and describes how uUTIs are treated in clinical 

practice. The necessity to treat uUTIs with old antibiotics and its consequences for 

patient safety, effectiveness of the treatment, and the emergence of drug resistance 

among uropathogens is described. Furthermore, the current knowledge of the phar-

macokinetics (PK) of the two antibiotics that are the focus of this thesis, e.g. fosfomycin 

and nitrofurantoin, is reviewed. This chapter will be concluded with an overview of the 

research questions formulated at the start of this project.

Urinary tract infections
uUTIs are the most common infections among women worldwide and typically occur 

in the community and in first line health care (1–3). The incidence of uncomplicated 

UTIs is high. Up to 70% of women will experience uUTI symptoms during her life and 

30% of women up to the age of 24 years have had at least one uUTI in their lifetime for 

which antibiotic treatment was required (1, 2). Men are less likely to develop an uUTI 

because of the different anatomy of the male urinary tract (2). In the Netherlands, uUTI 

symptoms are the most common reason for women to contact the General Practitioner 

(GP) (4). The incidence of uUTIs in women visiting Dutch GPs was 7/1000 per year in 

2015. The majority of these patients were older than 60 years.

Various definitions of uUTIs are used in the literature. In this thesis, the definition 

described by Hooton and Gupta is used (5). They define uUTIs by infections in non-

pregnant and non-immunocompromised female patients in which only the lower uri-

nary tract regions (figure 1) are involved, and both fever and tissue invasion are absent. 

The updated guidelines for Dutch GPs for UTIs (‘NHG-Standaard Urineweginfecties’) 

abandoned the terms ‘complicated’ and ‘uncomplicated’ because ‘complicated’ can 

refer to the course of the UTI, but also to the increased risk of a complicated course of 

the UTI (6). Alternatively, the terms ‘cystitis’ and ‘pyelonephritis’ are being used. The 

term ‘uncomplicated’ by Hooton and Gupta is similar to the term ‘cystitis’ in the Dutch 

GP guidelines so these terms can be used interchangeably.

The term ‘uncomplicated’ implies that this type of infection may not be serious and/

or (life)threatening, but this is incorrect. uUTIs may progress to complicated UTIs and 

eventually to bloodstream infections if they are not treated properly in the first phase 

of infection. They account for almost 40% of the hospital-acquired cases of sepsis. This 

percentage emphasizes the importance of optimally treating uUTIs (7, 8).
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Urinary tract infection in clinical practice
The most common symptoms of uUTI are increased urinary frequency, increased 

urgency and dysuria (3, 5). It is important to distinguish between uUTIs (cystitis) and 

complicated UTIs (pyelonephritis or prostatitis in men) before starting the antibiotic 

therapy because complicated UTIs should be treated longer than uUTIs, but it is dif-

fi cult to differentiate as they can present with similar symptoms (3). In GPs, culturing 

(with or without susceptibility testing) of a pretreatment urine sample is often not of 

added value since the type of uropathogen can be predicted based on epidemiology 

data or on a previously experienced uUTI, and culture results only become available 

after the antibiotic treatment has already started. Because UTI symptoms are urgent 

which requires immediate relieve, culturing only plays a role in confi rmation of the 

UTI, susceptibility testing for epidemiology purposes or mapping the development 

of drug resistance. The latter may be of particular importance if the patient has been 

treated before and/or failed on earlier treatment. The Dutch GP guidelines also recom-

mends a urine culture after failure of two empirical courses of antibiotics. In general, 

further testing is not necessary in female patients with standard uUTI symptoms with no 

other symptoms that indicate a possible alternative diagnosis (e.g. sexually transmitted 

diseases and early pyelonephritis) or underlying complicating conditions. A patients 

description of symptoms via telephone, followed by prescribing an antibiotic might be 

appropriate in these patients, therefore this is common in clinical daily practice at GPs 

today (3, 6). If the patients is already in the GP offi ce, a dipstick (e.g. nitrite test with- or 

without leukocyte and erythrocyte testing) might be helpful to confi rm the uUTI (9–11).

Treatment of uUTIs
The treatment strategy of suspected or proven uUTIs is dependent on geographical 

location. The Dutch GP guidelines recommends the use of nitrofurantoin (50 mg 4dd 

Kidney

Ureter

Bladder

Urethra 

figure 1. Anatomy of the female urinary tract. Urine is produced in the two kidneys, is transported 
via the ureter to the bladder and leaves the female body through the urethra. Only the bladder is 
infected in case of an uncomplicated UTI.
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of Macrodantin/Furadantin® or 100 mg 2dd Macrobid/Furabid®) for 5 days as the 

first choice treatment option, followed by fosfomycin (single dose of 3 grams) as the 

second option, and trimethoprim (300 mg 1dd) for 3 days as the third (6). An extended 

course of nitrofurantoin or trimethoprim for 7 days is recommended for patients with 

comorbidities and in pregnant women, while fosfomycin is not recommended in these 

patients.

German guidelines are comparable to the Dutch guidelines, but they recommend 

to use nitrofurantoin (Macrodantin®/Furadantin®) 50 mg q6 hours for 7 days instead 

of 5 days (12). They also recommend the use of pivmecillinam and nitroxoline as other 

oral treatment options (Chapter 3.1), and they specifically mention not to use trim-

ethoprim if local resistance to E. coli exceeds 20%. The guidelines of the Infectious 

Diseases Society of America (IDSA) in collaboration with the European Society for Mi-

crobiology and Infectious Diseases (ESCMID) recommend to use either nitrofurantoin 

(Macrobid®/Furabid®), trimethoprim as a combination Tablet with sulfamethoxazole, 

or fosfomycin (13, 14). They also suggest pivmecillinam as treatment option in coun-

tries where it is available. The Australian clinical guidelines were recently changed and 

now recommend to use trimethoprim or nitrofurantoin (product is not specified), and 

cephalexin as an alternative treatment option. The treatment strategy of nitrofurantoin 

will be discussed in Chapter 5.2 (15). The Dutch guidelines are the only guidelines that 

specifically distinguish between first, second, and third treatment option. The other 

guidelines leave the choice of order to the prescriber. The details of all treatment 

recommendations are given in table 1 below.

Why is dose optimization of old antibiotiCs 
neCessary?

Antimicrobial resistance is the development of changing susceptibility of microorgan-

isms (e.g. bacteria) when they are exposed to antimicrobial drugs (e.g. antibiotics) (16). 

