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ABSTRACT The rapid spread of antibiotic resistance among Enterococcus has prompted
considerable interest in determining the dosage regimen of linezolid combined with fos-
fomycin. A checkerboard assay was employed to evaluate whether linezolid combined
with fosfomycin had a synergistic effect on Enterococcus isolates from the hospital,
including three drug-resistant strains (MIC of linezolid [MICLZD], $8 mg/L; MIC of fosfo-
mycin [MICFOF], $256 mg/L). The in vitro static time-kill assay, dynamic pharmacokinetic
(PK)/pharmacodynamic (PD) model, and semimechanistic PK/PD model were used to
explore and predict effective combined dosage regimens. The checkerboard assay and
in vitro static time-kill assay demonstrated that linezolid combined with fosfomycin has a
synergistic effect on drug-resistant and sensitive Enterococcus. In the in vitro PK/PD
model, the dosage regimen of linezolid (8 mg/L or 12 mg/L, steady-state concentration)
combined with fosfomycin (6 g or 8 g) via a 0.5-h infusion every 8 h effectively sup-
pressed bacterial growth at 24 h with a 3 log10 CFU/mL decrease compared with the ini-
tial inocula against two resistant and one sensitive Enterococcus isolates. The semime-
chanistic PK/PD model predicted that linezolid (more than 16 mg/L) combined with
fosfomycin (6 g or 10 g) via a 0.5-h infusion every 8 h was required to achieve a 4 log10
CFU/mL decrease at 24 h against Enterococcus isolates (MICLZD $ 8 mg/L and MICFOF $

256 mg/L). According to the prediction of the semimechanical PK/PD model, the effect
of the combination was driven by linezolid, with fosfomycin enhancing the effect. Our
study is the first to explore the synergistic effects of these two drugs from a qualitative
and quantitative perspective and provides a simulation tool for future studies.

IMPORTANCE In this study, we found that linezolid combined with fosfomycin could
kill Enterococcus in vitro and that the administered dose was significantly lower after
the combination treatment, which could reduce adverse effects and the develop-
ment of drug resistance. The potential mechanism of the two-drug combination
against Enterococcus was revealed from a quantitative perspective, which is an im-
portant step toward dose optimization in simulated humans. We hope that our
research will help build a better relationship between clinicians and patients as we
work together to address the challenges of antibiotic resistance in the 21st century.
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Enterococcus is one of the most common conditionally pathogenic Gram-positive
bacteria. It can survive in harsh environments with antibiotics, which is a cause of

hospital-acquired infections, causing urinary tract infections (UTIs), abdominal
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infections, endocarditis, and other infections associated with implanted medical devi-
ces (1, 2). Furthermore, the aminoglycosides recommended for the treatment of enter-
ococcal infections often promote the development of bacterial resistance (3). Current
challenges are likely to be resolved by the discovery of new antibiotics and other thera-
peutic approaches.

Linezolid (LZD) is used as a last-line drug for the treatment of severe enterococcal
infections. However, long-term use of linezolid can result in thrombocytopenia, which
limits dosage options (4). Additionally, acquired linezolid resistance genes have been
increasingly reported in different enterococcal species and across different settings (5,
6). Hence, combination therapy has been proposed to alleviate the development of
drug resistance and increase efficacy. Previous studies have confirmed that linezolid
combined with fosfomycin (FOF) can effectively inhibit vancomycin-resistant and -sen-
sitive Enterococcus strains (7, 8). However, these studies have been limited to the quali-
tative determination of the synergistic effects of the two drugs without a quantitative
perspective on the mechanisms by which the drugs act on bacteria. Moreover,
although the checkerboard and static time-kill assays are the most common methods
used to detect synergistic effects of drugs because in vitro drug concentrations are
static but in vivo drug concentrations are dynamic over time, it is difficult to guide clini-
cal administration.

The establishment and development of in vitro dynamic pharmacokinetic/pharmacody-
namic (PK/PD) models could help us address these questions. Boak et al. (9) investigated
the administration of 600 mg linezolid every 12 h against vancomycin-resistant enterococci
(VRE), which could significantly reduce bacterial infections at 24 h using the dynamic PK/
PD model. However, in a recent Monte Carlo simulation, the effective killing of
Enterococcus was observed only when 600 mg linezolid was administered every 8 h (10). In
an in vitro bladder infection model, Abbott et al. (11) found that Enterococcus was signifi-
cantly killed only when exposed to high peak concentrations of fosfomycin (maximum
concentration of free, unbound drug in serum [fCmax] . 1,000 mg/L). Such high drug con-
centrations could cause various side effects and the development of drug resistance,
prompting us to seek new combined dosing regimens in an in vitro PK/PD model. To date,
there have been no reports of the combined bactericidal activity of the two drugs in an in
vitro dynamic model. Moreover, semimechanistic PK/PD modeling is a valuable tool that
can be used to quantify concentration-effect curves and provide additional guidance for
dose optimization (12). Computational models have been successfully established based
on static bactericidal data for linezolid and dynamic bactericidal data for fosfomycin in an
in vitro hollow-fiber infection model (13–15). However, these were all single-drug models,
and no semimechanistic PK/PD models for coadministration have been developed nor
have they predicted new dosing regimens. Additionally, most previous semimechanical
PK/PD models based on bactericidal data from combined administration have focused on
treating Acinetobacter baumannii, whereas there are few models for the combined treat-
ment of Enterococcus (16–18).

