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ABSTRACT

Fosfomycin is a bactericidal antibiotic that interferes with
cell wall synthesis. The drug therefore has a broad spectrum of
activity against a wide range of Gram-positive and Gram-neg-
ative bacteria. Both the European Medicines Agency (EMA)
and the US Food and Drug Administration (FDA) have started
review processes of the accumulated information on the use
of fosfomycin and on information from new clinical trials. The
intent is to establish usage terms in Europe and to authorize
the sale of fosfomycin in the US. This monograph reviews the
most current aspects of the compound. From the microbio-
logical point of view, fosfomycin's single mechanism of action
can provide a synergistic effect to other classes of antibiotics,
including B-lactams, aminoglycosides, lipopeptides and fluoro-
quinolones. The resistance mechanisms include the reduced in-
tracellular transport of the antibiotic, the change in target and
the direct inactivation of the antibiotic by metalloenzymes and
kinases; however, the clinical impact of some of these mech-
anisms has not yet been elucidated. The lack of agreement in
determining the sensitivity cutoffs between the Clinical and
Laboratory Standards Institute (CLSI) (<64 mg/L) and the Eu-
ropean Committee on Antimicrobial Susceptibility Testing (EU-
CAST) (<32 mg/L), the fact that a number of microorganisms
require a higher MIC (Klebsiella spp., Enterobacter spp., Serratia
spp., Pseudomonas aeruginosa) and the drug's different effec-
tive concentrations against Gram-positive and Gram-negative
bacteria have resulted in recommended dosages for treating
multiresistant microorganism infections that vary between 8
and 12 g/day for Gram-positive bacteria and 16 and 24 g/day
for Gram-negative bacteria. Fosfomycin has 3 presentations (in-
travenous with disodium salt, oral with calcium salt and com-
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bined with tromethamine), has good distribution in tissues and
abscesses and is well tolerated. The pharmacodynamic ratio of
dosage production for fosfomycin is AUC/MIC. However, the
pharmacokinetics/pharmacodynamic ratio could be optimized
in daily practice based on the pathogen, the patient's clinical
profile or the infection model. Fosfomycin is the treatment of
choice for cystitis in immunocompetent patients, patients with
transplants, pregnant women and in pediatric settings. The drug
is especially useful due to its microbiological activity and oral
posology in cystitis caused by ESBL bacteria. Administer intra-
venously at high doses and combined with other antimicrobial
agents. Fosfomycin has been useful in treating infections by
multiresistant Gram-negative bacteria, such as Enterobacte-
riaceae, carbapenemase carriers and P. aeruginosa, extensively
resistant or panresistant in urinary infections and in skin and
soft tissue. Fosfomycin has also been shown active in combina-
tion with daptomycin or imipenem in osteoarticular infections
by methicillin-resistant Staphylococcus aureus. Fosfomycin is
an old antibiotic that still has much to reveal.

Key-words: Fosfomycin, resistance, pharmacodynamic, treatment, multire-
sistant microorganisms

BACKGROUND

Fosfomycin was discovered and synthesized in the Medina
Foundation (Fundacion Medina, Granada, Spain) from Strep-
tomyces fradiae and Pseudomonas syringae. The drug acts by
inhibiting UDP-N-acetylglucosamine enolpyruvyl transferase
(MurA), an enzyme responsible for catalyzing the formation of
N-acetylmuramic acid, a precursor of peptidoglycan, through
the binding of N-acetylglucosamine and phosphoenolpyru-
vate, resulting in bacterial lysis (figure 1). Gram-positive and
Gram-negative bacteria require the formation of N-acetyl-
muramic acid for peptidoglycan synthesis, which means that
fosfomycin's spectrum of action is very broad, presenting
activity against the main genera in clinical practice, such as
Staphylococcus spp., Enterococcus spp., Enterobacteriaceae,
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Figure 1

Pseudomonas spp. and Acinetobacter spp. Fosfomycin is wa-
ter-soluble, has a low molecular weight (138 g/mol) and has
low protein binding, which provides it with high tissue dissem-
ination (volume of distribution of 0.3 L/kg). Fosfomycin also
disseminates in experimental biofilm models in concentrations
greater than or equal to those of ciprofloxacin and cotrimox-
azole [1].

Both the European Medicines Agency and the US Food
and Drug Administration have started reviewing the accumu-
lated information on the use of fosfomycin and the informa-
tion from new clinical trials. The intent is to establish common
usage criteria in Europe and to authorize the sale of fosfomy-
cin in the US [2, 3]. In its various formulations (both intrave-
nous [disodium salt] and oral [calcium salt or trometamol]), the
prescription of fosfomycin has increased spectacularly due to
the considerable incidence of multidrug-resistant microorgan-
isms in which fosfomycin constitutes, alone or in combination,
a treatment option [4, 5].

