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ABSTRACT Fosfomycin is widely used for the treatment of uncomplicated urinary
tract infection (UTI), and it has recently been recommended that fosfomycin be used
to treat infections caused by multidrug-resistant (MDR) Gram-negative bacilli.
Whether urine acidification can improve bacterial susceptibility to fosfomycin oral
dosing regimens has not been analyzed. The MIC of fosfomycin for 245 Gram-
negative bacterial isolates, consisting of 158 Escherichia coli isolates and 87 Klebsiella
isolates which were collected from patients with urinary tract infections, were deter-
mined at pH 6.0 and 7.0 using the agar dilution method. Monte Carlo simulation of
the urinary fosfomycin area under the concentration-time curve (AUC) after a single
oral dose of 3,000 mg fosfomycin and the MIC distribution were used to determine
the probability of target attainment (PTA). Fosfomycin was effective against E. coli
(MICgo = 16 pg/ml) but not against Klebsiella spp. (MICgy > 512 ug/ml). Acidifica-
tion of the environment increased the susceptibility of 71% of the bacterial isolates
and resulted in a statistically significant decrease in bacterial survival. The use of a
regimen consisting of a single oral dose of fosfomycin against an E. coli isolate with
an MIC of =64 mg/liter was able to achieve a PTA of =90% for a target pharmaco-
dynamic index (AUC/MIC) of 23 in urine; PTA was not achieved when the MIC was
higher than 64 mg/liter. The cumulative fractions of the bacterial responses (CFR)
were 99% and 55% against E. coli and Klebsiella spp., respectively, based on simu-
lated drug exposure in urine with an acidic pH of 6.0. A decrease of the pH from 7.0
to 6.0 improved the PTA and CFR of the target pharmacodynamic index in both E.
coli and Klebsiella isolates.

KEYWORDS Enterobacteriaceae, fosfomycin, Monte Carlo simulation, acidic pH,
pharmacodynamics, urinary tract infection

rinary tract infections (UTIs) are the most common infections worldwide, and

members of the family Enterobacteriaceae are the main pathogens responsible for
UTIs (1). The rise in the rate of antibiotic resistance over the last several years has
resulted in limited treatment options currently available for the treatment of infections
caused by multidrug-resistant (MDR) bacteria. Fosfomycin is an old antibiotic agent
frequently used to treat uncomplicated UTls and has been reevaluated as a potential
option for the treatment of infections caused by MDR Gram-negative bacteria (2). The
dosage currently approved for the treatment of an uncomplicated UTI is a single
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3,000-mg dose. However, for more complicated UTI cases (for which fosfomycin is not
approved), multiple doses have been used. In parts of the world, including Brazil, where
intravenous fosfomycin is not available, interest in regimens with multiple doses of
oral fosfomycin for treating complicated UTIs and related infections has been
renewed (3, 4).

Fosfomycin is a phosphonic acid derivative (cis-1,2-epoxypropyl phosphonic acid)
isolated from a Streptomyces species (5). The molecule acts by inhibiting the first step
in the biosynthesis of the bacterial cell wall and shows broad-spectrum bactericidal
activity against both Gram-positive and Gram-negative pathogens (6). The parenteral
formulation, fosfomycin disodium, is commercially available only in some European
countries and Japan (7), whereas the oral formulation, fosfomycin tromethamine, is
approved for use in Brazil and in other countries for the treatment of uncomplicated
UTls (8). Ninety-five percent of the absorbed drug is excreted by the kidney, which
results in high drug concentrations in urine. These pharmacokinetic properties are
favorable for the treatment of UTIs (9, 10).

The therapeutic response to antibacterial agents can be affected by the pH of body
fluids (11). Previous studies have shown that fosfomycin exhibits optimal antimicrobial
activity in acidic urine at pHs ranging from 5.0 to 6.0, whereas an acidic pH has an
opposite effect on the MICs of fluoroquinolones, including ciprofloxacin (12-17). How-
ever, there is a lack of information related to whether an acidic environment can
enhance bacterial susceptibility to the current commercial fosfomycin oral dosing
regimen for the treatment of uncomplicated UTls. This study utilized simulations of
fosfomycin pharmacokinetics (PK) and a target pharmacodynamic (PD) index of fosfo-
mycin to investigate whether the pH environment has a significant effect on the
susceptibility of Escherichia coli and Klebsiella isolates collected from patients with
uncomplicated UTIs to the fosfomycin oral dosing regimen and to determine the extent
of bacterial killing due to fosfomycin that was achieved in urine acidified to pH 6.0. The
current analyses are aimed at the evaluation of fosfomycin only for the treatment of
uncomplicated UTIs.