In an era of multidrug resistance, pathogens continue to show increasing resistance 

rates to many of the commonly used antibiotics (17). This is a worrying situation that 

increases the risk of being unable to treat infections, such as UTIs effectively with 

antibiotics. This means that we would go back to an era before antibiotics existed, and 

infections that we currently consider as easy to treat, may be soon be fatal. The most 

straightforward solution for this problem would be to develop new antibiotics, but this 

has proven to be difficult. In general, drug development is a complex, time consuming 

and costly process with a high degree of uncertainty around drug approval. Pharmaceu-

tical companies are reluctant to invest in the development of new antibiotics because 

this class of drugs is known for its high investment costs compared to other classes (18, 
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19). For the time being, no new antibiotics are on the horizon therefore clinicians have 

to move to other treatment options, including the use of old and ‘forgotten’ antibiot-

ics registered decades ago (20). In general, old antibiotics are still active but have 

not been used extensively in recent years due to the development of new antibiotics 

(21). As such, microorganisms have rarely been exposed to these antibiotics over the 

last few decades and therefore the process of developing resistance mechanisms has 

almost not taken place. However, history teaches us that this resistance process can 

develop fast and that extensive use and misuse of antibiotics in daily practice are the 

most important drivers for the emergence of resistance (22). It is therefore important to 

reintroduce old antibiotics in a well-considered way (20).

What is the ConsequenCe of using old antibiotiCs?

The process of drug development and registration has drastically improved and 

changed over time. The Food and Drug Administration (FDA) and the European Medi-

table 1. recommended treatment for uUTIs in non-pregnant and non-immunocompromised female 
patients without fever and/or tissue invasion.

Country Antibiotic Daily dose Duration

The Netherlands

Nitrofurantoin
50 mg q6 h (Furadantin®)

5 days a

100 mg q12 h (Furabid®)

Fosfomycin 3 gram daily 1 day

Trimethoprim 300 mg q24 h 3 days a

Germany

Fosfomycin 3 gram daily 1 day

Nitrofurantoin
50 mg q6 h (Furadantin®) 7 days

100 mg q12 h (Furabid®) 5 days

Nitroxoline 250 mg q8 h 5 days

Pivmecillinam 400 mg q12 h or q8 h 3 days

Trimethoprim b 200 mg q12 h 3 days

IDSA-ESCMID

Nitrofurantoin 100 mg q12 h (Furabid®) 5 days

Trimethoprim-sulfamethoxazole b 160/800 mg daily 3 days

Fosfomycin 3 gram daily 1 day

Pivmecillinam 400 mg q12 h 5 days

Australia

Trimethoprim 300 mg q24 h 3 days

Nitrofurantoin 100 mg q6 h 5 days

Cefalexin 500 mg q12 h 5 days
a 7 days for patients with comorbidities and pregnant women
b do not use as first choice if local resistance (for E. coli) exceeds 20%
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cines Agency (EMA) are the institutions responsible for regulating the safe marketing 

of drugs in the United States and Europe, respectively (23, 24). They ensure that phar-

maceutical companies submit a complete registration dossier according to established 

guidelines. Over the years, novel Chapters have been added to this dossier to include 

information about (pre-) clinical studies conducted to find the optimal dose, the con-

centration of the drug to be expected in patients/volunteers, and the response (e.g. 

desired and toxic effects) (25). These types of studies are also known as dose-finding 

studies and are key in the process of drug development (23–25). Pharmacokinetic (PK) 

knowledge of antimicrobial drugs forms the basis of dose-finding studies, and serves 

as input for pharmacodynamic (PD) experiments in which the effect of the antimicrobial 

drug on the target microorganism is investigated (figure 2) (25, 26). Together, they are 

needed to investigate the relevant PK/PD index with the corresponding PD target. 

The PK/PD index describes the relationship between the effect of the drug on the 

microorganism, taking into account the changing drug concentration over time. For 

antibiotics, this relationship can be either time-dependent (time above the minimal in-

hibitory concentration; T>MIC), or concentration-dependent (maximum concentration 

over MIC; Cmax/MIC or area under the concentration-time curve over MIC; AUC/MIC). 

The PD target indicates either the percentage of time of the dosing interval in which 

the antibiotic concentration exceeds the MIC, the Cmax/MIC ratio, or the AUC/MIC ratio 

for which the effect of the antibiotic is maximized. This will then form the target for 

treating patients in clinical practice. For the majority of the antibiotic-microorganism 

combinations, these targets can be found in the clinical breakpoint Tables provided by 

European Committee on Antimicrobial Susceptibility Testing (EUCAST) (27).

Old antibiotics were registered before this structured process of drug development 

was mandatory and therefore have not undergone this process (figure 2). This means 

that neither PK/PD studies, nor dose-finding studies in which PK/PD data served as 

input were performed at the time of registration (20). Therefore, old antibiotics are 

Preclinical 
PK/PD studies

Clinical 
PK/PD studies

PK studie in humans
- Volunteers
- Patients

MICs of microorganisms

Determine 
exposure-effect 
relationship

Determine concentration-time profile.
Determine variability in pharmacokinetics

Determine wild-type distribution of 
relevant microorganisms

Set PD target

What is the adequate dose needed to 
reach the PD target according to the 
wildtype distributions and the PK data, 
including the variability?

Dose regimen 
validation in 
clinical trials

figure 2. The role of pharmacokinetic data in the process finding the optimal dosing regimen (fig-
ure adapted from Muller et. al (25)).
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being prescribed in clinical practice to varying patient populations based on limited 

data, obtained by old-fashioned bioanalytical methods (20, 25). The lack of data on 

old antibiotics impacts patient safety with regards to the significant risk for inadequate 

dosing, resulting in an increased occurrence of unwanted side effects and the emer-

gence of resistance among (uro)pathogens (20, 25, 28).

fosfomyCin and nitrofurantoin

Two examples of these old antibiotics are fosfomycin-trometamol (fosfomycin) and 

nitrofurantoin. They both are narrow spectrum, oral antibiotics indicated for the 

treatment of uncomplicated urinary tract infections (UTIs) (29, 30). Nitrofurantoin was 

registered in 1953 and fosfomycin in 1969 for the treatment of uUTIs. Both antibiotics 

have been used to treat these infections for many years after registration, but have 

been slowly pushed to the background since the registration of beta-lactam and fluoro-

quinolone antibiotic classes in the 1970s. These new antibiotics were registered based 

on complete registration dossiers in which the safety and effectiveness studies were 

extensively described according to FDA and EMA guidelines. Using these antibiotics 

was therefore considered to be safer and more evidence based compared to the use 

of fosfomycin and nitrofurantoin. The marketing that accompanied the registration of 

these new antibiotics also played an important role in their increasing popularity.

Although the popularity of fosfomycin and nitrofurantoin for uUTIs is increasing 

today, resistance rates remain low (21, 31, 32). This makes them important candidates 

for the treatment of (multidrug resistant, MDR) uUTIs, but the risk for emergence of 

resistance due to extensive, non-PK based and therefore sub-optimal use, also applies 

for these two antibiotics.

pharmaCokinetiC studies

Studying the PK of a drug includes investigation of the disposition of the drug through-

out the body (33). After oral administration, a drug must first dissolve in the gastro-

intestinal (GI) tract to be absorbed into the blood circulation. The drug will then be 

distributed throughout the body, possibly metabolized by enzymes in the liver and/or 

the GI tract, and leave the body via excretion in urine or feces. The process of absorp-

tion, distribution, metabolism and excretion is known as ADME and must be studied 

during the drug development phase (figure 3). Today, ADME studies are also part of 

the registration dossier discussed earlier. Each drug has its own PK properties which 

are closely related to its chemical characteristics. The following paragraphs provide a 
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concise overview of what has been studied in the fi eld of ADME for oral fosfomycin 

and nitrofurantoin to date.

fosfomyCin

As discussed, the PK of fosfomycin was investigated in only a few small studies using 

old-fashioned analytical methods, resulting in poor and outdated PK parameters. The 

urinary PK was hardly investigated since the majority of these studies focused on the 

plasma PK. This is quite remarkable, given the fact that fosfomycin is supposed to treat 

infections in urine.

