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Background: Antimicrobial drug resistance, including vancomycin-resistant enterococci (VRE), has long 
been an inescapable clinical problem. If vancomycin loose its therapeutic relevance, a regimen of linezolid 
combined with fosfomycin may provide an alternative option.
Methods: In this study, the in vitro antimicrobial effect of linezolid combined with fosfomycin on several 
different types of VRE was investigated using a checkerboard method and time-kill assays. Based on the 
results of the 24 h time-kill assays, a 22 factorial design was then adopted. Finally, the post-antibiotic effect 
(PAE), post-antibiotic sub-minimum inhibitory concentration effect (PASME), and single sub-minimum 
inhibitory concentration effect (SME) of a combination of the two drugs on three selected strains was 
examined.
Results: The checkerboard method and factorial design analysis showed that linezolid combined with 
fosfomycin not only had synergistic and additive effects but also had an interactive effect on VREs. The 
time-kill assays showed that 1× minimum inhibitory concentration (MIC) of linezolid combined with 1× 
MIC or 1/4× MIC of fosfomycin had no statistically significant difference in the bactericidal effect against 
VRE at 24 h (P>0.05). The combination of the two drugs did not significantly extend the PAE or the SME; 
however, in relation to 1/4× MIC, the combination of the two drugs significantly prolonged the duration of 
the PASME compared to that of a single drug on VREs (P<0.05; with values of 1.97±0.01, 4.32±0.18, and 
1.74±0.13 h, respectively).
Conclusions: Our results showed that when linezolid is selected for the treatment of VRE infections, sub-
inhibitory concentrations of fosfomycin can be administered at multiple intervals to improve the therapeutic 
effect.
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Introduction

In 1988, the first clinical isolates of vancomycin-resistant 
enterococci (VRE) were reported in Europe (1,2). These 
then spread rapidly to the United States, Asia, and South 
America (3). The main mechanism of resistance to 
vancomycin is due to the presence of enzymes that produce 
low-affinity binding precursors in which carboxy-terminal 
D-alanine residues are replaced by D-lactate or D-serine, 
leading to a reduction in binding affinity (4). Depending on 
the phenotype and genotype, VRE can be classified into 6 
types. Of which, 5 types (VanA, VanB, VanD, VanE, and 
VanG) correspond to acquired resistance, and the remaining 
type (VanC) is an intrinsic property of Enterococcus (E.) 
gallinarum and E. casseliflavus. Since the classification of 
glycopeptide resistance is based on the primary sequence of 
the structural genes for the anti-ligase, rather than the level 
of resistance to the glycopeptide, different types of VRE 
have high or low minimum inhibitory concentration (MIC) 
to vancomycin (5).

Among the many infections caused by enterococci, 
the rate and severity of VRE is very high (6). Enterococci 
can cause bloodstream infections associated with central 
venous catheters, urinary tract infections associated with 
urethral catheters, and skin and soft tissue infections (7). 
Concomitant with reports of drug resistance, current 
antimicrobial drugs for the treatment of VRE infections 
are limited, but include monotherapy regimens, such as 
tigecycline, linezolid, daptomycin, platensimycin, and 
fosfomycin (8), or drug combinations, which are often 
recommended for the treatment of severe and highly drug-
resistant infections (9). In clinical practice, linezolid, a 
special grade use antimicrobial drug, is generally used as a 
single agent in the treatment of infections; its combination 
with the relatively inexpensive and more readily available 
fosfomycin for the treatment of serious infections has not 
been adopted clinically. The feasibility of the combination 
of the 2-drug is still in the basic research stage, and our 
study was conducted from this point of view. 

Linezolid is an oxazolidinone approved for the treatment 
of community- and hospital-acquired pneumonia and VRE 
infections (10). It binds to the 23S ribosomal ribonucleic 
acid (RNA) of the bacterial 50S subunit to prevent the 
formation of an initiation complex in protein synthesis, 
resulting in antibacterial activity against enterococci (11). 

As single agents continue to be used in clinical settings, 

reports of linezolid-resistant enterococcal infections and 
their hospital-transmitted history have followed (12). Risk 
factors for the development of resistance include repeated 
and long-term treatment (12). Fosfomycin also has an 
antibacterial effect against resistant gram-positive bacteria, 
such as methicillin-resistant Staphylococcus aureus and  
VRE (13). Due to its uncommon cross-resistance, fosfomycin 
is often used in combination with other drugs for severe 
infections to avoid the selection of resistant mutants (13). 