In this study, Enterococcus strains that were sensitive and resistant to linezolid and
fosfomycin were selected, and the checkerboard assay was used to detect whether
linezolid combined with fosfomycin had a synergistic effect. On this basis, in vitro static
and dynamic PK/PD time-kill experiments were designed to explore the combined dos-
ing regimen of the two drugs. A semimechanical PK/PD model was developed to quan-
titatively explore the combined effects and dose optimization.

RESULTS
MICs and checkerboard and static time-kill assays. The MICs of linezolid and fos-

fomycin against all Enterococcus isolates and the checkerboard assay results are shown
in Table 1. Six strains were sensitive to linezolid (MIC range of 2 to 4 mg/L), and two
strains were resistant to linezolid (MIC of linezolid [MICLZD] = 8 mg/L). Only one strain
was resistant to fosfomycin (MIC of fosfomycin [MICFOF] = 256 mg/L), and the others
were sensitive and intermediate bacteria (MIC range of 64 to 128 mg/L). Checkerboard
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results showed synergy (fractional inhibitory concentration index [FICI] # 0.5) between
linezolid and fosfomycin for seven isolates, with indifference (0.5 # FICI# 4) observed
for one isolate.

The results of the static time-kill assay are shown in Fig. 1 and Table 2. Linezolid mono-
therapy (4 mg/L) produced little or no bacterial killing at any time, with growth close to
control values at 24 h, except for in strain no. 6. With fosfomycin monotherapy at all con-
centrations (64, 128, or 256 mg/L), a bacterial killing to 2 log10 CFU/mL was observed across
the first 4 to 8 h for all isolates. For all isolates, regrowth to control levels at 24 h subse-
quently occurred at all fosfomycin concentrations. Initial killing (0 to 8 h) with the linezolid
and fosfomycin combinations resembled fosfomycin monotherapy. However, regrowth
was suppressed in all isolates, with bacterial numbers never exceeding 4 log10 CFU across
24 h. After the combination, the changes in the number of bacteria after 24 h of treatment
compared to the initial colony counts (DlogCFU0–24) values for strains no. 1, no. 2, and no. 6
were22.186 0.08,22.136 0.09, and22.296 0.13, respectively.

In vitro dynamic PK/PD model. The observed fosfomycin concentrations in the PK/
PD model closely mimicked the targeted concentrations for the different simulated
dosing regimens (see Fig. S3 in the supplemental material). The in vitro dynamic time-
kill curves of linezolid and fosfomycin alone and in combination are shown in Fig. 2,

FIG 1 Static time-kill curves show the bactericidal effect of linezolid (orange), fosfomycin (blue), and their combination (green)
against Enterococcus isolates (mean 6 standard deviation [SD], n = 3). LZD, linezolid; FOF, fosfomycin.

TABLE 1MICs of antimicrobial agents against eight strains of Enterococcus

Strain

MIC (mg/liter) MIC in combination

LZD FOF LZD+FOF FICI
No. 1 4 64 11 16 0.50
No. 2 8 128 21 32 0.50
No. 3 2 128 11 16 0.625
No. 4 4 128 11 32 0.50
No. 6 2 256 0.51 64 0.50
No. 7 8 128 11 16 0.25
No. 8 2 128 0.51 32 0.50
No. 9 4 128 0.51 16 0.25
ATCC 29212 2 128 11 32 0.75
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and DlogCFU0–24 is shown in Fig. 3. Linezolid monotherapy (constant concentration of
12 mg/L) only had a bacteriostatic effect, with less than a 2 log10 CFU/mL reduction at
24 h. For linezolid-resistant Enterococcus strain no. 2 (MICLZD = 8 mg/L), linezolid at less
than 8 mg/L failed to inhibit bacterial regeneration, and the colony count at 24 h was
consistent with the growth group. Against the reference strain ATCC 29212 (MICFOF =
128 mg/L), fosfomycin monotherapy (8 g, a 0.5-h infusion every 8 h) produced an initial
killing of .2 log10 CFU/mL at 4 h, followed by regrowth approaching that of the con-
trol at 24 h. Against the clinical strains (MICFOF = 128 mg/L or 256 mg/L), neither fosfo-
mycin regimen (6 g with a 0.5-h infusion every 8 h or 8 g with a 0.5-h infusion every 8 h)
produced initial killing at 4 h (maximum killing of ,2 log10 CFU/mL) and regrowth to
control values at 24 h. For the fosfomycin-sensitive Enterococcus strain no. 1 (MICFOF =
64 mg/L), fosfomycin monotherapy (6 g, a 0.5-h infusion every 8 h) displayed a maxi-
mum killing of .2 log10 CFU/mL at 4 h and persisted up to 8 h, with slow regrowth to
7 log10 CFU/mL thereafter.