NEW MICROBIOLOGICAL DATA

Fosfomycin's mechanisms of resistance include the re-
duction in intracellular transport of the antibiotic (mutation
in transporter genes, regulator genes or ampC for glpT), the
change in target due to changes in the expression of murA
and the direct inactivation of the antibiotic by metalloenzymes
(fosA, fosB and fosX) or by kinases (formA and formB) [6].

Mechanism of action of fosfomycin. Impact on synthesis of bacterial wall

Despite the considerable ease of selecting fosfomycin-re-
sistant mutations, their clinical repercussion has not been suf-
ficiently tested. In some cases, resistance reduces the bacteria's
fitness: in others, resistance reduces its virulent nature (such as
its ability to adhere to epithelial cells and synthetic materials
such as catheters) 7, 8]. A more limiting aspect is the mecha-
nism of direct inactivation of the antibiotic by metalloenzymes
(FosA, FosB and FosX), which are transmissible and frequently
found in ESBL enterobacteria and carriers of carbapenemases,
especially Escherichia coli [9].

There have been recent reports of the presence of mu-
tations with a loss of uhpl expression, which phenotypically
cause the growth of E. coli colonies in the halo of inhibition,
with no correlation with the symptoms [10]. Given that the
rate of concentration of mutations depends on the concen-
tration of fosfomycin being above the microorganism's mini-
mum inhibitory concentration (MIC) (1 of every 5.5x10° with
concentrations 5 times the MIC and 1.2x10° with concentra-
tions 256 times the MIC), this resistant mutant selection win-
dow can be prevented with high doses of the drug, especially
if prescribed in monotherapy [11]. A recent meta-analysis [12]
found a 3.4% (95% Cl 1.8-5.1%) rate of resistances in treat-
ments with fosfomycin in monotherapy, which, coupled with
the synergistic activity with other antimicrobials, establishes
attractive prescription scenarios, such as the therapeutic com-
bination against multidrug-resistant microorganisms.

The aforementioned meta-analysis established the ben-
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efit of employing fosfomycin in combination with another
antibiotic over monotherapy. In an extensive review, Falagas
et al. described fosfomycin's synergistic in vitro effect, com-
bined with any antimicrobial, against sensitive and resistant
Gram-positive and Gram-negative microorganisms [4]. The
combination of fosfomycin and meropenem is synergistic
and prevents the onset of drug resistance in severe infections
caused by strains of ESBL-producing enterobacteria and P.
aeruginosa [13]. The combination of fosfomycin and tobramy-
cin has recently been studied in biofilm models of P. aerugi-
nosa, observing a significant reduction of the biofilm at 24 h
compared with monotherapy [14].

The lack of agreement in determining the sensitivity cut-
offs between the Clinical and Laboratory Standards Institute
(CLSI) (=64 mg/L) and the European Committee on Antimicro-
bial Susceptibility Testing (EUCAST) (<32 mg/L), the fact that
a number of microorganisms require a higher MIC (Klebsiella
spp., Enterobacter spp., Serratia spp., P. aeruginosa) and the
drug's differing effective concentrations against Gram-posi-
tive and Gram-negative bacteria have resulted in recommend-
ed dosages for treating multidrug-resistant microorganism
infections that vary between 8 and 12 g/day for Gram-positive
bacteria and 16 and 24 g/day for Gram-negative bacteria [5,
15].

PHARMACOKINETICS/PHARMACODYNAMICS
APPROACH

There are 3 fosfomycin formulations: a disodium formu-
lation for intravenous infusion and 2 oral presentations (one
calcium and one trometamol). The first formulation consists of
1-8 g of fosfomycin disodium powder with succinic acid as the
only excipient. The second formulation is fosfomycin in calci-
um salt, marketed in a few countries as 500-mg hard gelatin
capsules. The third, fosfomycin trometamol, is a derivative of
phosphonic acid, available as (1R,2S)-(1,2-epoxypropyl) phos-
phonic acid with 2-amino-2-(hydroxymethyl)-1,3-propane-
diol. The formulation is presented in a 3-g packet with white
granules of fosfomycin-trometamol.

The pharmacodynamic (PD) ratio of dosage effectiveness
for fosfomycin is AUC/MIC. However, the pharmacokinetics
PK/PD ratio could be optimized in daily practice based on
the pathogen, the patient's clinical profile and the infection
model.  Fosfomycin  exhibits  concentration-dependent
bactericidal activity against strains of E. coli, P. mirabilis and
Streptococcus pneumonie and time-dependent bactericidal
activity against S. aureus and P. aeruginosa [16.17]. By
optimizing fosfomycin in Monte Carlo simulations, the PK/PD
ratios with which an effective therapeutic objective could be
reached (probability of target attainment [PTA] >4009%) against
enterobacteria are T>MIC over 70% and AUC/MIC >23 [18].
Fosfomycin's molecular stability at room temperature could
allow for continuous infusions in complex infection models,
alone or combined with other antimicrobials. For example,
Asuphon et al. provided the results of the continuous
infusion of 16-g fosfomycin combined with an extended

infusion of meropenem (1-2 g of infusion for 3 h every 8 h)
against clinical isolates of multidrug-resistant P. aeruginosa,
achieving a cumulative fraction of response (CFR) greater
than 889% [19]. A PTA and CFR = 90% are considered optimal
against a bacterial population, while a CFR or PTA between
80% and 90% is associated with a moderate chance of
success.