Qi et al. (14) suggested linezolid in combination with 
fosfomycin as a potential treatment for VRE infection. 
In a study of the synergistic combination of linezolid and 
fosfomycin, Jiang et al. (15) showed that the combination 
effectively inhibits the selection of enterococcal-resistant 
mutants by closing each other’s mutant selection window. 
Given the limited treatment options available, new 
combination therapies of the two above-mentioned drugs 
represent a potential treatment for VRE.

The post-antibiotic effect (PAE) is a pharmacodynamic 
parameter that should be considered when selecting an 
antimicrobial dosing regimen (16). PAE is defined as the 
length of time that bacterial growth is inhibited after a brief 
exposure to an antimicrobial drug (16). MIC is defined as 
the lowest concentration of the drug that completely inhibits 
microbial growth. The sub-MIC is the concentration of the 
drug below the MIC. The effect of sub-MICs on bacterial 
growth during the PAE is defined as the post-antibiotic 
sub-MIC effect (PASME). The PASME encompasses the 
time for the PAE plus the additional time that sub-MIC 
concentrations inhibit growth (17). Conversely, the single 
sub-MIC effect (SME) measures the direct effect of sub-
inhibition levels on bacteria not previously exposed to 
antimicrobial drugs. In clinical practice, there are often sub-
MIC concentrations between intermittent administration, 
and it may be that PASME reflects drug metabolism in vivo  
more than PAE (18). Factorial design is a simple way 
of comparing the main effects of multiple independent 
variables and exploring possible interaction effects, 
which allows investigators to efficiently examine multiple 
independent variables (also known as factors) and examine 
both main and interaction effects (19).

Although studies of linezolid combined with fosfomycin 
against VREs have been reported, the optimization of the 
2-drug combination in terms of dose and dosing interval 
has not been reported through studies related to the PAE, 
PASME, and SME. In this study, several different types of 
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VRE were selected and their susceptibility to vancomycin 
was determined. The in vitro antibacterial effect of linezolid 
combined with fosfomycin on some strains was examined 
using broth micro-checkerboard testing and time-kill 
assays, and a factorial design was adopted based on the 
results of the time-kill assays to analyze whether there 
was an interaction between the two drugs (20). The PAE, 
PASME, and SME of the drugs alone and in combination 
were examined to provide a basis for the optimization of 
new dosing regimens. We present the following article in 
accordance with the MDAR reporting checklist (available at 
https://atm.amegroups.com/article/view/10.21037/atm-21-
4595/rc).

Methods

Bacteria isolates

The following 8 enterococci strains were studied: 5 
vancomycin intrinsically resistant enterococci (No. 1 and 
No. 2 for E. gallinarum, and No. 3, No. 4, and No. 5 for E. 
casseliflavus), 1 vancomycin-resistant E. faecalis (No. 8), and 
2 quality control strains (ATCC29212 and ATCC51299). 
No. 1 to No. 5 were provided by Tong Ren Hospital of 
Shanghai Jiao Tong University, and the remaining 3 strains 
were provided by The First Affiliated Hospital of the 
University of Science and Technology of China. Clinical 
isolates were isolated from bile, pus, and thoracoabdominal 
fluid, except for the quality control strains. All strains 
were identified using an automated VITEK-2 system 
(BioMerieux, Marcy l’Etoile, France). Notably, these strains 
were not isolated specifically for this study, but were part of 
routine laboratory procedures at the hospital.

Antimicrobial agents and medium

Linezolid, vancomycin, and fosfomycin were purchased 
from the National Institute for Food and Drug Control 
of China (Beijing, China). Mueller-Hinton agar (MHA; 
Oxoid, England) was used for the agar dilution method, 
culturing bacteria, and quantifying colony counts. Mueller-
Hinton broth (MHB; Oxoid, England) was used for the 
broth microdilution method and bacterial culture.

Vancomycin agar screening assay

Vancomycin agar screening was used to test the susceptibility 

of the strains to vancomycin according to the Clinical 
and Laboratory Standards Institute (CLSI) (21). On brain 
heart infusion agar plates containing 6 mg/L vancomycin, 
1–10 μL of 0.5 McFarland bacterial suspension was added 
dropwise and incubated at 37 ℃ for 24 h. More than 1 
colony or 1 layer of film growth was indicative of drug 
resistance. ATCC29212 was used as a sensitive control 
strain, and ATCC51299 was used as a resistant control 
strain. The experiment was replicated 3 times.