In contrast, the combination of linezolid and fosfomycin demonstrated stronger ac-
tivity than the two drugs alone, with bactericidal effects against ATCC 29212 and three
clinical isolates. Combination therapy against these strains produced similar initial kill-

TABLE 2 DlogCFU0–24 values of fosfomycin and linezolid as monotherapy and in
combination

Strain (MICFOF/
MICLZD)

DlogCFU0–24 by antibiotic therapy (mean± SD) (n = 3)

No drug Fosfomycin Linezolid Combination
No. 1 (64/4) 2.176 0.18 1.256 0.12 2.116 0.33 22.186 0.08
No. 2 (128/8) 2.156 0.25 1.436 0.38 2.116 0.55 22.136 0.09
No. 6 (256/2) 2.346 0.14 1.506 0.26 20.136 0.43 22.296 0.13

FIG 2 Dynamic in vitro PK/PD killing kinetics of strains ATCC 29212 (A), no. 1 (B), no. 2 (C), and no. 6 (D) in different dosage
regimens. Fosfomycin doses of 4, 6, and 8 g were infused for 0.5 h every 8 h.
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ing to fosfomycin monotherapies across the first 4 h, but from 4 h onwards, no
regrowth bacteria were detected, and the colony count continued to drop. For two
clinical isolates (no. 2 and no. 6), linezolid (12 mg/L) plus fosfomycin (8 g infused for
0.5 h every 8 h) resulted in a .3 log10 CFU/mL reduction at 24 h. For clinical isolate no.
1, linezolid (8 mg/L) combined with fosfomycin (6 g infused for 0.5 h every 8 h) had a
strong bactericidal effect, and the lowest concentration of linezolid (4 mg/L) with fosfo-
mycin (4 g infused for 0.5 h every 8 h) could provide a reduction of nearly 3 log10 CFU/
mL at 24 h. All remaining combinations produced similar killing effects against all
strains within 24 h, consistently inhibiting bacterial regeneration, with no growth
beyond 4 log10 CFU/mL at 24 h.

Semimechanical PK/PD model. The time course of changes in bacterial counts
from baseline was well described by the semimechanical PK/PD model. The goodness-
of-fit plots indicated a relatively good fit with the observed data (see Fig. S4 in the sup-
plemental material). Specifically, plots of observation (OBS) versus population predic-
tion (PRED) and observation (OBS) versus individual prediction (IPRED) were symmetri-
cally distributed and close to the identity line, implying good predictions. The plots of
conditional weighted residual errors (CWRES) versus PRED and plots of CWRES versus
time showed no trend and were randomly scattered around the identity line at
CWRES = 0, indicating the suitability of the error model for this study. The visual predic-
tive check (VPC) plots indicated that the 95% confidence interval (CI) of the model pre-
diction covered almost all of the observed data, demonstrating good predictability by
the model (Fig. 4). A comparison between the predicted and observed values of the
model is shown in Fig. 5, which shows that the observed values are distributed around
the fitted prediction curve, and there are not particularly prominent and inconsistent
values. The estimated parameters are listed in Table 3.

Among all strains, the linezolid-resistant strain no. 2 had the fastest growth rate
(Kg = 0.557 h21), whereas the fosfomycin-resistant strain no. 6 had the slowest growth
rate (Kg = 0.315 h21), and the other two strains had a Kg of 0.474 h21 and 0.452 h21.
Among the two resistant strains, linezolid and fosfomycin had the highest 50% effec-
tive concentration (EC50) (4.81 mg/L and 28.1 mg/L, respectively) relative to other sensi-
tive bacteria. Compared with susceptible bacteria and ATCC 29212, linezolid had the
highest maximum effect (Emax) (0.236 h21) in the linezolid-resistant strain, whereas fos-
fomycin had the lowest Emax (0.192 h21) in the fosfomycin-resistant strain. Strains that
were more sensitive to linezolid and fosfomycin, such as ATCC 29212 and no. 1,
showed the highest maximum adaptive resistance factor (fLZD = 21.9 and fFOF = 68,600).

Linezolid (12 mg/L) combined with fosfomycin (8 g with a 0.5-h infusion every 8 h)
against ATCC 29212 was used as an external validation scheme, using estimated pa-
rameters from ATCC 29212 to simulate the pharmacodynamics of this dose combina-
tion and compared with observed values. As shown in Fig. 6, predicted and observed

FIG 3 The values of DlogCFU0-24 for strains ATCC 29212, no. 1, no. 2, and no. 6 after each
monotherapy and the combination.
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values had a consistent downward trend, but the predicted values underestimated the
bactericidal effect of the combined dosing regimen, and the difference with the
observed values ranged from 1 log10 CFU/mL. Based on the successfully validated
model, we predicted new therapies for the three clinical isolates (Fig. 7). The dosage of
fosfomycin increased from 8 g to 14 g for all strains, but there was no significant
increase in bactericidal effect, and the trend remained essentially the same. Even if the
linezolid concentration alone was increased to 24 mg/L, it only provided continuous
bacterial inhibition and had no bactericidal effect. However, a good synergistic bacteri-
cidal effect in the combined regimens was observed. For strain no. 2, linezolid (18 mg/
L) combined with fosfomycin (10 g with a 0.5-h infusion every 8 h) had a 4 log10 CFU/
mL reduction at 24 h relative to the initial inoculum. When the linezolid concentration
was increased to 24 mg/L, coadministration provided a greater than 5 log10 CFU/mL
reduction at 24 h. For strain no. 6, linezolid (more than 16 mg/L) combined with fosfo-
mycin (6 g with a 0.5-h infusion every 8 h) at 24 h reached a .4 log10 CFU/mL
decrease. Additionally, for strain no. 1, linezolid (8 mg/L) plus the lowest dose of

FIG 4 Visual predictive check of each PK/PD model. Solid points represent observed bacterial counts (the values of the same batch were tested three
times). Points linked by a line are from the same arm. Different colors represent different dosage regimens. Green lines are the model-predicted 5th, 50th,
and 95th percentiles of bacterial counts. From left to right, the four columns of the figure represent bacterial strains no. 1, no. 2, ATCC 29212, and no. 6,
respectively. FOF1LZD, fosfomycin combined with linezolid; Control, no drug.
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fosfomycin (2 g) displayed a 3 log10 CFU/mL reduction at 24 h, whereas there was no
significant change in the bactericidal effect after increasing the dose.