RESULTS

In vitro susceptibility and effect of pH. Table 1 presents the antimicrobial sus-
ceptibility profiles of 245 E. coli and Klebsiella urinary isolates at pH 6.0 and 7.0. E. coli
isolates from patients with urinary tract infection were highly susceptible to fosfomycin
at pH 7.0 with an MIC,, of =16 ug/ml. In contrast, fosfomycin was not active against
Klebsiella spp. A high fosfomycin MICy, of =512 ug/ml was observed against these
isolates.

The in vitro activity of fosfomycin against the two bacterial species tested was
improved by acidification of the growth medium (Table 1). The fosfomycin MIC against
E. coli and Klebsiella spp. was reduced for 71% (175/245) of the isolates. The MIC,,
against E. coli and Klebsiella spp. was 2-fold lower in the lower-pH environment. Several
strains that were previously resistant to fosfomycin at pH 7.0 became susceptible at pH
6.0, with the greatest effects being observed for the Klebsiella spp., given the Clinical
and Laboratory Standards Institute (CLSI) breakpoint value of =64 ug/ml.

To evaluate whether the decrease in MIC values was statistically significant, we
utilized a survival analysis approach, replacing the time component with MIC values.
Figure 1 shows the survival curves at pH 6.0 and 7.0 for E. coli and Klebsiella spp. isolated
from patients with UTls. Applying the log-rank test to compare the two curves, we
rejected the hypothesis that the survival curves were equal (P = 0.0001 for both,
log-rank test).

Pharmacodynamic analyses. Figure 2 shows the probability of target attainment
(PTA) for an area under the concentration-time curve (AUC)/MIC of 23 for a fosfomycin
dosing regimen of a single dose of 3,000 mg and the MIC frequency of fosfomycin by
microorganism type at pH 6.0 and 7.0. Oral fosfomycin achieved a PTA of =90% for the
target of an AUC/MIC of 23 at an MIC of =4 pg/ml in serum and an MIC of =64 ug/ml
in urine, indicating that the antimicrobial coverage was sufficient to achieve the MIC,,
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FIG 1 Survival-type antimicrobial susceptibility curves for Escherichia coli isolates (n = 158) and Klebsiella isolates
(n = 87) from patients with urinary tract infections stratified on the basis of pHs of 6.0 (solid line) and 7.0 (dotted

line).

against E. coli isolates at both pH 6.0 and 7.0. The oral dosing regimen was not able to
achieve a PTA of =90% at the MIC;,/MIC,, against Klebsiella isolates at pH 6.0 or 7.0.
The breakpoints for susceptibility of both European Committee on Antimicrobial
Susceptibility Testing (EUCAST) (MIC = 32 ug/ml) and CLSI (MIC = 64 pg/ml) were
achieved in urine using the criterion of a PTA of =90% for a target of an AUC/MIC ratio
of 23. An acidic pH resulted in a higher PTA at the MIC;, and MIC,,. However, this
condition was not sufficient for the fosfomycin regimen against bacteria harboring
fosfomycin resistance with an MIC of >64 ug/ml on the basis of the AUC/MIC PD index.

A summary of the cumulative fractions of the bacterial responses (CFR) by fosfo-
mycin dosing regimen at pH 6.0 and 7.0 in serum and urine is shown in Table 2. For the
Klebsiella spp., the CFR improved from 28% to 55% when the urine pH was changed
from 7.0 to 6.0. There was excellent coverage against E. coli regardless of the urine pH.

DISCUSSION

MDR Gram-negative bacterial infections have prompted the revival of fosfomycin (2,
18). Our study showed that an oral fosfomycin dosing regimen that is commonly used
in clinical practice for the treatment of uncomplicated UTIs was more likely to achieve
the PTA at the MIC,, against E. coli. Fosfomycin was less active against Klebsiella spp.,
as shown by a decrease of the PTA of the fosfomycin PD target index of an AUC/MIC
of 23 in both serum and urine to below 90%.