Determination of the MIC

According to the CLSI (22), the MICs of either linezolid or 
vancomycin were determined using the broth microdilution 
method. Put it briefly, a series of 2-fold dilutions of the 
antimicrobial drug were added to the small 96-well plates, 
followed by a 150-fold dilution of the bacterial solution 
(approximately 1.5×108 colony-forming unit per milliliter, 
CFU/mL) in the logarithmic growth phase. The MIC of 
fosfomycin was determined using the agar dilution method. 
Specifically, a series of 2-fold diluted antimicrobial drug 
agar plates (containing 25 mg/L of glucose 6-phosphate) 
were inoculated with 104 CFU per spot of bacteria. The 
plates were incubated at 37 ℃ for 24 h, and the results were 
observed at the lowest drug concentration without visible 
bacterial growth as MIC. ATCC29212 was used as a quality 
control strain. The experiment was repeated 3 times.

Broth micro-checkerboard testing

Eight drug dilutions were determined based on the MIC 
of the single drug, with the highest concentration being 2× 
MIC, in order of pairwise dilution. Starting from the lower-
right corner of the 96-well plate, linezolid was added to 
each column from bottom to top at a concentration from 
largest to smallest (2× MIC-1/64× MIC), and fosfomycin 
was added to each row from right to left at a concentration 
from largest to smallest (2× MIC-1/64× MIC), and 25 mg/L  
of glucose 6-phosphate and 106 CFU/mL of bacterial 
suspension were then added to each well. Both negative 
and positive controls were set up, and the plates were 
incubated at 37 ℃ for 24 h. The results were then observed. 
The fractional inhibition concentration index (FICI) was 
calculated using the following formula: FICI = MICLNZ+FOS/
MICLNZ + MICFOS+LNZ/MICFOS, where energy was defined 
as a FICI of ≤0.5, and additivity was defined as a FICI of 

https://atm.amegroups.com/article/view/10.21037/atm-21-4595/rc
https://atm.amegroups.com/article/view/10.21037/atm-21-4595/rc
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>0.5 but <1, indifference was defined as a FICI of ≥1 but 
<4, while antagonism was defined as a FICI of ≥4 (23). The 
experiment was repeated 3 times.

Time-kill assays and factorial design

Time-kill assays were performed according to guideline 
M26-A of the CLSI (24) with the following change: 3 
strains (No. 2, No. 8, and ATCC29212) were selected 
based on the MIC and FICI results. The antimicrobial drug 
concentrations in the protocol were selected based on the 
MIC values and achievable levels in human serum, with 
linezolid (1/4×, 1× MIC) and fosfomycin (1/4×, 1× MIC) 
alone or in combination to form 8×10 mL test tubes, and an 
additional growth control tube (without the antimicrobial 
drug). A final concentration of 25 mg/L of glucose 
6-phosphate was added to the tubes containing fosfomycin 
with an initial inoculum of 5×105 CFU/mL. The tubes 
were incubated at 37 ℃ with shaking, and sampled at 0, 2, 
4, 6, 8, 12, and 24 h, and the colonies were counted on the 
MHA plates. Based on the results of the two experiments, 
a 4-group trial of linezolid (1/4×, 1× MIC) in combination 
with fosfomycin (1/4×, 1× MIC) was selected for the 22 
factorial design.

The bactericidal effect was determined by the change in 
the logarithmic value of the bacterial solution concentration 
at 24 versus 0 h. The synergy of the combination was defined 
as a reduction in the colony count of ≥2 log10 CFU/mL  
or more at 24 h for the combination compared to the most 
active single agent alone. The bactericidal effect was defined 
as a decrease in the colony count of 3 log10 CFU/mL or 
more from the initial count (25).