DISCUSSION

In this study, static and dynamic time-kill experiments in vitro confirmed that line-
zolid combined with fosfomycin killed susceptible Enterococcus strains and Enterococcus
strains resistant to linezolid or fosfomycin, and potential dosage regimens were dis-
cussed. The semimechanical PK/PD model predicted the killing of Enterococcus strains
under multiple dosing schedules and provided a new method for optimizing combina-
tion therapies.

TABLE 3 Parameter estimates for the in vitro PK/PD model

Parameter Explanation

Value for strain:

ATCC 29212 No. 1 No. 2 No. 6
Kg (h21) Rate constant of bacterial net growth 0.474 0.452 0.557 0.315
Bmax (log10 CFU/mL) Bacterial count in the stationary phase 8.25 8.55 8.45 8.63
Emax-LZD (h21) Maximum achievable kill rate constant by linezolid 0.158 0.191 0.236 0.174
EC50-LZD (mg/L) Linezolid concn that results in 50% of Emax 0.114 3.95 4.81 1.71
Emax-FOF (h

21) Maximum achievable kill rate constant by fosfomycin 0.256 0.294 0.415 0.192
EC50-FOF (mg/L) Fosfomycin concn that results in 50% of Emax 19.7 0.0135 23.5 28.1
HillLZD Hill factor for linezolid 2.98 187 50 2.06
HillFOF Hill factor for fosfomycin 7.53 3.63 2.34 3.7
fLZD Maximal adaptation factor for linezolid 21.9 5.29 0.765 1.45
kLZD Rate of adaptation for linezolid 0.0547 0.0001 0.0312 1.41
fFOF Maximal adaptation factor for fosfomycin 54.2 68,600 7.53 38.1
kFOF Rate of adaptation for fosfomycin 0.0001 0.0001 0.000712 0.0001
Int Parameter describing drug interaction 1.29 21.96 1.37 2.08

FIG 5 Observed (symbols) and model fitted (lines) viable counts for the dynamic in vitro PK/PD model experiments with fosfomycin or linezolid alone and
the combination against Enterococcus strains ATCC 29212 (A), no. 1 (B), no. 2 (C), and no. 6 (D). Fosfomycin doses of 4, 6, and 8 g were infused for 0.5 h
every 8 h.
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The results of in vitro dynamic time-kill curves and the parameters of the semime-
chanism PK/PD model intuitively showed that linezolid combined with fosfomycin had
a synergistic bactericidal effect on Enterococcus. This synergy likely occurs because fos-
fomycin can interfere with the first step of mucopeptide synthesis in the bacterial cell
wall, helping linezolid enter the bacteria and produce antibacterial effects (19).
Linezolid, a unique synthetic antimicrobial of oxazolidinone, blocks the formation of
the initiation complex at the beginning of the translation process by binding to the
50S large subunit of 23S rRNA (20). According to the in vitro dynamic time-kill curve,
the maximum bactericidal rate of coadministration was not significantly increased rela-
tive to fosfomycin at 4 to 6 h, but the bactericidal effect became progressively stronger
after 6 h. This might occur because linezolid limits the rapid bactericidal effect of fosfo-
mycin during early bacterial reproduction, but in later stages, when bacterial popula-
tions reach a stable period, the combination of the two drugs produces a more potent
bactericidal effect. Moreover, in a previous study, we found that the combination of
linezolid and fosfomycin against Enterococcus could effectively close the resistance
mutation-selection windows of the other, which is a potential mechanism to explain
the ability of coadministration to inhibit bacterial regeneration at a later stage (8).
Additionally, the production of enterococcal biofilms in an in vitro model protected a
subpopulation of bacterial inoculum from fosfomycin, thereby regenerating a subpo-
pulation when fosfomycin concentration was below the MIC of the isolates (11). It has
been reported that linezolid and fosfomycin individually inhibit the growth of entero-
coccal biofilms, perhaps with a stronger inhibition after the combination (21, 22).
However, further study of the synergistic mechanism of linezolid and fosfomycin from
metabolomics is necessary. Additionally, there is no pharmacokinetic interaction
between linezolid and fosfomycin (23, 24). Linezolid and fosfomycin are both excreted
from the urine in parent form through glomerular filtration and are almost eliminated
in the renal pathway (25). Thus, linezolid combined with fosfomycin has little effect on
the pharmacokinetics of the other, but further animal and human studies are
warranted.