Chemistry and mechanism of action
Fosfomycin is a small molecule (138.06 g/mol) with a chemical structure of C3H7PO4 

(fi gure 4) (34). Its unique chemical structure and mechanism of action explains why 

cross-resistance with other agents in uncommon (35).

Drug absorption
How will it get in?

Metabolism
How is it broken down?

Distribution
Where will it go?

Elimination
How does it leave?

figure 3. The principles of Absorption, Distribution, Metabolism and Excretion.

 

figure 4. The chemical structure of fosfomycin-trometamol.
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Currently, oral fosfomycin is used in its fosfomycin-tromethamol (Monuril ®) form 

because of a higher bioavailability compared to the fosfomycin calcium salt and the 

fosfomcyin disodium salt formulations, which were marketed initially (29, 36–38). The 

antibiotic is also available in intravenous formulations (Fomicyt®) were it is used to 

treat patients with complicated infections (39). Its spectrum of activity includes both 

Gram-negative and Gram-positive pathogens including the most important uro-

pathogens, Escherichia coli (E.coli) and Klebsiella pneumoniae (K. pneumoniae), and 

extended spectrum beta-lactamase–producing (ESBL) and MDR pathogens (32, 40). 

Its mechanism of action is based on interfering with bacterial cell wall synthesis by 

inhibiting several enzymes which are crucial for the synthesis of peptidoglycan, the 

most important component of the bacterial cell wall, which is crucial for its survival (41).

Absorption, distribution and metabolism
After oral administration, fosfomycin is absorbed from the GI tract and distributed to 

the kidneys, and in a smaller amount to the bladder wall and the prostate (29, 42). 

Fosfomycin is not metabolized and leaves the body unchanged via urine and feces. 

No active tubular secretion is reported so creatinine clearance can be used to guide 

dose-adjustment decisions in patients with renal impairment (29). The following PK 

values were reported in the product information of fosfomycin (29): the volume of 

distribution is 136.1 ± 44.1 L and it hardly binds to plasma proteins. Its bioavailability 

(F) is ~37%, but this dependents on the feeding status of the patient. Simultaneous 

food intake decreases bioavailability which eventually leads to decreased urine and 

plasma concentrations (38). The concentration half-life in plasma is 1.5-2 hours, and 

maximum concentrations are found after approximately 2 hours and can increase to 4 

hours by simultaneous food intake (29, 43, 44).

Table 2 provides an overview of the PK parameters in urine and plasma after adminis-

tration of fosfomycin-trometamol in the clinically relevant dose of either 3 grams or 50 

mg/kg (≈ 3 gram). Nine studies are included in this table, the majority of which dates 

from the 1980s and 1990s. The study of Segre et al. could be considered as the dose 

finding study because they also examined doses of 2, 4 and 5 grams of fosfomycin in 

addition to the 3 gram and 50 mg/kg dose as described in table 2 (45). They concluded 

that the PK of fosfomycin is dose-dependent, and that the 3 gram dose results in 

antibacterial activity for at least 2 days based on the time with which urinary concentra-

tions exceed the MIC of the most common uropathogens. Of course, this study has 

not been conducted according to the current guidelines for dose-finding studies as 

described above, emphasizing that the use of fosfomycin in current clinical practice is 

based on outdated studies.
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Fosfomycin concentrates in urine as typically, urine concentrations are 200-fold 

higher than those in plasma. Maximum plasma concentrations in healthy volunteers 

range from 15.6 ± 0.9 mg/L to 32.1 ± 0.3 mg/L, measured 2 to 3 hours after dosing 

(38, 45–50).

Studies marked with an asterix in table 2 were performed using the novel analytical 

methods standard for PK/PD research and therapeutic drug monitoring today (50, 

51). The remainder of the studies presented in table 2 used data collected via old-

fashioned microbiological assays. These methods include mass spectrometry (MS) as 

detection method combined with (ultra) high performance liquid chromatography ((U)

HPLC). In Chapter 2.2, the development and validation of an UPLC-MS/MS method 

is described for quantification of fosfomycin concentrations in urine and plasma. The 

method described in this chapter is more sensitive compared to the methods reported 

by others. This offers the possibility to also quantify concentrations in the lower con-

centration range so that the whole range of minimal inhibitory concentrations (MICs) 

of the most important uropathogens is covered. This makes the method suitable for 

PK/PD research purposes aiming for the previously mentioned dose-finding studies.

Excretion
Urine is the clinically relevant matrix in which the PK of fosfomycin should be investi-

gated if it is used for the treatment of uUTIs. Urine concentrations directly represent 

the concentrations to which the uropathogen is exposed, therefore the efficacy of the 

treatment can be evaluated based on these concentrations. The number of studies 

in which urinary PK parameters following a clinically relevant dose were reported, is 

limited. Table 2 provides an overview of these parameters. Maximum concentrations 

range from 706 ± 466 mg/L to almost 4400 mg/L, but are highly variable between 

subjects and are directly influenced by the voiding rhythm of the subject (29, 38, 

45–51). In most studies, volunteers were instructed to follow a strict voiding schedule 

so voiding times were standardized. All Cmax values were therefore found during the 

first or the second 2-hour time interval after dosing in all studies. The urinary recovery 

was found to be approximately 40% and reached a plateau after approximately 48 

hours, but Segre et al. found relatively high recovery levels of more than 50% in some 

of the subjects. This again demonstrates the highly variable PK pattern of fosfomycin 

between subjects (45).

Effect of renal function on the PK
Renal function, measured by creatinine clearance, directly influences the PK of fosfo-

mycin. This is because fosfomycin does not undergo active tubular secretion (29, 52). 

Patients with impaired renal function are at risk for sub-therapeutic urinary concentra-
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tions because the excretion of fosfomycin in the urine is reduced, resulting in lower 

urinary concentrations and therefore lower uropathogen exposure. This may lead to 

less effective treatment, however sufficient research data to validate this hypothesis is 

lacking. Many randomized controlled trials, investigating the effectiveness of fosfomy-

cin for the treatment of uUTIs, exclude patients with impaired renal function. However, 

the impact of renal function on fosfomycin urinary PK was investigated by Janknegt et. 

al in a small study of seven elderly patients with a renal function of 21-65 mL/min (49). 