The current study evaluated the MICs only of Enterobacteriaceae. Our findings for the
fosfomycin MIC against E. coli and Klebsiella spp. were consistent with those reported
in recent studies that evaluated in vitro susceptibility profiles (1, 19, 20). Fosfomycin
presented high levels of activity against E. coli. However, this drug was less active
against Klebsiella spp., which displayed a higher MIC distribution (21-23). Falagas et al.
reported that the fosfomycin MIC distribution can be quite variable and can also be
influenced by several factors, including bacterial species (24). A retrospective study
from a hospital in Oxfordshire, UK, found the rate of fosfomycin resistance to be 1%
for E. coli isolates but 19% for Klebsiella isolates when oral fosfomycin was used to
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FIG 2 Fosfomycin MIC frequency in 158 Escherichia coli and 87 Klebsiella clinical isolates at pH 6.0 and 7.0 and probability of target attainment of an AUC/MIC
of 23 against E. coli (right) and Klebsiella spp. (left) in serum (top) and urine (bottom) matrices for a fosfomycin dosing regimen consisting of a single dose of
3,000 mg in 10,000 virtual patients. PTA, probability of target attainment; AUC, area under the concentration-time curve.

treat UTIs (25). Their results corroborated the CFR estimated for the Maringa State
University Hospital in Brazil. The current study shows that the standard single oral
dose of fosfomycin is inadequate when Klebsiella spp. are the predominant bacteria,
even in uncomplicated UTls.

The success of antimicrobial therapy against UTls in a population can be estimated
by the PK/PD profiles inferred from the drug concentrations at the site of action (26).
The fosfomycin dosing regimen tested showed sufficient antimicrobial coverage for
bacteria with MICs of up to 64 wg/ml in urine. A study by Rhodes et al. found that a
single oral dose of 3,000 mg of fosfomycin was suitable against pathogens with an MIC
value of up 4 ug/ml in the prostate (27). On the basis of simulations, an oral dose of
3,000 mg fosfomycin was effective against E. coli isolates at both pH 6.0 and 7.0;
however, the fosfomycin dosing regimen evaluated would not achieve a satisfactory
PTA at an MIC of >64 ug/ml. Consequently, a PTA of =90% for the MIC,, against
Klebsiella isolates was unattainable.

Albiero and colleagues evaluated treatment regimens consisting of fosfomycin

TABLE 2 CFR at AUC/MIC of 23 for a single 3,000-mg oral dose of fosfomycin against a
collection of clinical isolates by bacterial type

% of isolates

pH 6 pH 7
Bacterial type Serum Urine Serum Urine
E. coli 935 99 85 99
Klebsiella spp. 2.7 55 0.6 28
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FIG 3 Molecular structure of fosfomycin and pK, values derived from the Chemicalize database
(https://chemicalize.com/#/calculation).

alone and in combination with meropenem and also showed that the administration of
fosfomycin as monotherapy against KPC-2-producing K. pneumoniae (MICs,, 64 wg/ml)
was not able to achieve a PTA of =90% even at higher dosages and when given as 3-h
infusions in patients with normal renal function or renal impairment (28). Combination
of fosfomycin with a carbapenem is required to confer bacterial susceptibility to both
fosfomycin and meropenem in KPC-producing K. pneumoniae (28).

CLSI recommends a breakpoint of =64 ug/ml to differentiate E. coli and Enterococ-
cus faecalis isolates from patients with UTIs susceptible and resistant to oral fosfomycin
(29). The EUCAST MIC breakpoint of 32 ug/ml for the susceptibility of Enterobacteria-
ceae and Staphylococcus spp. to intravenous fosfomycin, irrespective of the site of
infection, is lower (30). Fosfomycin is excreted in the active form in the urine via the
kidneys and might achieve in vivo concentrations above the usual MIC against common
uropathogens (9, 10). The same studies demonstrated that serum susceptibility data
overestimated the resistance of urinary isolates in the presence of high urine antibiotic
levels (10, 31-33). Even though only the higher doses may be required to achieve the
PTA for an MIC of 64 ug/ml, fosfomycin becomes highly concentrated in the urine. It
remains to be evaluated in a clinical setting whether the current oral dosing regimen
supplemented with urine acidification would be sufficient to treat UTIs caused by MDR
bacteria or whether a dose adjustment is required.