Induction and measurement of the PAE

The PAE was measured using the method described 
previously (26). The PAEs of 1× MIC linezolid, 1× MIC 
fosfomycin alone, and their combination against the 3 
strains described above were tested using 1× MIC as the 
drug concentration to which the strains were exposed in 
the time-kill assays. A starting inoculum of approximately 
2×106 CFU/mL was obtained by adding bacteria from the 
exponential growth period to a 10-mL test tube containing 
the corresponding antimicrobial drug (this point was 
recorded as moment 0 h). After exposure to the antibacterial 

drug at 37 ℃ for 2 h, the antibiotics were removed with a 
dilution of 1:1,000 in a sterile broth (27), and the controls 
(unexposed to the antibacterial drug) were treated in a 
similar manner. Culture tubes with post-antibiotic stage 
bacteria and unexposed controls were incubated at 37 ℃ for 
an additional 12 hours. The samples were extracted at 0 and 
2 h (before and after dilution) and at 3, 4, 6, 8, 10, and 14 h.  
Dilutions of each sample were inoculated onto the MHA 
plates and counted to determine the number of CFUs. The 
following formula for PAE was used (28): PAE = T – C, 
where T is the time to increase the bacteria count by 1 log10 
CFU/mL immediately after dilution in the cultures exposed 
to antibiotics, and C is the corresponding time for the 
controls.

Measurement of the PASME and the SME

The growth of  bacteria  at  low concentrat ions of 
antimicrobial drugs was continued using 1/4× MIC as a 
sub-inhibitory concentration in the time-kill assays, thus 
simulating the decrease in concentration of antimicrobial 
drugs after being metabolized in vivo. To determine 
the PASME, the culture tubes in the post-antibiotic 
phase (selected for exposure to 1× MIC linezolid) were 
supplemented with 1/4× MIC linezolid, or 1/4× MIC 
fosfomycin (alone or in combination), and the cultures were 
prepared as described in the section titled, “Induction and 
measurement of the PAE,” and re-incubated for 12 h at  
37 ℃. Samples were removed at 0 and 2 h (before and after 
dilution) and at 3, 4, 6, 8, 10, and 14 h, and CFU values 
were determined as described in the PAE test section above. 
SME was measured from the tubes of control cultures that 
had not been exposed to antimicrobial drugs, after which 
1/4× MIC linezolid, 1/4× MIC fosfomycin monotherapy, 
or their combinations were added, and the samples were 
incubated to determine the number of viable bacteria, 
similar to the determination of the PASME.

The following PASME formula was used (29): PASME 
= TPA – C, where TPA is the time to increase the bacteria 
count by 1 log10 CFU/mL immediately after dilution in the 
cultures that were exposed to antibiotics before and then 
to different sub-inhibitory concentrations, and C is the 
corresponding time for the controls that were not exposed. 
The PASME was chosen because in clinical situations in 
which intermittent antibiotic doses are used, the combined 
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effect of super-inhibitory and sub-inhibitory concentrations 
of a drug determines the time to the regeneration of the 
bacteria. The following SME formula was used (29): SME 
= TS – C, where TS is the time to increase the bacteria 
count by 1 log10 CFU/mL immediately after dilution in 
the cultures that were exposed only to the sub-inhibitory 
concentrations, and C is as defined as above.

Statistical analysis

GraphPad Prism software (version 8.0, GraphPad Software 
Inc., San Diego, CA, United States) was used for the 
statistical analysis. The main effects of the drug and drug-
drug interactions were analyzed using a factorial design 
for the time-kill assays. A one-way analysis of variance 
(ANOVA) was used for the group comparisons. P<0.05 
indicated a statistically significant difference.

Results

Antimicrobial susceptibility and broth micro-checkerboard 
testing

In the vancomycin agar screening test, 7 strains, including 
ATCC51299, grew significantly on plates; however, 
ATCC29212 did not, which suggested that the selected 
clinical isolates were VRE strains. In the MIC test, 

according to the enterococcal MIC breakpoint (21), strains 
No. 1 to No. 5 were vancomycin-susceptible, No. 8 was 
vancomycin-resistant, and No. 4 was fosfomycin-resistant; 
none of the strains were linezolid resistant. The FICI values 
illustrated that linezolid combined with fosfomycin had 
a synergistic or an additive effect on the 6 strains, had an 
indifferent effect on the No. 1 and ATCC29212 strains, and 
did not have an antagonistic effect on any of the strains (see 
Table 1).