Combination dosing regimens remain a trusted therapy for drug-resistant bacteria.
As mentioned earlier, when linezolid has to be used, infection from linezolid-resistant
Enterococcus is unavoidable (26). These resistance mutations include vertical transmis-
sion mutations at linezolid targets; 23S rRNA gene sequences; alterations in the ribo-
somal proteins L3, L4, and L22; and the efflux pump genes optrA and poxtA (27).
Fosfomycin generally has a very high MIC for Enterococcus and is recommended for
oral use in treating UTIs, whereas intravenous and combination therapies are usually
used for severe infections (28). The presence of the fosB gene, the mutation of the

FIG 6 Validation of the PK/PD modeling for the regimen of 12 mg/L linezolid in combination with 8 g fosfomycin every 8 h with a 0.5 h infusion.
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fosfomycin target enzyme MurA, and the high-level expression of fosX make
Enterococcus resistant to fosfomycin (29). It is important to note whether the combina-
tion has synergies if the strain is resistant to at least one drug. Therefore, linezolid-re-
sistant Enterococcus faecium and fosfomycin-resistant E. faecium were included in the
experiment to evaluate whether the combination of linezolid and fosfomycin could
have a bactericidal effect at low doses. For linezolid-resistant E. faecium strain no. 2
and fosfomycin-resistant E. faecium strain no. 6, linezolid (8 mg/L) plus fosfomycin (6 g
with a 0.5-h infusion every 8 h) could achieve .2 log10 CFU/mL killing at 24 h. For fos-
fomycin-resistant E. faecium strain no. 6, killing effects approaching a 4 log10 CFU/mL
decrease could be achieved when the combined administration dose increases.
Therefore, in fosfomycin-resistant Enterococcus, combined linezolid administration is
recommended to obtain a better bactericidal effect. Studies have shown that when
the drug concentration is close to or higher than the MIC, it is easy to promote bacte-
rial drug resistance (9). However, this combination option is good for patients who
may not have access to effective drugs.

The semimechanical PK/PD model parameters provide quantitative data to under-
stand further how drugs act on bacteria and bacterial resistance. For linezolid-resistant
E. faecium strain no. 2, linezolid and fosfomycin had the highest Emax relative to the
other three strains, probably because the Kg of this strain was the fastest. Both linezolid
and fosfomycin had the highest EC50 values for their respective resistant strains relative

FIG 7 Pharmacodynamic predictions of linezolid and fosfomycin mono and combination therapy against Enterococcus strains no. 2 (A), no. 6 (B), and no. 1
(C). The units for linezolid and fosfomycin are milligrams per liter at steady state and grams with a 0.5-h infusion, respectively.
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to the other sensitive strains. This could indicate that in low-degree resistant
Enterococcus, higher drug concentrations are often required to achieve maximum bac-
tericidal rates, and it is difficult to achieve good bactericidal efficacy at low concentra-
tions with monotherapy. The maximum bactericidal rate Emax from the estimated pa-
rameters is positively correlated with the bacterial growth rate Kg. This could explain
why linezolid combined with fosfomycin did not have a good initial bactericidal rate in
the early stage because linezolid inhibited the bacterial growth rate, which also inhib-
ited the Emax of fosfomycin. However, the combination may have lowered the EC50 of
the other, which explains why a combination at low concentrations could have a good
bactericidal effect. In terms of bacterial resistance, the maximum adaptive resistance
factor f increases with a decrease in EC50, indicating that high exposure and continuous
administration increase resistance if given before the bacteria return to their suscepti-
ble phase (30). Additionally, drug-sensitive strains usually have higher f values, which
raises a warning for monotherapy, because this could easily promote the development
of bacterial resistance. According to the parameters predicted by the semimechanical
PK/PD model, three strains had an interaction (int) of .0, except for strain no. 1. This
implies that the model considers coadministration to be nonsynergistic for the no. 1
strain of the four strains. However, according to the checkerboard assay and time-kill
curve results, the combined administration had a synergistic effect on strain no. 1.
These methods define synergism and antagonism in numerical changes by comparing
the bacterial colonies at 24 h, whereas they ignore the effect of drugs and bacteria
long-term, and synergism cannot be judged only by the change at a certain moment.
It is fully realized that there are many ways to express synergism, which is related to
the specificity of the strain and the detection method. Additionally, the clinical success
of treatment depends on the overall activity of the infected site against the infected
pathogen (31). The clinician considers the removal of pathogenic microorganisms and
whether the patient can be cured. Therefore, the in vitro bactericidal effects should be
evaluated by considering the differences in vivo.

The established semimechanical PK/PD model was used to predict new combina-
tion regimens of three clinical isolates of Enterococcus. Linezolid has been clinically pro-
ven to be safe and effective with a minimum concentration (Cmin) between 2 and
8 mg/L and a maximum concentration (Cmax) between 10 and 20 mg/L, and it can easily
cause adverse reactions such as bone marrow suppression and thrombocytopenia if
the concentration exceeds 20 mg/L (32). The recommended dose of linezolid of
600 mg every 12 h (q12h) achieves steady-state peak concentrations between 12 and
20 mg/L in a population with normal renal function (33). The average duration of treat-
ment with linezolid for enterococcal infections is typically 26 d, and steady-state con-
centrations are typically achieved at 2 to 4 administered doses; thus, we discuss the
bactericidal effects of steady-state concentrations under prolonged treatment (34). For
linezolid-resistant E. faecium strain no. 2, because of the low Emax and high EC50 value,
increasing the linezolid concentration alone has only a sustained bacteriostatic effect
without a significant bactericidal effect, with colony values barely below 4 log10 CFU/
mL at 24 h. In the rat bacteremia model, Abdelhady and Mishra administered 120 mg/
kg of body weight to simulate a human blood concentration of 600 mg q12h and
observed colony values of approximately 4 log10 CFU/mL in various tissues and organs
after 4 d (35). In a rabbit endocarditis model, the administration of 10 mg/kg/12 h in
simulated humans revealed only a 2 log10 CFU/mL decrease in colony count even after
4 d (36). In contrast, in rat peritonitis simulating standard dose administration, linezolid
was bactericidal and bacteriostatic against vancomycin-resistant Enterococcus, and the
bactericidal effect in vivo may be caused by the synergistic effects of linezolid with
intrinsic host defenses (polymorphonuclear leukocytes [PMNs]) or molecules (e.g., host
defense peptides and antibodies) in vivo (37). Because standard dosing in critically ill
patients still shows failure, the issue of whether to change the dose of linezolid is still
being discussed. Partial Monte Carlo simulations using the cumulative percentage of a
24 h period that the concentration is above MIC (%T) . MIC above 85% as a PK/PD
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target suggests that Enterococcus treatment should be a dose of 600 mg q8h or
600 mg q6h (10, 20, 38). Doses administered at 1,800 mg and 2,400 mg per day will
inevitably increase the steady-state peak concentration and be out of the safe range.
Thus, the model simulated the linezolid concentration at 20 mg/L and found that line-
zolid alone still showed inhibition and no significant enhancement of the bactericidal
effect. This may be because of its low Emax value, which limits its ability for rapid bacte-
ricidal activity.