Acidification of the bacterial growth medium was an important factor affecting the
efficacy of fosfomycin and, consequently, improved the antimicrobial coverage against the
majority of the E. coli and Klebsiella isolates studied (71%). There was a significant difference
in the MIC for these isolates between pH 6.0 and 7.0, which corroborates the findings of
other studies that demonstrated a pH effect on the in vitro activity of antimicrobial agents
and the therapeutic response (12-17, 34, 35). The enhanced activity of fosfomycin in an
acidic environment can be explained by its physicochemical properties. The molecular
structure of fosfomycin contains an epoxide ring linked to a phosphate group that is
ionized, depending on the pH. It has two pK, values: pK, 1 is 1.25, and pK, 2 is 7.82 (Fig.
3). The fosfomycin molecule is less protonated at pH 6.0, where the predominant microspe-
cies has an electric charge of —1, than at pH 7.0, where the predominant microspecies has
an electric charge of —2 (Fig. 4). At an acidic pH where fosfomycin is in its least ionized and
more lipophilic state, a major fraction of the available antibiotic molecules can enter the
bacteria, resulting in greater antimicrobial activity in acidic urine.

It is known that some urinary pathogens, such as Proteus mirabilis and Klebsiella
species, are capable of producing ammonia from urea, resulting in an increased urine
pH (36). The urine alkalization caused by these microorganisms can hinder antimicro-
bial treatment using fosfomycin. Alternative complementary strategies have been used
for the treatment of UTls, including the use of agents that acidify the urine (37).
Ascorbic acidic (vitamin C) is regarded as safe and effective in altering the urinary pH
(14, 38). It is often used as an agent to prevent UTI, although there is no evidence to
support this indication (39). Some studies have shown the benefits of using vitamin C
together with antimicrobials. Carlsson et al. investigated the inhibition of growth of
different bacterial strains, including E. coli, by ascorbic acid at various pH levels in
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FIG 4 Relationship between the microspecies distribution percentage for fosfomycin and pH adapted from the Chemicalize

database (https://chemicalize.com/#/calculation).

human urine and demonstrated that vitamin C may be used for the treatment and
prophylaxis of UTls (38). However, its use should not be excessive because excess
ascorbic acid can induce tissue damage and salt precipitation, causing urinary stones
and/or encrustation in humans (14).

The present study has some limitations. First, the isolates came from a public
hospital that provides services for the population of 808,241 people residing in the
Maringa metropolitan region, which covers 30 municipalities, but this population may
not be representative of the overall Brazilian population. Second, the narrow range of
pH values investigated with the E. coli and Klebsiella isolates (6.0 to 7.0) precludes the
ability to determine the effect of the whole spectrum of the pH range on the behavior
of fosfomycin according to pH. We verified in the survival analysis that the decrease in
MIC values with a decrease in pH was statistically significant.

In conclusion, PK/PD analyses of fosfomycin showed that a lower physiological pH
improved attainment of the target PD index in the majority of the E. coli isolates but not
in Klebsiella species. Fosfomycin activity was improved at an acidic pH; urine acidifica-
tion can easily be achieved with supplemental vitamin C during fosfomycin treatment
of uncomplicated UTI in clinical practice.

MATERIALS AND METHODS

Bacterial isolates. A total of 245 nonduplicated consecutive E. coli and Klebsiella isolates recovered
from patients with suspected UTIs with a colony count of greater than 105 CFU per milliliter were selected
from the medical microbiology laboratory organism bank of the Maringa State University Hospital. All
isolates were identified by means of the BD Phoenix automated microbiology system and were stored
at —20°C in Trypticase soy broth (Difco Laboratories, Detroit, MI) with 30% glycerol until they were
tested. The isolates were recovered on MacConkey agar plates to verify the purity of the culture. These
plates were incubated at 35 = 2°C in ambient air for 24 h. The isolates, which were collected between
January 2011 and June 2015, included 158 Escherichia coli isolates and 87 Klebsiella isolates. Only one
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isolate per patient was included in the study. The study was approved by the “Permanent Committee of
Ethics in Research Involving Human Beings” of the Maringa State University (CAAE no. 318.0.093.000-11).

Antimicrobial agents. Fosfomycin (Sigma-Aldrich, St. Louis, MO, USA) was purchased from LabCom-
pany (Londrina, Parana, Brazil). Fosfomycin was dissolved in water to form a 10-ug/ml stock solution,
which was stored at —20°C (stock solution).