Maximum urinary concentrations were found to be relatively low compared to those in 

healthy volunteers, but these differences were only observed in the first 12 hours after 

dosing (table 2). Concentrations were even higher in the patients with impaired renal 

function after 24 hours. There are mixed views on the whether renal function should 

be accounted for in the dosing of fosfomycin, with some suggesting it as unnecessary, 

and others suggesting it may be indicated in patients with impaired renal function. 

However, sufficient evidence to support these suggestions is lacking (53, 54).

PK/PD relation
Most studies report that urine concentrations remain sufficiently high for 24-48 hours 

after administration of a 3 gram dose. However, what should be considered as ‘high’ 

is unclear. ‘High’ should mean ‘high enough to treat the most important uropathogens 

(PD related) in the majority of the patients (PK related).’ Therefore, it is required to 

know which PK/PD index is relevant for fosfomycin and what the clinical PD target 

should be. This is still unclear for fosfomycin (26). This also applies to clinical cases 

in which the uropathogen and its susceptibility to fosfomycin are known as result of 

additional diagnostic tests.

Much like to the PK data, limited data is available about the relevant PK/PD index 

with the corresponding PD target for fosfomycin. The studies where this was investi-

gated report conflicting results. Some suggest that fosfomycin has a time-dependent 

killing pattern, for which the time above the MIC of the uropathogen should be opti-

mized. Others report that fosfomycin exhibits concentration-dependent killing (53). It 

was even suggested that fosfomycins killing behavior not only differs between species, 

but also within species. This is because time-dependent killing and concentration-de-

pendent killing was found in different E. coli strains (55). It is clear that more research is 

needed to find the relevant PK/PD index. The first step in this process is to investigate 

the urinary PK of fosfomycin. This will be discussed in Chapter 2.1, in which we present 

the results of a PK study into the urinary concentrations of fosfomycin, followed during 

7 days in 40 female volunteers (51). The fact that concentrations were followed during 

this long time period and that volunteers were allowed to void freely instead of in a 

predefined schedule, makes this study unique in a way that the PK results give a good 

reflection of what one can expect in real patients. The PK data obtained in this study 
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could serve as the base for PD research presented in Chapter 4.1, in which the urinary 

antibacterial activity of fosfomycin and nitrofurantoin were studied.

Resistance
There are three known mechanisms for the development of resistance (34, 56). The 

first mechanism includes the inactivation of fosfomycin by cleavage of the molecule 

by bacterial enzymes. The second mechanism includes modification of the bacterial 

enzyme murA to which fosfomycin must bind in order to exhibit its antibacterial effect. 

The third is the mutation of the gene responsible for the expression of the fosfomycin 

transporter, resulting in an reduced uptake of fosfomycin by the pathogen. Resis-

tance can either be intrinsic or acquired due to exposure to fosfomycin. The first two 

mechanisms are primary associated with intrinsic resistance whereas the third is usually 

acquired by pathogens (56). Although the emergence of resistance occurs fast in vitro, 

resistance rates in clinical isolates are still relatively low (e.g 1.4% in the Netherlands 

in E.coli isolates from GP patients in 2017). However, there is an increasing trend of 

resistance observed in countries where the it is extensively used (31, 34, 57, 58).

Clinical use
In the Netherlands, GP guidelines recommend fosfomycin as a second treatment op-

tion. It is only registered for the treatment of uncomplicated urinary tract infections as 

a single, oral dose of 3 grams. However, it is also used outside the registered label in 

clinical daily practice (59–61). Clinicians prescribe the fosfomycyin for UTI prophylacti-

cally to pregnant women and to male patients with UTIs, as well as to more complex 

patients at risk for complicated UTIs (such as patients with diabetes mellitus, immuno-

compromised patients, and patients with renal tract abnormalities). It is also used in 

children (<12 years) (34). Prescribers usually adhere to the dosage of 3 grams, which 

likely relates to the fact that the only available formulation is the 3 gram sachet (62). 

However, prescribers may be inclined to deviate from the single dose.

nitrofurantoin

A more detailed overview of the PK(/PD) of nitrofurantoin can be found in the reviews 

in Chapter 3.1 and 3.2 (63, 64). This section includes only the highlights of these 

two reviews. It should be noted that most PK research was performed in the phase of 

drug development in which nitrofurantoin was used in different, unstandardized, crystal 

sizes, and it became clear that nitrofurantoin PK was highly influenced by simultaneous 

food administration. Therefore, the PK data are hard to interpret since no uniform dose, 

crystal size, formulation, or fasting status was used. Nitrofurantoin is also unstable in 
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daylight, complicating the PK sampling and quantification of concentrations. Analytical 

errors are particularly relevant in studies conducted during the era in which analytical 

methods, such as microbiological assays, were used. Collectively, these factors reduce 

the reliability and accuracy of the currently published PK data. In this thesis, Chapter 
3.5 is attributed to the development and validation of a UHPLC-UV method to quantify 

nitrofurantoin levels in plasma and urine.

Chemistry, mechanism of action and dosing
Nitrofurantoin is one of the nitrofuran antibiotics of which several members were used 

in clinical studies in order to investigate their antibacterial effect in patients, but only 

nitrofurantoin found its way to the market (65). Its chemical structure is displayed in 

figure 5 below were the typical furan ring is circled. Nitrofurantoin is a weak acid and 

is poorly soluble in water (66).

Its spectrum of activity is narrow and only includes gram positive aerobe organisms 

such as Staphylococcus aureus and (vancomycin-resistant) Entercocci, as well as gram 

negative aerobes like ESBL-producing Enterobacteriaceae and the most common 

uropathogen, E. coli (30). Its activity is enhanced under acidic conditions (67).

The mechanism of action of nitrofurantoin is not fully understood, but it has been 

suggested that it has several mechanisms of action all related to the formation of 

reactive compounds that are toxic for the bacterial cell (68). The multiple mechanisms 

of action may relate to its low resistance rates and the absence of cases of cross-

resistance with other antibiotic classes.

Today, nitrofurantoin is only used in its macrocrystalline form (Macrodantin®/Furadan-

tin®), whereas it was also used in its microcrystalline form until several years ago (30). 

This crystalline form was abandoned from clinical practice since it was related to more 

GI side effects. It is also available in several countries in a slow-release formulation 

(Macrobid®/Furabid®) and oral suspension (69, 70). The Macrodantin®/Furadantin® 

50 mg capsule is used as a four time daily dose, and 2 to 4 times daily as a 100 

mg capsule, however the preferred dosing regimen of the 100 mg capsule can differ 

 

figure 5. Chemical structure of nitrofurantoin.
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between countries (71). Macrobid®/Furabid® is registered as a 2 times daily dose. 

50-100 mg daily is the registered dose for prophylactic use.

