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Fosfomycin is being increasingly prescribed intravenously for multidrug‐resistant bacterial infections, usually administered

as a partner drug. The knowledge of fosfomycin pharmacodynamic

interactions (synergistic, additive, indifferent and antagonistic effect) is fundamental for a proper

clinical management of severe bacterial infections. We performed a systematic review to point out

fosfomycin’s synergistic properties.
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1. Introduction

Fosfomycin (FOS) is being increasingly prescribed for multidrug-resistant bacterial infections. In patients with systemic

involvement, intravenous FOS is usually administered as a partner drug, as part of an antibiotic regimen. Hence, the

knowledge of FOS pharmacodynamic interactions (synergistic, additive, indifferent and antagonistic effect) is fundamental

for a proper clinical management of severe bacterial infections.

Full text and Tables can be found in the systematic review: https://www.mdpi.com/2079-6382/9/8/500

2. Synergistic Interactions

2.1. Penicillins

Twenty-eight papers evaluating FOS in combination with penicillins, penicillins + β-lactamase inhibitors, penicillinase-

resistant penicillins were reviewed. Breakpoints for penicillins were inferred from EUCAST breakpoints . Penicillins are

β-lactam antibiotics that acts through the inhibition of enzymes needed for peptidoglycans cross linking. Effect of FOS in

combination with penicillins varied greatly according with the bacterial species considered. The highest rates of synergistic

effect were observed against Enterobacterales and Acinetobacter spp. Despite this, Avery et al.  reported high rates of

indifferent effect of FOS + piperacillin/tazobactam (PIP/TAZ) against PIP/TAZ-resistant Enterobacterales. Antagonistic

effect was observed against one isolate of S. aureus with the combination FOS + methicillin  and against 6 biofilm-

producer E. faecalis isolates with the combination FOS + ampicillin . In vivo experiments showed no substantial

differences in results when compared with results obtained in vitro.

The combination of penicillin + FOS retains additive/synergistic effects against ~50% of Enterobacterales, Acinetobacter
spp., Staphylococcus spp., and Streptococcus spp. strains.

2.2. Cephalosporins

Forty-one papers evaluating FOS in combination with cephalosporins and cephalosporins + β-lactamase inhibitors were

reviewed. Breakpoints for cephalosporins were inferred from EUCAST breakpoints. Cephalosporins are β-lactam

antibiotics that acts disrupting the peptidoglycan synthesis like penicillins, but are less susceptible to β-lactamases. Some

studies reported discordant results on the effect of FOS in combination with a cephalosporin against clinical isolates,

particularly against Staphylococcus spp.  and Enterobacterales isolates . Antagonistic effect was observed

against 4 P. aeruginosa isolates with the combination FOS + ceftazidime , 1 S. aureus and 1 S. epidermidis isolates with

the combination FOS + ceftriaxone . 9 in vivo studies  performed with different strains (E. coli,
P. aeruginosa, S. aureus, S. pneumoniae, S. sanguis) confirmed results obtained in vitro or resulted in higher synergistic

effect (additive effect only against 3 S. aureus isolates).

Cephalosporins + β-lactamase inhibitors, often chosen by clinicians to treat MDR infections, resulted in moderate rates of

synergistic effect in combination with FOS. Against Enterobacterales, the combination ceftolozane/tazobactam + FOS

resulted synergistic in 16.3% of cases (49 isolates tested ), while the combination ceftazidime/avibactam + FOS was
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synergistic in 28.8% of cases (66 isolates tested ). Against P. aeruginosa, the combination ceftolozane/tazobactam

+ FOS resulted synergistic in 71.1% of cases, while the combination ceftazidime/avibactam + FOS was synergistic in

31.6% of cases.

The combination of cephalosporins or cephalosporins + β-lactamase inhibitors + FOS appears to be clinically appealing

especially against infections sustained by Enterobacterales and Pseudomonas spp.

2.3. Carbapenems

Forty-four papers evaluating FOS in combination with carbapenems were reviewed. Carbapenems are β-lactam

antibiotics that inhibit bacterial cell wall synthesis by binding to penicillin-binding proteins. Carbapenems are β-lactams

“last-resort” used intravenously to treat severe infections. 

Synergism rates were not unanimous on all studies, but antagonistic effect was observed only in 2 isolates of P.
aeruginosa in the study by Pruekprasert et al.  and in 1 isolate of S. aureus in the study by Quentin et al. . No evident

differences in the synergistic effect was observed depending on the carbapenem tested. The association FOS +

carbapenem often resulted, when reported, in FOS- and/or carbapenem-susceptibility restoration. Three authors

performed in vivo experiments using methicillin-resistant Staphylococcus aureus (MRSA) isolates: in two studies 

the results in vivo were concordant with those found in vitro, while in the third study the combination in vivo resulted less

effective .