Fosfomycin is a fairly safe antimicrobial. Exceptional
cases of intolerance have been reported due to the saline
overload that fosfomycin can generate. A gram of fosfo-
mycin sodium provides 0.33 g (14.4 meq) of sodium [20],
such that a treatment of 12-24 g of fosfomycin provides
between 4 and 8 g of salt to the extracellular compart-
ment. Cases of dyspnea and intolerance to decubitus have
been reported in patients undergoing treatment with fos-
fomycin, even with normal ejection fractions, which have
required withdrawal of the drug [21-23]. Monitoring the
response of the extracellular compartment when faced
with saline overload during high-dosage treatments (16-
24 g/day) could be useful for patients with comorbidities
and water balance disorders (hepatic cirrhosis, heart failure
or renal failure) to avoid precipitating an episode of clini-
cal heart failure [24]. The continuous infusions enabled by
fosfomycin's molecular stability at room temperature could
in turn allow for lower prescribed dosages (12-16 g/day),
ensuring plasma concentrations above 32 mg/L, decreasing
the total saline overload that would require a fractionated
dose. These lower dosages could be especially beneficial for
patients with the aforementioned dyscrasias.

A recent review by Falagas et al. [4] examined the kinetics
of various formulations of fosfomycin. The oral bioavailability
of fosfomycin trometamol ranged from 34% to 58%. Absorp-
tion occurs mainly in the small intestine. Although evidence
suggests that joint administration with food delays the ab-
sorption, renal recovery of the drug does not vary (50-60%)
and is not affected by age. The trometamol formulation is ab-
sorbed 6-fold more than the calcium formulation during the
first 2 h after dosing and approximately 3 to 4-fold more than
the calcium formulation during the 12-h period after dosing.
The concentrations of a single 2-g dose of fosfomycin tromet-
amol are 2 to 4-fold higher than those of a one 3-g dose of
the calcium formulation. The explanation lies in the fact that
fosfomycin calcium is hydrolyzed and inactivated by gastric
juices [4].

The serum elimination half-life (t1/2) of fosfomycin tro-
metamol is approximately 5 h. A study with healthy volunteers
showed serum fosfomycin disodium concentrations of 10
mg/L and 4 mg/L 4 h and 8 h, respectively, after administering
a dose of 40 mg/kg. The same fosfomycin doses administered
orally (trometamol) presented similar serum concentrations
[25]. Further pharmacokinetic studies are needed, given the
potential utility of this oral drug in sequential therapy for var-
ious infection models, especially in the urinary tract, where the
drug concentration is high [4].
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APPROACH TO CURRENT CLINICAL PRACTICE

Fosfomycin has been employed for treating urinary
and respiratory infections, meningitis, otitis, neurosurgical
infections, endocarditis, bacteremia, cardiac  surgery,
nosocomial infections by extensively drug-resistant P.
aeruginosa and Acinetobacter baumannii and carbapenemase-
carrying enterobacteria. Fosfomycin has also been employed
for gynecological infections, as well as for device-related
and osteoarticular infections by methicillin-resistant and
methicillin-susceptible S. aureus, among others.

In terms of urinary tract infections, 93-99% of fosfomycin
is excreted unaltered in urine and barely binds to plasma pro-
teins, disseminating widely in the renal parenchyma, bladder
and uninflamed prostate [6]. Thus, for example, maximum con-
centrations in urine are reached 2 h after administering a 3-g
dose of fosfomycin trometamol orally, with concentrations
varying between 1,053 mg/L and 3,749 mg/L, maintaining a
mean concentration above 128 mg/L.

A systematic review showed that orally administered fos-
fomycin trometamol achieved 80% microbiological eradica-
tion in cystitis in treated patients, with clinical healing that ex-
ceeded 90%, even for those infections caused by ESBL strains
[26]. A 3-g dose of fosfomycin-trometamol on days 1, 3 and 5
was active in uncomplicated cystitis, even when caused by ES-
BL strains, with clinical success of 78-91% [26, 27]. However,
for immunosuppressed (transplantation) or catheterized (ure-
thral stent, double J) patients, the eradication rate decreased
to 59% [28].