Absorption, distribution and metabolism
There is little research into the PK of nitrofurantoin in clinically relevant dosages and 

the formulations commonly used today (64). The crystal size of nitrofurantoin highly 

influences the absorption and excretion pattern (72). After absorption from the GI tract, 

maximum plasma concentrations in healthy volunteers vary and can range from 0.21-

0.45 mg/L after a dose of 50 mg 4dd and from 0.221.26 mg/L after a dose of 100 mg 

3dd (73). These concentrations have been shown to be in the same order of magnitude 

as those found in patients who administered a dose of 50 mg or 100 mg 1dd for UTI 

prophylaxis (74–78). Nitrofurantoin is distributed to most body fluids and concentrates 

in the bladder, the only compartment where antibacterial concentrations are reached 

(30, 79).

Nitrofurantoin is metabolized into several metabolites, some of which might also 

have antibacterial activity. The full metabolic pathway is not yet known, but it is known 

that nitrofurantoin is also metabolized by bacterial enzymes (68, 80). This knowledge 

gap further complicates the interpretation of the published PK data, particularly in 

quantifying the clinical effect of nitrofurantoin as unidentified metabolites may be 

partly responsible for the effects observed.

Excretion
After oral absorption and distribution to the body fluids, nitrofurantoin is rapidly ex-

creted in bile and urine (30, 79). The highly variable plasma concentrations are also 

observed in urine, but are not linearly related to the administered dose, suggesting 

that the PK pattern of nitrofurantoin is complicated and difficult to predict based solely 

on the dose.

This conclusion was supported by the results of the only available study in which 

the PK of nitrofurantoin was investigated after administration of a clinically relevant 

dose in the formulation we also use today (73). In this study, urinary concentrations 

were 100 times higher than plasma concentrations and these concentrations did not 

significantly differ between the two dosing regimens (e.g. 50 mg q6 hours and 100 mg 

q8 hours). Taken into account all urinary PK studies found in literature, maximum uri-

nary concentrations were found to range from 15 mg/L to 230 mg/L after 3 to 10 hours 

after administration of macrocrystalline nitrofurantoin (63). Most studies that report 

urinary PK data only report recovery values, expressed as the amount excreted in urine 

reported as percentage of the administered (daily) dose. The cumulative recovery in 

urine of microcrystalline nitrofurantoin over 7 days was found to be 43.6% compared 

to 35.0% when macrocrystalline nitrofurantoin was administered (63). Recovery is also 
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influenced by the formulation because the recovery was found to be 33.7% to 47.7% 

over 24 hours for the slow-release capsule (81). A complete overview of nitrofurantoin 

urinary PK data can be found in Chapter 3.1.

Effect of renal function on the PK
The effect of renal function on the excretion and effectiveness of treatment with ni-

trofurantoin has been poorly studied and the studies that have been published report 

conflicting results (82–85). International guidelines discourage its use in patients with 

estimated Glomerular Filtration Rate (eGFR) <30 mL/min because of the increased 

risk of toxic effects due to high plasma concentrations and the risk of inappropriate 

treatment of the UTI due to reduced urine concentrations (13). Reduced eGFR was 

associated with low urine concentrations and specific for nitrofurantoin, this resulted in 

reduced time above MIC (82, 83). No consensus has been reached regarding the influ-

ence of renal function on the excretion of nitrofurantoin and whether this significantly 

effects the effectiveness of treatment. The influence of reduced renal function on the 

clinical effectiveness of treatment with nitrofurantoin is discussed in Chapter 5.1.

PK/PD relation
EUCAST and CLSI do report clinical breakpoints for nitrofurantoin, but these break-

points are not based on PK/PD data obtained with modern analytical methods 

(64). These breakpoints are therefore not reliable, and further research is needed in 

order to establish these breakpoints using modern techniques and PK/PD data. It 

was suggested that the PK/PD index of nitrofurantoin may differ between species: a 

concentration-dependent pattern was observed for E. cloacae, and a time-dependent 

pattern was found in E. coli and K. pneumoniae (86, 87). The first step in this process 

is to investigate the urinary PK of nitrofurantoin will be discussed in Chapters 3.3 and 

3.4, in which we present the results of a PK study in healthy volunteers and in UTI 

patients by quantifying urinary concentrations of nitrofurantoin. The PK data of the 

study described in Chapter 3.3 served as the base for the previously mentioned PD 

study, discussed in Chapter 4.1.

Resistance
Comparable with fosfomycin, resistance rates for nitrofurantoin among E. coli and most 

other ESBL-producing Enterobacteriaceae are still <2.0%, despite the fact that it is 

being used extensively as first line treatment for uUTIs (Chapter 3.2) (31). Nitrofu-

rantoins popularity may be due to the several unique mechanisms of action, of which 

at least one is accompanied by formation of reactive compounds which damage the 

uropathogen at different sites, rendering it unable to repair the several damaged sites 

at the same time (88–91).
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Clinical use
Nitrofurantoins clinical use is extensively discussed in Chapter 3.1 and 3.2, and in 

two-meta analyses based on controlled trials (21, 92). Nitrofurantoin was found to be 

clinically effective with clinical cure rates of at least 79% (21). A 5-day treatment was 

found to be as good as a 7-day treatment, but a 3-day treatment resulted in dimin-

ished clinical efficacy. Nitrofurantoin was also found to be effective when used for UTI 

prophylaxis (92). The most feared toxic effects are pulmonary fibrosis and hepatotoxic-

ity which was associated with increased duration of prophylactic therapy. However, 

a meta-analysis demonstrated that these effects were never reported when using 

nitrofurantoin for uUTI treatment (21), with only mild and reversible GI side effects 

reported when nitrofurantoin was used for this indication. When using nitrofurantoin 

for prophylactic use, severe toxic effects have also been reported to be rare, but the 

risk of these kind of effects increase when using nitrofurantoin prophylaxis for a longer 

period of time (92).

aim and researCh questions

In summary, renewed research using modern analytical methods is needed to obtain 

the lacking PK data for fosfomycin and nitrofurantoin in order to optimize patient treat-

ment and to minimize the emergence of drug resistance. The aim of this thesis is to 

provide these missing PK data which can then serve as the base of further PD research 

to establish the relevant PK/PD index and corresponding PD target. For this purpose, 

bioanalytical methods for accurate quantification in the relevant biological fluids are 

needed. This thesis addressed the call of the World Health Organization and European 

Union for PK knowledge of old antibiotics as part of the European AIDA study (93).

This thesis answers the following research questions:

1. What are the pharmacokinetic properties of fosfomycin and nitrofurantoin?

2. Which (patient specific) covariates influence the pharmacokinetics?

3. How can pharmacokinetic data serve as input for pharmacodynamic studies?

4. To what extend is renal function of influence with regards to treatment effectivity?

18 Erasmus Medical Center Rotterdam



referenCes

 1.  Foxman B, Brown P. 2003. Epidemiology of urinary tract infections. Infect Dis Clin North 
Am 17:227–241.

 2.  Geerlings SE. 2016. Clinical Presentations and Epidemiology of Urinary Tract Infections. 
Microbiol Spectr 4:1–11.

 3.  Gupta K, Trautner B. 2012. In the Clinic: Urinary Tract Infection. Ann Intern Med 1–14.

 4.  NIVEL. 2015. NIVEL Zorgregistraties eerste lijn. Nederlands instituut voor onderzoek 
van de gezondheidszorg. https://www.nivel.nl/nl/NZR/huisarts-top-20-diagnoses-bij-
contacten-naar-geslacht.