From the clinical point of view the combination of carbapenems + FOS against Enterobacterales, P. aeruginosa end

Acinetobacter spp. appears appealing.

2.4. Monobactams

Five papers evaluating FOS in combination with aztreonam (ATM) were reviewed. ATM is a synthetic antibiotic whose

susceptibility is often preserved also in those strains which are resistant to other β-lactam antibiotics. The mechanism of

action is similar to penicillins.

The largest study evaluating FOS in combination with ATM on Enterobacterales isolates  reported an indifferent effect

on most (64.6%) isolates. The combination was reported to have an additive effect on most isolates of P. aeruginosa,

sometimes leading to ATM susceptibility restoration . There were no in vivo studies evaluating this combination.

2.5. Quinolones

Twenty-nine papers evaluating FOS in combination with quinolones were reviewed. Quinolones are bactericidal antibiotics

that directly inhibit bacterial DNA synthesis. Breakpoints for quinolones were inferred from EUCAST breakpoints.

Synergism rates were not unanimous on all studies for isolates of P. aeruginosa. For E. coli isolates there was a weak

synergism. In a recent in vitro study there was complete FOS and ciprofloxacin susceptibility restoration . The

combinations showed different synergistic rates for Staphylococcus spp. isolates with 100% synergistic rate in 1 in vitro
study  and in 1 in vivo study . No antagonism was observed for E. coli and Staphylococcus spp. isolates. There were

some differences in the synergistic effect depending on the quinolone tested. The most frequent effect of FOS +

ciprofloxacin was indifferent even though it showed in vitro 95% synergistic effect with S. aureus . The combination with

levofloxacin showed mainly an additive effect in P. aeruginosa  and in Acinetobacter spp.  isolates.

In summary good additive/synergistic effect rates are reported when quinolones + FOS are used against S. aureus and P.
aeruginosa isolates.

2.6 Aminoglycosides

Aminoglycosides (AMG) act through inhibition of protein synthesis, resulting in a potent and broad‐spectrum antibacterial

activity but with a potential high nephro‐ and oto‐toxicity. In the attempt to overcome increasing aminoglycosides

resistance, development of novel AMG (such as arbekacin and plazomicin) has occurred, but combination strategies are

important opportunities to treat resistant bacteria and to reduce toxicity. Inhaled delivery of tobramycin, allowing for

greater exposure within the lungs and reducing systemic toxicity, is also approved for the treatment of patients with

chronic P. aeruginosa lung infection associated with cystic fibrosis (CF) in United States and Europe . Overall, 41

papers evaluating FOS in combinations with AMG were reviewed. Due to the peculiarity of possible AMG therapeutic use

(e.g. inhaled formulation in CF), many studies investigated the AMG + FOS combination also when administered by

inhaled topical use; moreover, the activity of this combination on biofilm formation and in anaerobic conditions was also

evaluated. Different AMG were tested as partner of FOS towards several bacterial species in a total of 67 evaluations:
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mainly gentamicin (31.3%, n = 21), amikacin (23.9%, n = 16) and tobramycin (22.4%, n = 15) were used. Synergism rates

were not unanimous on all studies, considering the different bacteria analyzed and the different types of aminoglycosides

tested.

Overall, a synergistic effect of FOS together with different AMG, even if with different percentages, was revealed in 51

evaluations (74.6%). No synergism was reported in 16 cases (23.9%), even regarding effects on P. aeruginosa and

Acinetobacter spp. In one study, data on synergism were not available : however, a potential beneficial effect was

indeed reported, demonstrating that FOS enhanced the activity of tobramycin with a 100% additive effect during in vitro
evaluation on P. aeruginosa biofilms on CF airway epithelial cells. An antagonistic effect, testing the combination of FOS

with gentamicin, was reported in 1985 by Alvarez et al. in 2.7% of 148 MRSA isolates  and in 2005 by Pruekprasert et al.
in 27% of 22 P. aeruginosa strains .

Focusing on different bacterial strains, generally a synergistic or additive effect of FOS + AMG was demonstrated on KPC‐

producing K. pneumoniae ; however, Souli et al. observed an indifferent effect of FOS + gentamycin combination

in all of their tested KPC+ strains . 