Time-kill assays and factorial design

For No. 2, No. 8, and ATCC29212, 1× MIC of fosfomycin 
caused the maximum decrease in bacterial load at 6 or 8 h,  
and the log10 CFU/mL values decreased by 2.33±0.13 
(6 h), 0.41±0.03 (8 h), 2.95±0.05 (8 h), respectively. 
ATCC29212 even showed a bactericidal effect. However, 
in the next 12 hours, they all rebounded again, growing 
until they approached the control level. 1× MIC of linezolid 
maintained the time-kill curve against the three strains, 
showing bacteriostatic activity. 1/4× MIC of a single drug 
(linezolid or fosfomycin) had a minimal effect on the three 
strains (see Figure 1). The log10 CFU/mL values decreased 
by 1.83±0.12, 0.64±0.04, and 2.28±0.01 at 24 h in the 
2-drug combination groups (1× MIC linezolid combined 
with 1× MIC Fosfomycin), respectively. The 2-drug 

Table 1 Summary of MIC and FICI values of the 8 enterococci strains

Strains
MIC (mg/L) MICcombination FICI

VAN LNZ FOS LNZ/FOS LNZ + FOS

No. 1 4 2 64 0.03125/64 1.015

No. 2 4 2 128 0.5/32 0.5

No. 3 2 2 128 1/32 0.75

No. 4 2 4 256 0.5/128 0.625

No. 5 1 4 128 1/32 0.5

No. 8 128 2 128 1/32 0.75

ATCC 29212 1 2 128 1/64 1

ATCC 51299 256 2 128 0.5/32 0.5

VAN: ≤4 mg/L, susceptible (S); 8–16 mg/L, intermediate (I); ≥32 mg/L, resistant (R). LNZ: ≤2 mg/L, susceptible (S); 4 mg/L, intermediate 
(I); ≥8 mg/L, resistant I. FOS: ≤64 mg/L, susceptible (S); 128 mg/L, intermediate (I); ≥256 mg/L, resistant (R). MIC, minimum inhibitory 
concentration; VAN, vancomycin; LNZ, linezolid; FOS, fosfomycin; LNZ + FOS, linezolid-fosfomycin combination; FICI, fractional inhibitory 
concentration index.
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combinations had greater synergistic effects on No. 2 and 
ATCC29212 than the most effective single-drug group. 
Notably, when linezolid (1×MIC) was combined with sub-
inhibitory concentrations of fosfomycin (1/4× MIC), the  
log10 CFU/mL values of the 3 strains also decreased to 
varying degrees at 24 h to 1.10±0.03, 0.72±0.02, and 
1.89±0.46, respectively. This combination had a synergistic 

effect on ATCC29212 (see Table 2).
In the 22 factorial design of linezolid (1/4×, 1× MIC) 

combined with fosfomycin (1/4×, 1× MIC) (see Table 3), 
there was a statistically significant interaction (P<0.05) 
between the combination of the two drugs on the change 
in the logarithmic values of No. 2 and No. 8 in the 24 h 
colony count, and the change in the MICs of both drugs 
also had an effect on the change in the colony count at 24 h  
(P<0.05). For ATCC29212, the interaction of the 2-drug 
combination was not statistically significant (P>0.05), and 
the difference between linezolid combined with different 
MICs of fosfomycin on the change in log colony count at 
24 h was not statistically significant (P>0.05), but linezolid 
exerted the main effect (P<0.05; see Table 3). The one-way 
ANOVA showed that the difference between 1× MIC of 
linezolid combined with two concentrations of fosfomycin 
(1/4×, 1× MIC) on No. 8 and ATCC29212 in the change 
in log colony number values at 24 h was not statistically 
significant (P>0.05; see Figure 2).

PAEs, PASMEs, and SMEs

The mean values [± standard deviation (SD)] and regrowth 
curves for the PAE, PASME, and SME for No. 2, No. 8, and 
ATCC29212 are shown in Table 4 and Figure 3, respectively. 
Linezolid and fosfomycin at 1× MIC produced a PAE 
against all three strains. There was no statistically significant 
difference in the PAE between the two drug combinations 
with that of linezolid alone (P>0.05; see Figure 4);  
however, as Table 4 shows, the duration of PAE was longer 
in both drug combination groups than in the single-drug 
groups. The SME for the three strains with 1/4× MIC of 
linezolid and fosfomycin was similar to that of the PAE 
described above. For No. 8, there was no statistically 
significant decrease in the SME after the combination of 
the two drugs compared with linezolid alone (P>0.05; see  
Figure 4). Additionally, 1/4× MIC of linezolid combined 
with 1/4× MIC of fosfomycin significantly prolonged the 
duration of the PASME compared to that of a single drug 
for all three strains (P<0.05; see Figure 4) (the values were 
1.97±0.01, 4.32±0.18, and 1.74±0.13 h, respectively). As 
Table 4 shows, the duration of the PASME was much longer 
than the PAE and the SME. The representative images in 
Figure 5 show the variation of colony counts in the time-
kill assays and in the measurement of PAE, PASME, and  