 5.  Hooton T, Gupta K. 2018. Acute simple cystitis in women. UpToDate.

 6.  NHG. 2013. Dutch Guideline for the treatment of uncomplicated Urinary Tract Infections.

 7.  Johansen TEB, Çek M, Naber KG, Stratchounski L, Svendsen M V., Tenke P. 2006. Hospital 
acquired urinary tract infections in urology departments: pathogens, susceptibility and use 
of antibiotics. Data from the PEP and PEAP-studies. Int J Antimicrob Agents 28:91–107.

 8.  Weidner W, Rolfes C, Mayer K, Wagenlehner FM, Lichtenstern C, Uhle F, Weigand MA. 
2013. Diagnosis and management for urosepsis. Int J Urol n/a-n/a.

 9.  Bent S, Simel DL, Fihn SD. 2002. Does This Woman Have an Acute Uncomplicated Urinary 
Tract Infection? Jama 287:2701–2710.

 10.  Lachs MS, Nachamkin I, Edelstein PH, Goldman J, Feinstein AR, Schwartz JS. 1992. Spec-
trum Bias in the Evaluation of Diagnostic Tests: Lessons From the Rapid Dipstick Test for 
Urinary Tract Infection. Ann Intern Med 117:135–140.

 11.  Nederlands Huisartsen Genootschap. 2013. Laboratoriumdiagnostiek Urineweginfecties 
(LESA) | NHG.

 12.  Kranz J, Schmidt S, Lebert C, Schneidewind L, Mandraka F, Kunze M, Helbig S, Vahlensieck 
W, Naber K, Schmiemann G, Wagenlehner FM. 2018. The 2017 Update of the German 
Clinical Guideline on Epidemiology, Diagnostics, Therapy, Prevention, and Management 
of Uncomplicated Urinary Tract Infections in Adult Patients: Part 1. Urol Int.

 13.  Gupta K, Hooton TM, Naber KG, Wullt B, Colgan R, Miller L. 2011. International clinical 
practice guidelines for the treatment of acute uncomplicated cystitis and pyelonephritis in 
women: A 2010 update by the Infectious Diseases Society of America and the European 
Society for Microbiology and Infectious Diseases. Clin Infect Dis 52:103–120.

 14.  Bokat G, Pickard R, Bartoletti R, Cai T, Bruyere F, Geerlings SE, Köves B, F. W, Pilatz A, 
Pradere B, Veeratterapillay R. 2018. EAU Guidelines on Urological Infections - Limited 
update March 2018. Eur Assoc Urol 14–15.

 15.  AustralianGovernment. 2005. Therapeutic Guidelines for Urinary Tract Infections in Adults.

 16.  World Health Organization. 2018. Fact sheet Antimicrobial Resistance.

 17.  EU. 2019. European Antimicrobial Resistance Surveillance Network (EARS-Net).

 18.  D.M. B, E. M. 2013. Incentives for new antibiotics: The Options Market for Antibiotics 
(OMA) model. Global Health 9:1–10.

Introduction and outline 19



 19.  DiMasi JA, Grabowski HG, Vernon J. 2004. R&D Costs and Returns by Therapeutic Cat-
egory. Drug Inf J 38:211–223.

 20.  Theuretzbacher U, Van Bambeke F V., Cantón R, Giske CG, Mouton JW, Nation RL, Paul 
M, Turnidge JD, Kahlmeter G. 2015. Reviving old antibiotics. J Antimicrob Chemother 
70:2177–2181.

 21.  Huttner A, Verhaegh EM, Harbarth S, Muller AE, Theuretzbacher U, Mouton JW. 2015. 
Nitrofurantoin revisited: A systematic review and meta-analysis of controlled trials. J Anti-
microb Chemother 70:2456–2464.

 22.  Chatterjee A, Modarai M, Naylor NR, Boyd SE, Atun R, Barlow J, Holmes AH, Johnson A, 
Robotham J V. 2018. Quantifying drivers of antibiotic resistance in humans: a systematic 
review. Lancet Infect Dis 18:e368–e378.

 23.  FDA/CDER/CBER. 2017. M4 Organization of the Common Technical Document for the 
Registration of Pharmaceuticals for Human Use - Guidance for Industry. Fda.

 24.  EMA. 2019. The European Medicines Agency publishes scientific guidelines on human 
medicines that are harmonised by the International Council for Harmonisation of Technical 
Requirements for Registration of Pharmaceuticals for Human Use (ICH).

 25.  Muller AE, Theuretzbacher U, Mouton JW. 2015. Use of old antibiotics now and in the future 
from a pharmacokinetic/pharmacodynamic perspective. Clin Microbiol Infect 21:881–885.

 26.  Mouton JW, Ambrose PG, Canton R, Drusano GL, Harbarth S, MacGowan A, Theuretz-
bacher U, Turnidge J. 2011. Conserving antibiotics for the future: New ways to use old and 
new drugs from a pharmacokinetic and pharmacodynamic perspective. Drug Resist Updat 
14:107–117.

 27.  European Society of Clinical Microbiology and Infectious Diseases (EUCAST). 2019. Clini-
cal breakpoint tables.

 28.  Zayyad H, Eliakim-Raz N, Leibovici L, Paul M. 2017. Revival of old antibiotics: needs, the 
state of evidence and expectations. Int J Antimicrob Agents 49:536–541.

 29.   2011. Zambon Switzerland Ltd. Monurol? (fosfomycin tromethamine): US prescribing 
information. http://www.accessdata.fda gov/drugsatfda_docs/label/2011/050717s007lbl.
pdf (Accessed 5-1-2016) 1:1–11.

 30.  FDA. 2009. Macrodantin® (nitrofurantoin macrocrystals) Capsules product information. 
https://www.accessdata.fda.gov/drugsatfda_docs/label/2009/016620s068lbl.pdf.

 31.  de Greeff SC, Mouton JW. 2018. NethMap 2017. Consumption of antimicrobial agents and 
antimicrobial resistance among medically important bacteria in the Netherlands.

 32.  Naber KG, Schito G, Botto H, Palou J, Mazzei T. 2008. Surveillance Study in Europe and 
Brazil on Clinical Aspects and Antimicrobial Resistance Epidemiology in Females with 
Cystitis (ARESC): Implications for Empiric Therapy. Eur Urol 54:1164–1178.