When tested, a generally positive effect of FOS and AMG combination on biofilm formation and an improved AMG activity

in anaerobic conditions were also reported for P. aeruginosa and Acinetobacter spp., resulting moreover in lower required

AMG doses.

Activity of FOS plus an AMG was also evaluated against Streptococcus spp. (streptomycin) and N. gonorrhoeae (both,

gentamicin) in two studies : No synergistic effect was revealed but antagonism was not even reported. Interestingly,

synergistic activity (assessed as a fourfold reduction of MIC when fosfomycin was combined with gentamicin 1 mcg/mL)

and additive effect were revealed for 8 vancomycin‐resistant E. faecium (VRE) isolates (63% and 13%, respectively) .

The combination of AMG + FOS against P. aeruginosa appears to be the most clinically appealing.

2.7 Macrolides

Six papers evaluating FOS in combination with macrolides, in particular with erythromycin (ERY), azithromycin (AZT),

clarithromycin (CLT), or midecamycin (MDM), were reviewed.

Macrolides are a large class of antibiotics that act binding 50S ribosomal subunit, inhibiting bacterial proteins synthesis.

They have broad‐spectrum activity, mainly against many Gram‐positive bacteria and some Gram‐negative bacteria. Only

one in vitro study evaluated FOS + ERY combination against Enterobacterales (87 strains of E. cloacae, E. coli, Proteus
spp. and K. pneumoniae), reporting synergistic effect against 52% of isolates and additive effect against 30% ; in the

same

study FOS + ERY combination was also tested against P. aeruginosa and S. aureus, proving in most cases additive effect

or, less frequently, synergistic effect . When this combination was tested against Streptococcus spp. synergistic effect

was observed against 15% of isolates, while additive (27%) or indifferent (58%) was seen against the remaining . Some

studies evaluated FOS + AZT combination, reporting indifferent effect in 100% of cases, either when tested against N.
gonorrhoeae
(2 studies)  or against S. epidermidis (1 study) . Finally, FOS + CLT and FOS + MDM combinations were

evaluated against S. pseudointermedius and P. aeruginosa respectively; in both cases additive or synergistic effect was

demonstrated in vitro or in vivo experiments . No antagonistic effect was observed for any combination against any

isolate.

From the clinical point of view the combination of macrolides + FOS appears the less appealing.

2.8 Glycopeptides

Eighteen articles evaluating FOS in combination with glycopeptides (vancomycin and teicoplanin) have been reviewed.

Glycopeptides possess an antimicrobial activity selectively directed against Gram‐positive bacteria, while Gram‐negatives

are protected by the outer membrane that is impermeable to these antibiotics. Glycopeptides inhibit the peptidoglycan

synthesis by interacting with the terminal

Synergism was detected with FOS‐vancomycin (VAN) combination (40 out of 308 strains tested, 13%) in 33.3% of E.
faecalis, 30% of E. faecium, 16.7% of S. aureus, 13.5% of S. epidermidis, and 3.6% of S. pneumoniae. Higher rates of

synergistic interactions were detected with FOS‐teicoplanin (TEC) combination (63 out of 130 strains tested, 48.5%) in

71.8% of E. faecalis, 43.7% of E. faecium, 60% of other CoNS, 34.3% of S. aureus and

33.3% S. epidermidis. Synergistic concentration ranges were 1‐64 mg/L for FOS, 1‐7.5 mg/L for VAN

and only 8 mg/L for TEC. Regarding resistant isolates, FOS‐VAN synergism was detected in one heterogeneous

glycopeptide‐intermediate S. aureus (hGISA), 27 MRSA, 5 S. aureus strains with borderline MIC values for VAN (2 mg/L)

and in 6 VRE strains, while FOS‐TEC in 10 MRSA and 11 VRE strains. Antagonism FOS‐VAN was detected in 5 S.
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aureus and one S. epidermidis strains. Only in 8 FOS‐resistant S. aureus strains the activity of FOS was restored in

combination with VAN. In vivo application of FOS‐VAN combinations showed significant survival of ≥ 50% of treated

animals or patients with infections caused by S. aureus or S. epidermidis .

In summary the combination of VAN + FOS resulted in good synergistic effect rates against Enterococcus spp. isolates

and seems to be the most clinically relevant combination.

2.9 Tetracyclines

Ten papers evaluating FOS in combination with tetracyclines, mostly with minocycline (MIN) and in few cases with

doxycycline (DOX) or tetracycline (TEC), were reviewed.