Fosfomycin is recommended for cystitis in immunocom-
petent patients, according to the guidelines of the Infectious
Diseases Society of America [29], even in conditions with ESBL,
as are nitrofurantoin and cotrimoxazole [30]. In Spain, fos-
fomycin is the empiric treatment of choice for acute cystitis,
immunocompetent patients and patients with transplants,
according to the recommendations of the Spanish Society of
Infectious Diseases and Clinical Microbiology [31, 32]. Oral
fosfomycin is also employed in asymptomatic bacteriuria and
cystitis for pregnant woman [33]. In the pediatric setting, fos-
fomycin has numerous advantages for use in urinary tract
infections: It is easy to dose, it reaches high concentrations
in urine, its adverse effects are uncommon, and it does not
affect the intestinal flora. Due to its excellent sensitivity pat-
tern against E. coli and other enterobacteria, fosfomycin is also
considered one of the treatments of choice for afebrile pediat-
ric cystitis, especially in its trometamol form [34].

Fosfomycin has a synergistic effect in combination with
other antimicrobials, especially daptomycin and imipenem,
against multidrug-resistant Gram-positive strains [35] and has
shown greater dissemination than other antibiotics through
biofilms [36, 37]. These two characteristics could be useful for
treating osteoarticular infections.

There is evidence of the clinical benefit of fosfomycin in
combination with daptomycin and imipenem in bacteremia
and endocarditis caused by methicillin-resistant S. aureus

(MRSA) [22, 38]. There is a study underway comparing the ac-
tivity of fosfomycin in monotherapy versus that of fosfomycin
combined with daptomycin in treating MRSA infection [39]. In
Spain, the combination of fosfomycin and daptomycin is rec-
ommended for treating persistent or complicated MRSA infec-
tion in the management guidelines of the Spanish Society of
Infectious Diseases and Clinical Microbiology [40]. In the pedi-
atric setting, an alternative could be considered for patients
with acute MRSA-induced hematogenous osteomyelitis or for
those with beta-lactam allergies [41].

The benefit of combined therapies for multidrug-resistant
Gram-negative bacteria has been reinforced by the results of
the recent INCREMENT study, which showed that the thera-
pies had less impact on mortality in patients with the most
severe conditions (scores >7) with bacteremia caused by car-
bapenemase-producing enterobacteriaceae [42]. High-dose
intravenous fosfomycin and fosfomycin in combination with
other antimicrobials have been shown to be useful for treat-
ing infections by multidrug-resistant Gram-negative bacteria
such as extensively drug-resistant or pan-resistant carbapen-
emase-carrying enterobacteria and P. aeruginosa, especially in
urinary tract infections, as well as abdominal, skin and soft tis-
sue infections [43-45]. These formulations are recommended
as alternative treatments in combination against urinary tract
infections caused by carbapenemase-carrying enterobacteria
with an MIC greater than 8 mg/L [46] and for immunosup-
pressed patients with solid organ transplants [47].

Lastly, the first results of the ZEUS study were presented
in March 2019. The study compared fosfomycin against
piperacillin-tazobactam for treating complicated urinary tract
infections, including pyelonephritis. The randomized study
included 465 patients, 233 treated with fosfomycin and 231
treated with piperacillin-tazobactam. In the microbiologically
eligible population, fosfomycin fulfilled the primary objective
of noninferiority compared with piperacillin-tazobactam, with
overall success rates of 64.7% (119/184 patients) and 54.5%
(97/178 patients), respectively. The clinical cure rates in the
test of cure (TOC) on days 19 to 21 were high and similar
between the two treatments (90.8% for fosfomycin [167/184]
versus 91.6% for piperacillin-tazobactam [163/178]). In the
post-hoc analysis with pathogens typified through pulsed-
field gel electrophoresis, the overall success rates in the TOC by
modified intent-to-treat were 69.0% (127/184) for fosfomycin
versus 57.3% (102/178) for piperacillin-tazobactam (difference
of 11.7%; 95% Cl 1.3, 22.1) [48].

The new challenges that fosfomycin must address for its
implementation in clinical practice include sequential orally
administered therapy (once the focus of infection has been
controlled and the bacteremia cleared) and optimization of
the dosage and galenical oral formulation to achieve these
objectives from the pharmacodynamic standpoint (effective
concentration in the focus and in blood), with minimal
gastrointestinal intolerance. Being able to include fosfomycin
in oral sequential therapy for other infection models
(beyond urinary) would be enthusiastically welcomed in the
stewardship programs.
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We are therefore dealing with a compound that, although

it has been known for some time, has much left to be discov-
ered. The more we know of this compound, the more potential
benefits will be encountered. The most attractive therapeutic
model at this time, given its safety and activity, is probably
that of urinary tract infection. However, there is increasing in
vitro and in vivo evidence of fosfomycin's usefulness in syner-
gistic combination with other antimicrobials for treating com-
plex infections by resistant microorganisms.
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