 33.  Waller DG, Sampson AP. 2018. Medical Pharmacology and Therpeutics (fifth edition).

 34.  Falagas ME, Vouloumanou EK, Samonis G, Vardakas KZ. 2016. Fosfomycin. Clin Microbiol 
Rev 29:321–347.

 35.  Zhanel GG, Walkty AJ, Karlowsky JA. 2016. Fosfomycin: A First-Line Oral Therapy for 
Acute Uncomplicated Cystitis. Can J Infect Dis Med Microbiol 2016.

 36.  Patel SS, Balfour JA, Bryson HM. 1997. Fosfomycin tromethamine. Drugs 53:637–656.

20 Erasmus Medical Center Rotterdam



 37.  Popovic M, Steinort D, Pillai S, Joukhadar C. 2010. Fosfomycin: An old, new friend? Eur J 
Clin Microbiol Infect Dis.

 38.  Bergan T. 1990. Degree of absorption, pharmacokinetics of fosfomycin trometamol and 
duration of urinary antibacterial activity. Infection 18 Suppl 2:S65–S69.

 39.  Parker S, Lipman J, Koulenti D, Dimopoulos G, Roberts JA. 2013. What is the relevance of 
fosfomycin pharmacokinetics in the treatment of serious infections in critically ill patients? 
A systematic review. Int J Antimicrob Agents.

 40.  Garau J. 2008. Other antimicrobials of interest in the era of extended-spectrum 
β-lactamases: Fosfomycin, nitrofurantoin and tigecycline. Clin Microbiol Infect 14:198–202.

 41.  Kahan FM, Kahan JS, Cassidy PJ, Kropp H. 1974. the Mechanism of Action of Fosfomycin 
(Phosphonomycin). Ann N Y Acad Sci 235:364–386.

 42.  Kirby WMM. 1977. Pharmacokinetics of fosfomycin. Chemotherapy 23:141–151.

 43.  Frossard M, Joukhadar C, Erovic BM, Dittrich P, Mrass PE, Van Houte M, Burgmann H, 
Georgopoulos A, Muller M. 2000. Distribution and antimicrobial activity of fosfomycin in 
the interstitial fluid of human soft tissues. Antimicrob Agents Chemother.

 44.  Keating GM. 2013. Fosfomycin trometamol: A review of its use as a single-dose oral 
treatment for patients with acute lower urinary tract infections and pregnant women with 
asymptomatic bacteriuria. Drugs.

 45.  Segre G, Bianchi E, Cataldi A, Zannini G. 1987. Pharmacokinetic profile of fosfomycin 
trometamol (Monuril). Eur Urol 13:56–63.

 46.  Muller-Serieys C, Bergogne-Berezin E, Joly-Guillou M. 1987. Fosfomycin-trometamol 
(monuril): pharmacokinetics and food-drug interactions. Pathol Biol 35:753–756.

 47.  Bergan T, Mastropaolo G, Di Mario F, Naccarato R. 1988. Pharmacokinetics of fosfomycin 
and influence of cimetidine and metoclopramide on the bioavailability of fosfomycin 
trometamol. New trends Urin tract Infect 157–166.

 48.  Bergan T, Thorsteinsson SB, Albini E. 1993. Pharmacokinetic profile of fosfomycin tro-
metamol. Pharmacology 39:297–301.

 49.  Janknegt R, Hooymans PM, Fabius GTJ, Nohlmans-Paulssen MKE, Machielsen C, 
Boogaard-van den Born J, Rang J, Smits CAM, Willems-Thissen ME, Krommenhoek A. 
1994. Urinary concentrations of fosfomycin after a single 3 g dose of fosfomycin to elderly 
nursing-home patients. Pharm World Sci 16:14–53.

 50.  Wenzler E, Ellis-Grosse EJ, Rodvold KA. 2017. Pharmacokinetics, Safety, and Tolerability of 
Single-Dose Intravenous (ZTI-01) and Oral Fosfomycin in Healthy Volunteers E. Antimicrob 
Agents Chemother 61:1–9.

 51.  Wijma RA, Koch BCP, van Gelder T, Mouton JW. 2018. High interindividual variability 
in urinary fosfomycin concentrations in healthy female volunteers. Clin Microbiol Infect 
24:528–532.

 52.  Tom Bergan. 1990. Pharmacokinetic comparison between fosfomycin and other phos-
phonic acid derivatives. Chemotherapy 36:10–18.

 53.  Dijkmans AC, Veneranda N, Zacar O, Burggraaf J, Mouton JW, Wilms EB, Id CVN, Johannes 
D, Id T, Stevens J, Maria I, Kamerling C. 2017. Fosfomycin: Pharmacological, Clinical and 
Future Perspectives. Antibiotics 6:1–17.

Introduction and outline 21



 54.  Neuman M, Fluteau G. 1977. Blood and Urinary Concentrations of Fosfomycin as a Func-
tion of the Renal Function Value. Chemotherapy 23:196–199.

 55.  Fransen F, Hermans K, Melchers MJB, Lagarde CCM, Meletiadis J, Mouton JW. 2017. 
Pharmacodynamics of fosfomycin against ESBL- and/or carbapenemase-producing En-
terobacteriaceae. J Antimicrob Chemother 72:3374–3381.

 56.  Castañeda-García A, Blázquez J, Rodríguez-Rojas A. 2013. Molecular Mechanisms and 
Clinical Impact of Acquired and Intrinsic Fosfomycin Resistance. Antibiotics 2:217–236.

 57.  Karageorgopoulos DE, Wang R, Yu X hong, Falagas ME. 2012. Fosfomycin: Evaluation of 
the published evidence on the emergence of antimicrobial resistance in gram-negative 
pathogens. J Antimicrob Chemother 67:255–268.

 58.  Vardakas KZ, Legakis NJ, Triarides N, Falagas ME. 2016. Susceptibility of contemporary 
isolates to fosfomycin: a systematic review of the literature. Int J Antimicrob Agents 
47:269–285.

 59.  Matthew E. Falagas, Konstantina P. Giannopoulou, George N. Kokolakis  and PIR. 2008. 
Fosfomycin: Use beyond urinary tract and gastrointestinal infections. Clin Infect Dis 
46:1069–1077.

 60.  Neuner EA, Sekeres J, Hall GS, van Duin D. 2012. Experience with Fosfomycin for Treat-
ment of Urinary Tract Infections Due to Multidrug-Resistant Organisms. Antimicrob Agents 
Chemother 56:5744–5748.

 61.  Reeves DS. 1992. Treatment of bacteriuria in pregnancy with single dose fosfomycin tro-
metamol: a review. Infection 20:s313-6.

 62.  Wijma RA, ten Doesschate T, Plomp A, Mouton JW, Bonten MJM. 2019. Unregistered use 
of fosfomycin-trometamol in the Dutch health care setting (poster during ECCMID 2019 
Amsterdam).

 63.  Wijma RA, Huttner A, Koch BCP, Mouton JW, Muller AE. 2018. Review of the pharmacoki-
netic properties of nitrofurantoin and nitroxoline. J Antimicrob Chemother 1–11.