Tetracyclines are a large class of antibiotics that acts binding the 30S ribosomal subunits, inhibiting bacterial proteins

synthesis. They have broad‐spectrum activity, being active against many Gram‐positive bacteria, Gram‐negative, and

atypical bacteria. Almost all studies evaluated in vitro FOS + MIN combination against different bacterial species. When

evaluated against Enterobacterales (20 strains), FOS + MIN proved to have additive effect most of the time (65% of

isolate), but only in few cases synergistic effect . Similar results were observed when it was tested against multidrug‐

resistant P. aeruginosa  and A. baumannii isolates; furthermore, in the last case, complete restoration of susceptibility

of MIN was reported . Only one study evaluated FOS + TEC combination against Enterobacterales (100 isolates),

observing indifference in almost 100% of cases . 2 studies evaluated FOS + MIN combination against vancomycin‐

resistant E. faecium or E. faecalis (51 strains), reporting most often indifferent effect and some sporadic case of

synergism. Otherwise, FOS + DOX combination was tested once against 24 isolates of vancomycin‐resistant E. faecium,

demonstrating to have synergistic or additive effect in most of cases. Finally, when FOS + MIN was tested against MRSA

proved to have synergistic effect in numerous cases . No study reported any case of antagonism.

The combination of minocycline + FOS against A. baumannii appears interesting.

2.10 Polymyxins

Thirty‐two papers evaluating FOS in combination with polymyxins were reviewed.

Polymyxins are bactericidal drugs that bind to lipopolysaccharide (LPS) and phospholipids in the outer cell membrane of

Gram‐negative bacteria and leads to disruption of this. Twenty‐eight papers evaluated colistin. Synergism rates were not

unanimous on all studies but was reported in 23/29 papers. Synergisms rate were 100% in 2 in vitro studies against K.
pneumoniae  and 2 in vivo studies respectively against A. baumannii and E.coli . The overall effect was

indifferent on most isolates of P. aeruginosa and Enterobacterales. Antagonism was reported in vitro against K.
pneumoniae and A. baumannii . 

Four papers evaluated polymyxin B. Synergism was observed in 100% of in vitro isolates of CP K. pneumoniae according

to Bulman et al. . FOS + polymyxin had a prevalent addictive effect in vitro against Pseudomonas spp.  and A.
baumannii . In a study there was a complete polymyxin B susceptibility restoration . No antagonistic effect was

observed either in in vitro or in vivo studies.

The combination of polymyxins and FOS appears a good option against Enterobacterales and P. aeruginosa strains.

2.11 Daptomycin

Thirteen papers evaluating FOS in combination with daptomycin (DAP) were reviewed. DAP is a cyclic lipopeptide

administered intravenously for Gram‐positive infections, acting through bacterial membrane depolarization. 

When evaluated against S. aureus isolates, the combination FOS + DAP had a synergistic effect in vitro against 37–100%

of isolates (synergistic effect of the combination against 100% of the tested isolates was reported in 4 in vitro studies 

 and 2 in vivo studies ). DAP showed excellent synergistic activity in association with FOS against

Enterococcus spp. FOS + DAP also exhibited a greater efficacy against E. faecalis biofilm formation than FOS or DAP

alone. Efficacy in vivo sometimes differed from the results obtained in vitro, resulting in greater  or less  efficacy. No

antagonistic effect was observed either in in vitro or in vivo studies.

The combination of daptomycin + FOS has good synergistic effect rates against S. aureus and Enterococcus spp. and

deserves clinical interest.

2.12 Tigecycline

Fourteen papers evaluating FOS in combination with tigecycline (TIG) were reviewed. TIG is the first glycylcycline

antibiotic, a broad‐spectrum class of bacteriostatic derivate from tetracyclines, that acts binding the 30S ribosomal

subunits, inhibiting bacterial proteins synthesis. It is only available for intravenous administration and shows activity

against either Gram‐positive or Gram‐negative or atypical bacteria. 

When evaluated in vitro against Enterobacterales or A. baumannii FOS + TIG had synergistic effect approximately in 17%
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of cases and additive effect in the 43%, while indifference was reported for all remaining cases . Mostly

indifference was observed when it was tested against N. gonorrhoeae or P. aeruginosa . When tested against 61

isolates of Enterococcus spp. (3 studies) many cases of synergistic effect was reported in vitro (about 40% of cases) 

 and in vivo against E. faecalis . In all in vitro studies only 2 cases of antagonism were reported, against K.
pneumoniae .

According to the literature the combination of TIG + FOS appears to be particularly interesting (good synergistic effect

rates) against Enterobacterales and Enterococcus spp.