Antimicrobial susceptibility testing. The susceptibilities of the isolates to fosfomycin were deter-
mined by the agar dilution method, as described in CLSI guidelines (29, 40), at pH 6.0 and 7.0 using
Mueller-Hinton agar (MHA; Difco Laboratories, Detroit, Ml), which was supplemented with an additional
25 ng/ml of glucose-6-phosphate (G6-phosphate). The pH of the MHA was adjusted by adding either 1
N HCl or NaOH and tested using a pH meter before autoclaving. During the experiment, G6-phosphate
was diluted along with 2-fold serial dilutions of antimicrobial agent in water in glass tubes. After shaking,
the serial dilution containing the antimicrobial agent plus G6-phosphate was incorporated into liquid
MHA, which was kept in a constant 50°C water bath. The pH of the medium to which the antimicrobial
solution plus G6-phosphate was added was then verified using Merck universal indicator strips. The
solution was then poured onto plates.

The test isolates and ATCC reference strains were suspended in sterile Mueller-Hinton broth (Difco
Laboratories, Detroit, Ml) and adjusted to the equivalent of a 0.5 McFarland standard. Cell suspensions were
further diluted and were delivered onto plates using a Steers replicator, which carried approximately 10* CFU
of each isolate. The inoculated plates were incubated in ambient air at 35 = 2°C for 16 to 20 h.

The tested fosfomycin concentrations ranged from 0.25 to 512 pg/ml. The MIC against a bacterial
strain was defined as the lowest concentration that inhibited visible growth of the organism. MIC values
were determined 2 to 4 times per isolate to identify the modal value, which is reported in this study.
Control strains, including Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853, and
Enterococcus faecalis ATCC 29212, were included in each set of tests.

Interpretation of susceptibility results. The susceptibility categories by MIC were determined using
both the CLSI interpretive criteria for urinary tract isolates of E. coli and E. faecalis (29) and the EUCAST
interpretive criteria for all isolates of the Enterobacteriaceae (30).

Pharmacokinetics and Monte Carlo simulation. Monte Carlo simulation of 10,000 virtual exposure
parameters was carried out in R software (v.3.1.1; R Development Core Team, R Foundation for Statistical
Computing, Vienna, Austria). Exposure data previously reported in the literature and the package insert
for a single oral dose of 3,000 mg fosfomycin in both serum and urine were used to generate simulated
distributions for the AUC for serum (AUC,,,,,,,) of 296 = 46.4 pg - h/ml for healthy volunteers (41) and
an average urine concentration (C,g rine) ©f 537 = 252 ng/ml within 6 to 8 h after a single dose in the
fed state (42). The fosfomycin AUC for urine (AUC,;,.) was computed as C,,, ,ine Multiplied by 8 h
(AUC, iner 4,296 * 2,016 g - h/ml). A log-normal distribution was assumed in order to avoid negative
exposure values. In the simulation, the variability, characterized by the coefficient of variation or the
AUC,,,, Was increased to 50% to mimic the variability in patients. The level of protein binding of
fosfomycin in plasma is negligible (42). The area under the concentration-time curve-to-MIC (AUC/MIC)
ratios in serum and urine for the single oral dose regimen were then determined and compared to the
target PD index determined from the literature (43).

Pharmacodynamics. PD analyses were performed using Monte Carlo simulations based on the
distribution of the AUC in urine and serum. This method accounts for the variability in the pharmaco-
kinetics of the drug and the distribution of MIC data to determine the probability of reaching a target
AUC/MIC ratio of 23 in serum and urine. This target value was selected on the basis of the report by Lepak
et al. showing that the 24-h AUC/MIC ratio of 23 after fosfomycin injection in the neutropenic murine
thigh infection model is associated with stasis in Enterobacteriaceae (43).

The PTA was determined from the distribution of the AUC/MIC in incremental MIC values. The PTA
for a drug regimen was considered adequate when =90% of the simulated population achieved or
exceeded the target PD index (44, 45). CFR for a single oral 3-g fosfomycin dose at an AUC/MIC of 23 was
computed as the summation of the density or percentage of bacteria at each MIC across the distribution
multiplied by the PTA value at the MIC for the regimen (46, 47).

Statistical analysis. Survival analysis for interval-censored data was used to compare the effect of pH
on the survival curve for all bacteria used in the study. For the comparison of the survival curves, the
log-rank test was used to determine whether the curves were significantly different (48). A P value of
<0.05 was considered significant.
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