Figure 1 Time-kill curves of linezolid combined with fosfomycin 
alone or combined against three strains of Enterococcus, (A) 
vancomycin naturally resistant Enterococcus gallinarum (No. 2),  
(B) vancomycin-resistant Enterococcus faecium (No. 8), (C) 
vancomycin-susceptible Enterococcus faecalis (ATCC 29212), 
respectively. CFU, colony forming units; C, blank control; L, 
linezolid; F, fosfomycin; 1L, linezolid in 1× MIC, 1/4L ,linezolid in 
1/4× MIC, and so forth.
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SME assays.

Discussion

The resistance phenotypes of VRE fall into two categories, 1 
with high levels of vancomycin resistance (VanA, B, and D),  
and the other with low resistance to vancomycin (VanC, 
E, and G) (5). High levels of resistance associated with the 
acquisition genes are most common in E. faecalis and E. 
faecium isolates. Conversely, E. gallinarum and E. casseliflavus 
are intrinsically resistant to low levels of vancomycin (30). 

In this study, both these resistant types were selected from 

the clinical laboratory, and antimicrobial susceptibility 
testing showed that strains No. 1 to No. 5 were vancomycin 
low-level resistant, while No. 8 was vancomycin-resistant to 
E. faecalis. The strains showed varying degrees of resistance 
to vancomycin. In recent years, potential treatment options 
have included linezolid and fosfomycin (3,31,32).

The synergistic effect of linezolid combined with 
fosfomycin against Staphylococcus aureus and enterococci has 
been reported previously (14,33,34). We chose different 
types of enterococci in the present study; however, the 
results of FICI for the 2-drug combination are similar to 
those of Qi et al. (14). The results all suggested that the 

Table 2 Changes in the logarithmic values at 24 vs. 0 h in the bacterial solution concentrations

Strains
Δ log10(CFU/mL) = Log10(CFU24/mL)– Log10(CFU0/mL)

1/4F 1F 1/4L 1L 1/4L + 1/4F 1/4L + 1F 1L + 1/4F 1L + 1F C

No. 2 2.82±0.28 2.93±0.01 1.21±0.31 0.05±0.13 1.67±0.05 0.58±0.05 –1.10±0.03 –1.83±0.12 3.04±0.01

No. 8 3.02±0.24 2.57±0.11 3.00±0.29 0.11±0.05 2.58±0.18 0.86±0.15 –0.72±0.02 –0.64±0.04 3.33±0.14

ATCC29212 2.29±0.38 1.70±0.19 3.17±0.03 0.64±0.01 1.16±0.04 0.82±0.29 –1.89±0.46 –2.28±0.01 3.07±0.03

All data are presented as mean ± SD. CFU, colony forming units; C, blank control; L, linezolid; F, fosfomycin; 1L, linezolid in 1× MIC, 1/4L, 
linezolid in 1/4× MIC, and so forth.

Table 3 The factorial design and analysis results of logarithmic changes of linezolid (1/4×, 1× MIC) × fosfomycin (1/4×, 1× MIC) bacteria 
concentration at 24 vs. 0 h

Strains Δlog10CFU
1/4L 1L

ANOVA table SS DF MS F (DFn, DFd) P value
G1 G2 G1 G2

No. 2 1/4F 1.64 1.70 –1.07 –1.12 Interaction 0.06216 1 0.06216 F(1, 4) =12.28 0.0248

Row factor 1.657 1 1.657 F(1, 4) =327.3 <0.0001

1F 0.55 0.62 –1.92 –1.75 Column factor 13.4 1 13.4 F(1, 4) =2647 <0.0001

Residual 0.02025 4 0.005062

No. 8 1/4F 2.71 2.46 –0.73 –0.71 Interaction 1.632 1 1.632 F(1, 4) =119.8 0.0004

Row factor 1.351 1 1.351 F(1, 4) =99.15 0.0006

1F 0.96 0.75 –0.66 –0.60 Column factor 11.47 1 11.47 F(1, 4) =841.6 <0.0001

Residual 0.0545 4 0.01363

ATCC29212 1/4F 1.19 1.14 –2.22 –1.57 Interaction 0.0009353 1 0.0009353 F(1, 4) =0.01247 0.9165