2.12 Linezolid

Thirteen papers evaluating FOS in combination with linezolid (LZD) were reviewed.

LZD is a synthetic antibiotic which binds rRNA on both 30S and 50S ribosomal subunits, inhibiting bacterial proteins

synthesis. It is used for Gram‐positive infections treatment, including MRSA and E. faecium vancomycin‐resistant (VREF)

infections. 

When evaluated against S. aureus isolates, combination FOS + LZD had a synergistic effect in vitro approximately in 95%

of cases  and even against staphylococcal biofilm cultures ; furthermore, the only 2 in vivo studies

performed proved FOS + LZD

combination to have higher efficacy than FOS or LZD alone . In no case was reported synergistic effect against E.
faecalis.

No antagonistic effect was observed either in in vitro or in vivo studies.

The good synergistic effects reported make LZD + FOS a promising combination against staphylococci.

2.14 Rifampin

Fourteen papers evaluating FOS in combinations with rifampin were reviewed.

Rifampin inhibits bacterial DNA‐dependent RNA polymerase with a concentration related effect. It is used for the

treatment of intracellular pathogens and it has a

broad‐spectrum antibacterial activity. Rifampin showed

synergistic activity in association with FOS against Enterococcus spp., resulting in synergistic effect in

20−100% of cases . When evaluated

against S. aureus isolates, the combination FOS + rifampin had a synergistic effect in vitro against

34−100% of isolates . Antagonistic effect was

observed in 33% of isolates in the study by Quentin et al.  where the antibiotic combination was antagonist for the

isolates susceptible and intermediate to rifampin and indifferent for those resistant. No antagonistic effect was observed in

other studies.

In clinics RIF + FOS should be considered (usually with a third agent) against S. aureus sustained infections, especially

when biofilm production is likely.

2.15 Miscellanea

Two papers evaluating FOS in combination with metronidazole (MTZ) were reviewed. When

evaluated in vitro against Helicobacter pylori, combination FOS + MTZ had a prevalent indifferent

effect, an additive effect in only 21% of cases and an antagonist effect in 4% . In vivo study showed a significantly

decrease mortality and increase cure rates if the animal treated with MTZ + FOS .

One paper evaluating FOS in combination with spectinomycin (SCM) was reviewed. SCM is an aminocyclitol

aminoglycoside antibiotic with bacteriostatic activity, used to treat gonorrhea. In vitro study reported that antimicrobial

combinations of SMC + FOS no synergistic effect was found .

One paper evaluating FOS in combination with sulbactam (SLB) against A. baumannii OXA‐23, showing a synergistic

effect in 75% of case, and an indifferent effect in 25% of cases .

One paper evaluating FOS in combination with lincomycin (LNM) was reviewed. LMN is a protein synthesis inhibitor with

activity against gram positive and anaerobic bacteria. When evaluated in vitro against S. aureus, combination FOS + LNM

had a synergistic effect in 81% of case and an additive effect in 25% of cases .

One paper evaluating FOS in combination with nitroxoline (NTX) was reviewed. NTX is a urinary antibacterial agent active

against susceptible Gram‐positive and Gram‐negative organisms. In vitro study, NTX was synergistic with FOS in only

12% of cases and in other cases showed an indifferent effect (88%) .

Two papers evaluating FOS in combination with quinupristin/dalfopristin (Synercid) were reviewed. When evaluated in
vitro against methicillin resistant or susceptible Staphyloccoccus spp., combination FOS + Synercid had a synergistic

effect in 100% of case .

Three papers evaluating FOS in combination with fusidic acid (FSA) were reviewed. FSA is a bacteriostatic antibiotic with
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acts as a bacterial protein synthesis inhibitor. When evaluated in vitro against MRSA, combination FOS + FSA had a

various behavior, showing a synergistic effect in 88–100% of case or an indifferent effect in 100% of cases. No

antagonism was found .

Four papers evaluating FOS in combination with chloramphenicol (CHL) were reviewed. CHL is a synthetic broad‐

spectrum antimicrobial, mainly bacteriostatic, active on numerous Gram‐positive and Gram‐negative, aerobic and

anaerobic bacteria; it acts binding 50S ribosomal subunit, inhibiting bacterial protein synthesis. When evaluated in vitro
against either Enterobacterales, combination FOS + CHL had synergistic effect approximately in 40% of cases, while

additive effect in 35% and indifferent effect in the remaining cases . 