However, both sensitive and low-degree resistant bacteria will develop high resist-
ance after prolonged administration. Therefore, an old antibiotic (fosfomycin) was
added with linezolid for a stronger bactericidal effect. Because of the high MIC of fosfo-
mycin in Enterococcus and the area under the concentration-time curve for the free,
unbound fraction of a drug (fAUC)/MIC is considered to be the most relevant PK/PD in-
dicator, fosfomycin is usually administered at doses of 12 to 24 g daily to maintain very
high blood concentrations, but this could produce excess sodium and hypokalemia in
patients (39, 40). These regimens were for strains with MICs below 32 mg/L, whereas
the strains in our experiments were above 64 mg/L, which may require higher loading
doses and daily maintenance doses. Fosfomycin alone continued to increase the dose
up to 14 g, and the initial maximum bactericidal effect was not more than a 2 log10

CFU/mL reduction. This is consistent with the findings of the in vitro PK/PD model of
Abbott et al., and it is difficult to attain a bactericidal role if the fCmax is above
1,000 mg/L (11). Although clinical data suggest that 12 to 24 g of fosfomycin daily is
usually the treatment for serious infections caused by Gram-negative bacteria, coadmi-
nistration is usually recommended for serious infections caused by Enterococcus. For
linezolid-resistant E. faecium strain no. 2, combined administration of linezolid (18 mg/
L) and fosfomycin (6 g) was predicted to have a bactericidal effect with more than a 3
log10 CFU/mL decrease at 24 h after prediction. For fosfomycin-resistant E. faecium
strain no. 6, the bactericidal effect of increasing the linezolid concentration was much
greater than that of increasing the dose of fosfomycin. Linezolid (16 mg/L) combined
with fosfomycin (6 g) could attain below 2 log10 CFU/mL at 24 h. Because the model
judged that the combination of the two drugs had an antagonistic effect on strain no.
1, a DlogCFU0–24 . 4 could not be achieved even if the dosage was increased.
However, the model predicted that linezolid (8 mg/L) combined with fosfomycin (2 g)
could achieve the greatest effect. In treating sensitive bacterial infections, a combina-
tion of drugs at low doses can have a significant bactericidal effect. A very good syner-
gistic effect of the two drugs was observed in the predicted results of our model.
Higher concentrations of linezolid (.20 mg/L) combined with fosfomycin did not sig-
nificantly improve the bactericidal effect compared with linezolid (below 20 mg/L)
combined with fosfomycin. We believe it is safe and effective to maintain the recom-
mended dose of 600 mg q12h of linezolid in combination with a low dose of fosfomy-
cin in a coadministration.

To our knowledge, this is the first semimechanistic PK/PD model to investigate line-
zolid-fosfomycin combinations against Enterococcus. From a quantitative point of view,
the mechanism of linezolid and fosfomycin inhibiting Enterococcus was explained, and
it was determined that linezolid played a major role in combination administration.
Therefore, a high dose of linezolid should be administered in combination therapies to
produce a better bactericidal effect. The external validation results of the model were
good and can be used as a simulation tool in future studies. For drug-resistant bacteria,
the model predicted that linezolid in the safe concentration window (10 to 20 mg/L),
combined with fosfomycin at 6 g or 10 g every 8 h, could achieve a 4 log10 CFU/mL
reduction at 24 h. However, the limitation of this study is that the linezolid simulation
scheme is the steady-state concentration after administration of 600 mg q12h, which
hinders the study of pharmacodynamics under real-time changes in concentration.
Therefore, future studies should focus on selecting multiple strains, combining in vivo
and in vitro experiments, simulating additional dosing regimens of linezolid, and
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developing complete semimechanistic PK/PD models to simulate administration in dif-
ferent populations.

MATERIALS ANDMETHODS
Bacterial strains, medium, and antibiotics. Eight nonduplicate clinical isolates of Enterococcus

were isolated from urine and blood at the First Affiliated Hospital of Anhui Medical University. These
strains were not collected specifically for this study and were approved by the hospital. All strains were
identified using the automated Vitek-2 system (bioMérieux, Marcy l’Etoile, France). ATCC 29212 was
used as the quality control strain.