 64.  Wijma RA, Fransen F, Muller AE, Mouton JW. 2019. Optimizing dosing of nitrofurantoin 
from a PK/PD point of view: what do we need to know? Drug Resist Updat.

 65.  Shah RR, Wade G. 1989. Reappraisal of the risk/benefit of nitrofurantoin: review of toxicity 
and efficacy. Advers drug react acute poisoning rev 8:183–201.

 66.  Cunha BA. 1989. Nitrofurantoin: An Update. Obstet Gyneacological Surv 44:399–406.

 67.  Fransen F, Melchers MJB, Lagarde C, Meletiadis J, Mouton J. 2017. Pharmacodynamics of 
nitrofurantoin at different pH levels against pathogens involved in urinary tract infections. 
J Antimicrob Chemother.

 68.  Mc Osker CC, Fitzpatrick PM. 1994. Nitrofurantoin: Mechanism of action and implications 
for resistance development in common uropathogens. J Antimicrob Chemother 33:23–30.

 69.  FDA. 2009. Macrobid® (nitrofurantoin monohydrate/macrocrystals) Capsules product 
information. https://www.accessdata.fda.gov/drugsatfda_docs/label/2003/20064slr014_
macrobid_lbl.pdf.

 70.  FDA. 2008. Furadantin® (nitrofurantoin) Oral suspension. https://www.accessdata.fda.
gov/drugsatfda_docs/label/2009/009175s037lbl.pdf.

22 Erasmus Medical Center Rotterdam



 71.  Malmros K, Huttner BD, McNulty C, Rodríguez-Baño J, Pulcini C, Tängdén T. 2019. 
Comparison of antibiotic treatment guidelines for urinary tract infections in 15 European 
countries – results of an online survey. Int J Antimicrob Agents.

 72.  Conklin J, Hailey F. 1969. Urinary drug excretion in man during oral dosage of different 
nitrofurantoin formulations. Clin Pharmacol Ther 10:534–539.

 73.  Huttner A, Wijma RA, Stewardson A, Olearo F, von Dach E, Harbarth S, Bruggemann R, 
Mouton JW, Muller AE. 2019. The pharmacokinetics of nitrofurantoin in healthy female 
volunteers: a randomized cross-over study. J Antimicrob Chemother.

 74.  Liedtke R, Ebel S, Missler B, Haase W, Stein L. 1980. Single-dose pharmacokinetics of 
macrocrystalline nitrofurantoin formulations. Arzneimittelforschung 30:833–836.

 75.  Adkison KK, Vaidya SS, Lee DY, Koo SH, Li L, Mehta AA, Gross AS, Polli JW, Lou Y, Lee EJD. 
2008. The ABCG2 C421A polymorphism does not affect oral nitrofurantoin pharmacoki-
netics in healthy Chinese male subjects. Br J Clin Pharmacol 66:233–239.

 76.  Albert KS, Sedman AJ, Wilkinson P, Stoll RG, Murray WJ, Wagner JG. 1974. Bioavailability 
Studies of Acetaminophen and Nitrofurantoin. J Clin Pharmacol 14:264–270.

 77.  Patel DS, Sharma N, Patel MC, Patel BN, Shrivastav PS, Sanyal M. 2013. Quantitation of 
nitrofurantoin in human plasma by liquid chromatography tandem mass spectrometry. Acta 
Pharm 63:141–58.

 78.  Felts JH, Hayes DM, Gergen JA, Toole JF. 1971. Neural, hematologic and bacteriologic 
effects of nitrofurantoin in renal insufficiency. Am J Med 51:331–339.

 79.  Conklin J. 1978. The pharmacokinetics of nitrofurantoin and its related bioavailability. 
Antibiot Chemother 25.

 80.  Beckett A, Robinson AE. 1959. The Reaction of Nitrofurans with Bacteria—III. Reduction 
of a Series of Antibacterial Nitrofurans (Type B Compounds*) by Aerobacter aerogenes. J 
Med Chem 1:155–164.

 81.  Maier-Lenz. 1979. Comperative pharmacokinetics and relative bioavailability for different 
preparations of nitrofurantoin. Arzneimittelforschung 29:1898–1901.

 82.  Sachs J, Geer T, Noell P, Kunin C. 1968. Effect of renal function on urinary recovery of orally 
administered nitrofurantoin. N Engl J Med 278:1032–5.

 83.  Sullivan JW, Bueschen AJ, Schlegel JU. 1975. Nitrofurantoin, sulfamethizole and 
cephalexin urinary concentration in unequally functioning pyelonephritic kidneys. J UROL 
114:343–347.

 84.  Singh N, Gandhi S, McArthur E, Moist L, Jain AK, Liu AR, Sood MM, Garg AX. 2015. Kidney 
function and the use of nitrofurantoin to treat urinary tract infections in older women. Can 
Med Assoc J 187:648–656.

 85.  Geerts AFJ, Eppenga WL, Heerdink R, Derijks HJ, Wensing MJP, Egberts TCG, De Smet 
PAGM. 2013. Ineffectiveness and adverse events of nitrofurantoin in women with urinary 
tract infection and renal impairment in primary care. Eur J Clin Pharmacol 69:1701–1707.

 86.  Komp Lindgren P, Klockars O, Malmberg C, Cars O. 2014. Pharmacodynamic studies of 
nitrofurantoin against common uropathogens. J Antimicrob Chemother 70:1076–1082.

Introduction and outline 23



 87.  Fransen F, Melchers MJB, Meletiadis J, Mouton JW. 2016. Pharmacodynamics and dif-
ferential activity of nitrofurantoin against ESBL-positive pathogens involved in urinary tract 
infections. J Antimicrob Chemother 71:2883–2889.

 88.  Huttner A, Verhaegh EM, Harbarth S, Muller AE, Theuretzbacher U, Mouton JW. 2015. 
Nitrofurantoin revisited: A systematic review and meta-analysis of controlled trials. J Anti-
microb Chemother 70:2456–2464.

 89.  Chamberlain R. 1976. Chemotherpeutic properties of prominent nitrofurans. J Antimicrob 
Chemother 2:325–336.

 90.  McCalla D. 1977. Biological effects of nitrofurans. J Antimicrob Chemother 3:517–520.

 91.  McOsker C, Fitzpatrick P. 1994. Nitrofurantoin: mechanism of action and implications 
for resistance development in common uropathogens. J Antimicrob Chemother Suppl 
A:23–30.

 92.  Muller AE, Verhaegh EM, Harbarth S, Mouton JW, Huttner A. 2016. Nitrofurantoin’s ef-
ficacy and safety as prophylaxis for urinary tract infections: A systematic review of the 
literature and meta-analysis of controlled trials. Clin Microbiol Infect 23:355–363.

 93.  EU. 2011. Preserving old antibiotics for the future : assessment of clinical efficacy by a 
pharmacokinetic/pharmacodynamic approach to optimize effectiveness and reduce resis-
tance for off-patent antibiotics.

24 Erasmus Medical Center Rotterdam