Three papers evaluating FOS in combination with trimethoprim‐sulfamethoxazole (TMP‐SMX)

were reviewed. TMP‐SMX is a fixed combination of 2 antimicrobials that inhibits bacterial synthesis of tetrahydrofolate, a

necessary cofactor for bacterial DNA synthesis. It is available in oral or intravenous preparation and it is mainly used for

treatment of urinary and respiratory infections. When evaluated in vitro
against either S. aureus or Enterobacterales, combination FOS + TMP‐SMX had indifferent effect approximately against

92% of isolates. Only in few cases, against Enterobacterales, was reported synergistic or additive effect and even

antagonistic

effect was reported in 4 cases when tested against S. aureus .

Two papers evaluating FOS in combination with nitrofurantoin (NTF) were reviewed. NTF is a synthetic antibiotic

administered orally mainly for treatment of lower urinary tract infections. When evaluated in

vitro against either vancomycin‐resistant E. faecium or Enterobacterales, combination FOS + NTF had indifferent effect

against 100% of isolates . No synergistic, additive or antagonistic effect was observed.

2.16 Non-Antibiotic Molecules

One paper evaluating FOS in combination with auranofin (AF), an orally active gold compound for the treatment of

rheumatoid arthritis, was reviewed. When evaluated in vitro against Staphyloccoccus spp., combination FOS + AF had

showed a reduction of bacterial load for both MSSA and MRSA strains. In vivo, this combination showed a synergistically

inhibition of abscess and inflammation formation. No interactions were showed against S. epidermidis MS .

Three paper evaluating FOS in combination with dilipid ultrashort cationic lipopeptides, tobramycin‐efflux pump inhibitor

(TOB‐EPI) conjugates or amphiphilic lysine‐tobramycin conjugates (ALT) against P. aeruginosa, were reviewed. For all

combinations, in vitro studies had showed a synergistic effect (100%). Furthermore, in presence of TOB‐EPI or ALT

conjugates MICs of FOS were dramatically reduced .

One paper evaluating FOS in combination with β‐chloro‐L‐alanine (β‐CLA) was reviewed. β‐CLA is an amino acid

analog of FOS. When evaluated in vitro against MRSA, combination FOS + β‐CLA had showed a synergistic effect on

biofilm production .

One paper evaluating FOS in combination with

plectasin NZ2114, compound capable to inhibits a cell wall biosynthesis, was reviewed. When plectasin NZ2114

evaluated in vitro against E. faecalis, in combination with FOS it no show a synergistic effect .

One paper evaluating FOS in combination with 2 quinolone derivatives (A and B) was reviewed. When evaluated in vitro

against E. faecalis VRE and MRSA,

combination FOS + A had always showed a synergistic effect, while FOS + B had showed a synergistic effect in 64% of

cases and in other cases shoed an additive effect (36%) .

One paper evaluating FOS in combination with N‐acetylcysteine (NAC), a mucolytic agent, was reviewed. The in vitro
analysis against E. coli, had showed a capable of NAC to reduce biofilm if used in combination with FOS .

One paper evaluating FOS in combination with sophoraflavanone G (SFG), a phytoalexins, was reviewed. When

evaluated in vitro against MRSA, combination FOS + SFG had showed a synergistic effect (100%) .

One paper evaluating FOS in combination with arenaemycin (ARM), also called pentalenolactones, was reviewed. When

evaluated in vitro against P. vulgaris and S. gallinarum, combination FOS + ARM had showed a

synergistic effect (100%) .

One paper evaluating FOS in combination with chlorogenic acid (CHA) and caffeic acid (CFA) was reviewed. When

evaluated in vitro against resistant

L. monocytogenes, combination FOS + CHA had showed a reduction in the cell growth equal to 98% and FOS + CFA as

to 85,2%. Moreover, CHA restored a FOS susceptibility in 100%, if 3 mg/L .
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One paper evaluating FOS in combination with silver (AgNPs) and zinc oxide (ZnONPs) nanoparticles, are molecules

known to affect bacterial membranes, was reviewed. When evaluated in vitro against S. aureus, S. enterica, and E. coli,
combination FOS + AgNPs or ZnONPs had showed a synergistic effect (100%) .

3. Discussion

FOS is an inhibitor of bacterial wall synthesis with a unique mechanism of action. Its use in clinic is increasing as is often

active against MDR bacteria. Intravenous FOS is often administered in combination with other antibiotics therefore the

knowledge of pharmacodynamic interactions is of fundamental importance. In this review, we have investigated the role of

FOS as partner drug, by analyzing literature studies in which it has been used in vitro and in vivo in combination with other

antibiotics and evaluating the antimicrobial activity of combinations against the most common bacterial pathogens. From

this huge data collection, no clinically significant antagonistic effect came out between FOS and any most common used

antibiotics for the treatment of nosocomial infections.