Linezolid and fosfomycin were purchased from the National Institute for Food and Drug Control of
China (Beijing, China). Glucose-6-phosphate was purchased from Sigma-Aldrich. Mueller-Hinton broth
(MHB) (Oxoid, England) and Mueller-Hinton Agar (MHA) (Oxoid, England) were used for susceptibility,
checkerboard, and time-kill assays.

Determination of antimicrobial susceptibility and checkerboard assay. The MICs of tested antibi-
otics against Enterococcus were determined using the agar dilution method following the Clinical and
Laboratory Standards Institute (CLSI) guidelines (41). Single colonies were selected from Enterococcus
cultured overnight and diluted to ;5 � 105 CFU/mL by adding a 0.9% NaCl solution. Bacteria were ino-
culated into a medicated agar plate prepared by the 2-fold dilution method and then incubated at 37°C
for 24 h. The fosfomycin agar plate also included glucose-6-phosphate (G-6-P) for a final concentration
of 25 mg/L. The MIC was defined as the lowest drug concentration without visible colony growth. ATCC
29212 was used as the quality control strain for each batch, and the experiment was repeated three
times.

The synergistic effects of linezolid and fosfomycin combinations at different concentrations were
evaluated using a checkerboard assay. The linezolid concentration was 0.03125 mg/L to 8 mg/L, and the
concentration of fosfomycin was 0.5 mg/L to 256 mg/L. Each strain was inoculated in 96-well plates to
obtain a suitable bacterial suspension (;5 � 105 CFU/mL) at a final volume of 200 mL (25 mg/L G-6-P)
and incubated at 37°C for 18 to 22 h. All experiments were performed in triplicate.

The fractional inhibitory concentration index (FICI) is defined as follows: FICI = (MIC of drug A in
combination/MIC of drug A alone) 1 (MIC of drug B in combination/MIC of drug B alone). The interpre-
tation of FICI against Enterococcus was as follows: FICI # 0.5, synergy; 1 , FICI # 4, indifference;
FICI. 4, antagonism (19).

Static time-kill assays. Linezolid combined with fosfomycin for static time-kill assays for strains no.
1 (Enterococcus faecalis), no. 2 (linezolid-resistant Enterococcus faecium), and no. 6 (Fosfomycin-resistant
Enterococcus faecium). The assay was performed according to previously published methods (42). In
short, the initial inoculation amount of bacteria was ;1 � 106 CFU/mL in a 10 mL MHB system, the
designed linezolid concentration was 4 mg/L, and the fosfomycin concentrations were 64, 128, and
256 mg/L. Sampling and counting were performed at 0, 2, 4, 6, 8, 10, 12, and 24 h. The assay was per-
formed in triplicate. The synergistic effect was defined as a reduction of more than 2 log10 CFU/mL at 24
h compared with the most active single drug.

In vitro PK/PD model. The in vitro PK/PD model used in the dynamic time-kill experiment has been
described previously (43). In the PK/PD studies, the reference strain ATCC 29212 was included in addition
to the three isolates used in static time-kills. Linezolid was simulated at steady-state plasma concentra-
tions in healthy adults after 7 d of continuous administration of 600 mg q12h, with a maximum concen-
tration (Cmax) of 15.7 mg/L, a minimal concentration (Cmin) of 3.84 mg/L, an area under the concentra-
tion-time curve from 0 to 12 h (AUC0–12) of 93.4 mg h/L, and a half-life (t1/2) of 4.8 h. The plasma protein
binding rate was 31% (44). According to the results of static time-kill experiments and the steady-state
concentration range, the concentrations of simulated linezolid were 4, 8, and 12 mg/L. For fosfomycin
monotherapy, Phoenix WinNonlin software was used to determine the two-compartment model (see
Table S1 in the supplemental material) according to data on fosfomycin concentrations in human blood,
and three dosages of 4 g, 6 g, and 8 g were simulated with the administration of a 0.5-h infusion every 8
h (45). The flow rate through the system was set to achieve the desired half-life at b phase (t1/2b) for
each regimen; the simulated t1/2b at 3.3 h, AUC0–8 of 383, 575, and 766 mg h/L, and Cmax of 160.2, 240.3,
and 320.4 mg/L mimicked those observed in healthy volunteers receiving the equivalent fosfomycin reg-
imens. For combination therapy, linezolid (4 mg/L and 8 mg/L) was combined with fosfomycin (4 g
administered with a 0.5-h infusion every 8 h or 6 g administered with a 0.5-h infusion every 8 h) against
ATCC 29212 and no. 1 strains. Linezolid (8 mg/L and 12 mg/L) was combined with fosfomycin (6 g
administered with a 0.5-h infusion every 8 h or 8 g administered with a 0.5-h infusion every 8 h) against
no. 2 and 6 strains.