Row factor 0.2635 1 0.2635 F(1, 4) =3.514 0.1341

1F 1.03 0.61 –2.29 –2.27 Column factor 18.95 1 18.95 F(1, 4) =252.7 <0.0001

Residual 0.2999 4 0.07498

Δ log10(CFU/mL) = Log10(CFU24/mL) – Log10(CFU0/mL). CFU, colony forming units; G, group; L, linezolid; F, fosfomycin; 1L, linezolid in 1× MIC, 
1/4L, linezolid in 1/4× MIC, and so forth.
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2-drug combination has a synergistic or an additive effect 
against VREs, including vancomycin low-level resistant 
strains. Unlike the checkerboard method, which simply 
provides susceptibility data, time-kill assays are more 

appropriate for clinical situations that require bactericidal 
therapy, as these assays measure the antimicrobial activity 
of drug combinations (35). In the present study, to further 
investigate whether there was an interaction between 
linezolid and fosfomycin, we conducted a factorial analysis 
based on the results of the time-kill assays (20). The results 
of the time-kill assays differed somewhat to those of the 
checkerboard method. Specifically, the combination of the 
two antibiotics had a synergistic effect against No. 8 in the 
checkerboard method that was not observed in the time-
kill assays. Unsurprisingly, experiments of drug interactions 
can lead to opposite conclusions if different methods are 
adopted (36). Notably, we found that the difference in 
the bactericidal effect against No. 8 at 24 h was not very 
large (P>0.05) when high concentrations of linezolid 
(1×MIC) were combined with high and low concentrations 
of fosfomycin (1/4×, 1× MIC). This may be because 
fosfomycin only exerts an antimicrobial effect in the initial 
phase (see Figures 1,2). In the 22 factorial design, both 
linezolid and fosfomycin interacted with 2 VREs (P<0.05), 
while linezolid had a major effect on the sensitive quality 
control strain (ATCC29212) (see Table 3). Thus, linezolid 
can be combined with fosfomycin to target vancomycin-
resistant strains, but linezolid monotherapy is sufficient to 
target sensitive strains.

Pharmacodynamic parameters, such as the PAE, PASME, 
and SME, are important guides for describing antimicrobial 
activity and determining the optimal dosing regimen (37). 

To date, no other studies appear to have been conducted 
on the PAE of linezolid in combination with fosfomycin on 
enterococci, and any studies have only examined the PAE of 
linezolid alone. Hosgor-Limoncu et al. found that the PAE 
of linezolid against E. faecalis was slightly higher than that of 
other strains after a 1 h exposure to 1× MIC linezolid, and 
the in vitro PAE against enterococci was 1.1–1.4 h (38,39). 

When previous studies have shown the combined 
significance of linezolid and fosfomycin on VREs, it is then 
of clinical relevance to explore co-administration regimens 
through studies of antibiotic-related effects. We first 
assessed the PAE of a 2-drug combination against VREs, 
and showed that each single drug exerted some degree of 
PAE on the strains, but the 2-drug combination prolonged 
the duration of the PAE (see Table 4). However, for the 
three different types of enterococci, the PAE after the 
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Figure 2  The factorial design and one-way ANOVA of 
logarithmic changes of linezolid (1/4×, 1× MIC) × fosfomycin 
(1/4×, 1× MIC) against three strains of Enterococcus at 24 vs.  
0 h, (A) vancomycin naturally resistant Enterococcus gallinarum 
(No. 2), (B) vancomycin-resistant Enterococcus faecium (No. 8), 
(C) vancomycin-susceptible Enterococcus faecalis (ATCC 29212), 
respectively. CFU, colony forming units; LNZ, linezolid; FOS, 
fosfomycin.
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Figure 3 Growth curve of linezolid combined with fosfomycin on PAE, PASME and SME of three strains, (A) vancomycin naturally 
resistant Enterococcus gallinarum (No. 2), (B) vancomycin-resistant Enterococcus faecium (No. 8), (C) vancomycin-susceptible 
Enterococcus faecalis (ATCC 29212), respectively. CFU, colony forming units; C, blank control; L, linezolid; F, fosfomycin; 1/4L, linezolid 
in 1/4× MIC, 1/4F, fosfomycin in 1/4× MIC, and so forth. PAE, post-antibiotic effect; SME, sub-MIC effect; PASME, post-antibiotic sub-
MIC effect.