FOS has been studied in combination with the major antibiotic classes (penicillins, cephalosporins, carbapenems,

monobactams, quinolones, aminoglycosides, macrolides, glycopeptides, tetracyclines, polimyxins, lipopeptides,

oxazolydinones, and rifampicin) against both Gram‐negative and Gram‐positive bacteria.

A total of 185 literature reports accounted for 9,927 study isolates. FOS‐based synergistic interactions were detected in

33.7% of total isolates, although additive and indifferent interactions were more prevalent (65.4%). Antagonism occurred

sporadically (0.9% of total isolates).

Clinically significant synergistic interactions were mostly distributed in combination with penicillins (51%), carbapenems

(43%), chloramphenicol (39%), and cephalosporins (33%) in Enterobacterales; with linezolid (74%), tetracyclines (72%),

and daptomycin (56%) in S. aureus; with chloramphenicol (53%), aminoglycosides (43%) and cephalosporins (36%)

against P. aeruginosa; with daptomycin (97%) in Enterococcus spp. and with sulbactam (75%) and penicillins (60%) and

in

Acinetobacter spp.

Notably, 31.2% of synergistic interactions occurred in Enterobacterales (FOS in combination with 3 different antibiotics),

followed by 31% occurred in S. aureus (FOS in combination with 4 different antibiotics) and 7.6% occurred in

Enterococcus spp. (FOS in combination with 5 different antibiotics).

From a clinical point of view, taking into account the antimicrobial stewardship principles and the priorities in terms of MDR

impact, our work points out good pharmacodynamic interactions rates (additive/synergistic effects) when FOS is

especially combined with:

1) Cephalosporins and cephalosporins + β‐lactamase inhibitors, including ceftazidime/avibactam and

ceftolozane/tazobactam, for Enterobacterales and P. aeruginosa;

2) carbapenems for K. pneumoniae and P. aeruginosa;

3) quinolones for P. aeruginosa;

4) polymyxins for K. pneumoniae;

5) daptomycin for Staphylococcus spp. (MRSA included), and Enterococcus spp.;

6) linezolid for Staphylococcus spp.; and

7) sulbactam for A. baumannii.
When FOS is combined with molecules other than antibiotics, chlorogenic acid and caffeic acid appeared to be good

partner drugs against L. monocytogenes.

Our tables could act as a useful consultation tool for clinicians using FOS both as empirical or targeted antibiotic regimen.

4. Conclusions

In conclusion, taken together, these data, the pharmacological characteristics (i.e., excellent distribution in body sites, the

safety and tolerability profile) and the encouraging positive clinical outcome of treated patients highlight the role of FOS as

partner drug (mostly intravenously) for the treatment of infections caused by common (including MDR) pathogens. In

particular, the presence of synergistic interactions and the almost total absence of antagonisms, make FOS a good

partner

drug in clinical practice. Moreover, improving FOS‐based combinations could act as a meropenem and colistin‐sparing

agent, mostly contributing to prevent AMR, especially related to last resource antibiotics.

References

1. EUCAST: Clinical breakpoints and dosing of antibiotics

[89]



2. Lindsay M. Avery; Christina A. Sutherland; David P. Nicolau; In vitro investigation of synergy among fosfomycin and par
enteral antimicrobials against carbapenemase-producing Enterobacteriaceae.. Diagnostic Microbiology and Infectious
Disease 2019, 95, 216-220, 10.1016/j.diagmicrobio.2019.05.014.

3. S Álvarez; M Jones; S L Berk; In vitro activity of fosfomycin, alone and in combination, against methicillin-resistant Stap
hylococcus aureus.. Antimicrobial Agents and Chemotherapy 1985, 28, 689-690, 10.1128/aac.28.5.689.

4. Hung-Jen Tang; Chi-Chung Chen; Zhiying Long; Bo-An Su; Chien-Ming Li; Tzu-Chieh Weng; Shyh-Ren Chiang; Wen-C
hien Ko; Yin-Ching Chuang; In vitro efficacy of fosfomycin-based combinations against clinical vancomycin-resistant En
terococcus isolates. Diagnostic Microbiology and Infectious Disease 2013, 77, 254-257, 10.1016/j.diagmicrobio.2013.0
7.012.