A schematic of the in vitro PK/PD model is shown in Fig. S1 in the supplemental material. R1 is the
diluent compartment, and R2 is the dosing compartment. The simulated intravenous drug (fosfomycin)
was added to the R2 compartment, and the drug that simulated a steady-state concentration (linezolid)
was added to R1, R2, and the central compartment to ensure that the concentration of linezolid is stable
before the start of the experiment. The whole model was a closed system, during which the volume of
the central compartment was constant at 200 mL, and the initial inoculation amount of bacteria was
;1 � 106 CFU/mL. A peristaltic pump was used to drive the drug-containing or blank medium into the
central compartment, and the software WinLIN 3.2 was used to adjust the flow rate of the peristaltic
pump in stages to achieve the goal of simulating the drug concentration in human plasma. Owing to
the pressure balance, the volume of the outflow liquid was the same as that of the inflow. The bottom
of the central compartment was sealed with a 0.45-mm filter membrane to stop the bacteria from
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flowing out and turn on the magnetic stirrer such that the bacteria and broth in the model were fully
mixed. Samples were collected from the central compartment with a syringe at 0, 2, 4, 6, 8, 10, 12, and
24 h, and 10 mL of appropriately diluted sample was manually plated onto MHA for viable cell counting.
Enumeration was performed manually after 24 h of incubation at 37°C. The limit of detection (LOD) was
set at 100 CFU/mL. Samples were stored in a 280°C refrigerator until drug concentration testing.

Fosfomycin concentrations in the PK/PD model were determined using a biological assay that uti-
lized Escherichia coli ATCC 25922 as an indicator organism (46). Overnight cultures of ATCC 25922 were
diluted in MHA supplemented with G-6-P (25 mg/L) to achieve 106 CFU/mL and incubated at 37°C for 18
h. The test samples and quality control samples were tested three times. The calibration curve of stand-
ard fosfomycin showed good linearity in the specified concentration range (10 to 400 mg/L) with a cor-
relation coefficient (R2) greater than 0.99.

Semimechanical PK/PD model. The semimechanical PK/PD mathematical model was slightly modi-
fied after drawing on a previous method (13–16). A schematic diagram of the PK/PD model of linezolid
and fosfomycin is shown in Fig. S2 in the supplemental material. The equations involved in the model
are as follows:

dB
dt

¼ Kg � 12
B

Bmax

� �
� B (1)

dB
dt

¼ Kg � 12
B

Bmax

� �
2E

� �
� B (2)

E ¼ Emax � Cdrug
Hill

a � EC50ð ÞHill 1 Cdrug
Hill

(3)

a ¼ 11f � 12e2cktð Þ (4)

E ¼ ELZD � 11
ELZD

ELZD 1 EFOF

� �int
1EFOF � 11

EFOF
ELZD 1 EFOF

� �int
(5)

Equation 1 is the growth equation of bacteria, where Kg represents the growth rate of bacteria and
Bmax represents the maximum growth value of bacteria. Equation 2 represents the effect of linezolid and
fosfomycin on the growth of bacteria, which indicates the change in bacterial quantity with the change
in drug concentration. The effects of linezolid and fosfomycin on bacteria conform to the sigmoid Emax

equation (13–15), E is the bactericidal effect; Emax is the maximum achievable kill rate constant; EC50 is
the drug concentration required to reach half of the Emax; a is the adaptive resistance factor, which is
related to both time and drug concentration; and f and k represent the maximum adaptive resistance
factor and the adaptive resistance rate, respectively, as shown in Equations 3 and 4. Equation 5 is the
combination drug model, where E represents the combined bactericidal effect of linezolid and fosfomy-
cin, and int represents their interaction. Int . 0, synergy; Int , 0, indifference or antagonism (17).

Model validation and prediction. The performance of the final model was first evaluated by visual
inspection of the diagnostic goodness-of-fit plots. Goodness-of-fit plots included the following scatter-
plots: OBS versus population prediction (PRED), OBS versus individual prediction (IPRED), conditional
weighted residual errors (CWRES) versus PRED, and CWRES versus time (47). The established model was
further validated by a visual predictive check (VPC) (48), which is commonly used to determine whether
a model can reproduce the variability and main trend of the observed data. Typically, 1,000 data sets
were modeled using Monte Carlo simulations based on the final model parameters. The observed data
were then compared with the 2.5th, 50th, and 97.5th percentiles of the simulated data to assess the pre-
dictive capacity of the final model. In this study, VPC was stratified by bacterial strains and drugs.

Additionally, the predictive ability of the semimechanical PK/PD model must be externally validated,
that is, whether the model developed on known experimental data can predict the pharmacodynamics
of new dosage regimens. The computational model was employed to predict the bacterial counts under
the dosage regimen of 12 mg/L linezolid and 8 g fosfomycin every 8 h with a 0.5-h infusion. The predic-
tion data were compared with the experimental data, where a combination of linezolid and fosfomycin
was administered to ATCC 29212. After successful model validation, simulations were performed using
NONMEM to predict the dosing regimen. Linezolid was simulated at the steady-state concentrations (4
to 20 mg/L) achieved in humans at the administered dose of 600 mg q12h, and the concentration
(.20 mg/L) outside the safe range after increasing the administered dose was also simulated. Linezolid
concentration ranged from 4 to 24 mg/L. Fosfomycin was simulated in the PK section in a two-compart-
ment model with doses of 2, 4, 6, 8, 10, 12, and 14 g every 8 h with a 0.5-h infusion. Predictions were
made using mono- and combination therapies.

Software. The data were analyzed using the first-order conditional estimation with interaction
(FOCE-I) method and ADVAN6 within the population analysis software NONMEM 7.4.1 (level 1.0; ICON
Development Solutions, New York, NY, USA). NONMEM was also used to predict the concentration ver-
sus time and bacterial count versus time profiles. Plotting was performed using R software (version 3.6.0;
The R Foundation of Statistical Computing, Vienna, Austria) and Origin 9.0.
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