Table 4 Results of linezolid combined with fosfomycin on the PAE, PASME, and SME of 3 strains

Strains
PAE PASME SME

1F 1L 1L + 1F 1/4F 1/4L 1/4L + 1/4F 1/4F 1/4L 1/4L + 1/4F

No. 2 0.22±0.06 0.47±0.05 0.55±0.01 0.54±0.07 1.16±0.03 1.97±0.01 0.17±0.03 0.73±0.18 1.08±0.02

No. 8 0.14±0.01 0.77±0.14 1.15±0.23 0.28±0.02 3.16±0.24 4.32±0.18 0.20±0.01 2.60±0.03 2.41±0.18

ATCC29212 0.24±0.02 0.59±0.10 0.66±0.01 0.37±0.01 1.37±0.03 1.74±0.13 0.28±0.02 0.91±0.24 1.27±0.01

All data are presented as mean ± SD. PAE, post-antibiotic effect; PASME, post-antibiotic sub-MIC effect; SME, sub-MIC effect; L, 
linezolid; F, fosfomycin; 1L, linezolid in 1× MIC, 1/4L, linezolid in 1/4× MIC, and so forth.
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combination was not significantly elevated compared to that 
of linezolid alone (P>0.05), but was significantly different 
compared to that of fosfomycin alone (P<0.05). When the 
effect of exposure to high drug concentrations was not 
considered and only the growth of the strains at the SME 
of the drug was studied, the situation was similar to that of 
the PAE; that is, the difference in the SMEs for the 2-drug 
combination was not statistically significant compared to 
that of linezolid monotherapy (P>0.05). This may be related 
to the fact that linezolid exerts a bacteriostatic effect, 
while fosfomycin exerts a bactericidal effect in the early  
stage (40,41). 

In clinical practice, the entire duration of the dosing 
interval of antimicrobial drugs includes both the time 
when the drug concentration is above the MIC and the 
PAE, as the sub-inhibitory concentration of the drug 
will always follow the super-inhibitory concentration 
as it is metabolized in vivo (37). Since sub-inhibitory 
concentrations may be present after therapeutic dosing, 
the PASME better reflects the true in vivo situation than 
the PAE (42). In relation to the 2-drug combination, we 
only examined 1 scenario in which a strain was exposed 
to 1×MIC of linezolid; however, we found that the 
duration of the PASME was significantly more prolonged 
(P<0.05) for the 2-drug combination at sub-inhibitory 
concentrations compared to the single drug. Thus, if 
fosfomycin has little effect on the PAE and SME in a 
2-drug combination, a sub-inhibitory concentration of 
fosfomycin can be considered in clinical settings to prolong 
the PASME by administering it again 2 h after linezolid 
administration. This, in combination with the small 
and inexpensive fosfomycin, allows for a longer dosing 
interval for linezolid, thereby reducing the use of the more 
expensive linezolid in the regimen, while reducing the 
risk of screening for linezolid-resistant strains. However, 
further clinical trials need to be conducted to confirm 
these results.

In conclusion, our findings suggest that linezolid in 
combination with fosfomycin not only has a synergistic or 
additive effect but also an interactive effect against VREs, 
and that linezolid can be selected for a combination regimen 
design with sub-inhibitory concentrations of fosfomycin. 
Studies of the PAE, PASME, and SME with the 2-drug 
combination found that the continued administration of 
sub-inhibitory concentrations of fosfomycin after 2 h of 
linezolid administration prolonged the duration of the 

Figure 4 One-way ANOVA analysis of linezolid combined 
with fosfomycin on PAE, PASME and SME of 3 strains, (A) 
vancomycin naturally resistant Enterococcus gallinarum (No. 2),  
(B) vancomycin-resistant Enterococcus faecium (No. 8), (C) 
vancomycin-susceptible Enterococcus faecalis (ATCC 29212), 
respectively. L, linezolid; F, fosfomycin; 1L, linezolid in 1× MIC, 
1/4L, linezolid in 1/4× MIC, and so forth. PAE, post-antibiotic 
effect; SME, sub-MIC effect; PASME, post-antibiotic sub-MIC 
effect.
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Figure 5 Representative images of colony formation. (A) Time-kill assays for strain No. 2, (B) measurement of the PAE for stain No. 8, (C) 
measurement of the PASME and the SME for stain No. 8, respectively.

PASME. Thus, we believe that when linezolid is clinically 

selected for the treatment of VRE infections, sub-inhibitory 

concentrations of fosfomycin can be administered at 

multiple intervals to improve the therapeutic effect.
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