5. Hiroaki Nakazawa; Yuji Kikuchi; Takashi Honda; Tsukasa Isago; Motohiro Nozaki; Enhancement of antimicrobial effects
of various antibiotics against methicillin-resistant Staphylococcus aureus (MRSA) by combination with fosfomycin. Jour
nal of Infection and Chemotherapy 2003, 9, 304-309, 10.1007/s10156-003-0266-2.

6. Rene J. Courcol; Guy R. Martin; In-vitro activity of the combination of ceftriaxone and fosfomycin against staphylococci.
Journal of Antimicrobial Chemotherapy 1987, 19, 276-278, 10.1093/jac/19.2.276.

7. T. Olay; A. Rodriguez; L. E. Oliver; M. V. Vicente; M. C. R. Quecedo; Interaction of fosfomycin with other antimicrobial a
gents: in vitro and in vivo studies. Journal of Antimicrobial Chemotherapy 1978, 4, 569-576, 10.1093/jac/4.6.569.

8. Sandra Mikhail; Nivedita B. Singh; Razieh Kebriaei; Seth A. Rice; Kyle C. Stamper; Mariana Castanheira; Michael J. Ry
bak; Evaluation of the Synergy of Ceftazidime-Avibactam in Combination with Meropenem, Amikacin, Aztreonam, Colis
tin, or Fosfomycin against Well-Characterized Multidrug-Resistant Klebsiella pneumoniae and Pseudomonas aeruginos
a. Antimicrobial Agents and Chemotherapy 2019, 63, 00779-19, 10.1128/aac.00779-19.

9. Pornpimol Pruekprasert; Wanutsanun Tunyapanit; In vitro activity of fosfomycin-gentamicin, fosfomycin-ceftazidime, fos
fomycin-imipenem and ceftazidime-gentamicin combinations against ceftazidime-resistant Pseudomonas aeruginosa..
The Southeast Asian journal of tropical medicine and public health 2005, 36, 1239-42, .

10. M V Vicente; T Olay; A Rodriguez; Experimental endocarditis caused by Streptococcus sanguis: single and combined a
ntibiotic therapy.. Antimicrobial Agents and Chemotherapy 1981, 20, 10-14, 10.1128/aac.20.1.10.

11. Pascal Chavanet; H. Beloeil; A. Pechinot; F. Duigou; J. C. Buisson; M. Duong; Catherine Neuwirth; A. Kazmierczak; H.
Portier; In vivo activity and pharmacodynamics of cefotaxime or ceftriaxone in combination with fosfomycin in fibrin clot
s infected with highly penicillin-resistant Streptococcus pneumoniae. Antimicrobial Agents and Chemotherapy 1995, 39,
1736-1743, 10.1128/aac.39.8.1736.

12. Sandra Ribes; Ferran Taberner; Alejandro Domenech; C. Cabellos; Fe Tubau; Josefina Liñares; Pedro Fernández Vilad
rich; Francesc Gudiol; Evaluation of fosfomycin alone and in combination with ceftriaxone or vancomycin in an experim
ental model of meningitis caused by two strains of cephalosporin-resistant Streptococcus pneumoniae. Journal of Anti
microbial Chemotherapy 2006, 57, 931-936, 10.1093/jac/dkl047.

13. Y Utsui; S Ohya; T Magaribuchi; M Tajima; T Yokota; Antibacterial activity of cefmetazole alone and in combination with
fosfomycin against methicillin- and cephem-resistant Staphylococcus aureus.. Antimicrobial Agents and Chemotherapy
1986, 30, 917-922, 10.1128/aac.30.6.917.

14. A Kazmierczak; A Pechinot; J C Tremeaux; J M Duez; E Kohli; H Portier; Bactericidal activity of cefotaxime and fosfomy
cin in cerebrospinal fluid during the treatment of rabbit meningitis experimentally induced by methicillin-resistant Staphy
lococcus aureus.. Infection 1985, 13, s76-80, .

15. Pascal Chavanet; E Muggeo; A Waldner; S Dijoux; D Caillot; H Portier; Synergism between cefotaxime and fosfomycin
in the therapy of methicillin and gentamicin resistant Staphylococcus aureus infection in rabbits.. European Journal of
Clinical Microbiology & Infectious Diseases 1990, 9, 271-275, .

16. A. Del Río; C. García-De-La-Mària; J. M. Entenza; O. Gasch; Y. Armero; D. Soy; C. A. Mestres; Juan M. Pericas; C. Fal
ces; S. Ninot; et al. Fosfomycin plus β-Lactams as Synergistic Bactericidal Combinations for Experimental Endocarditis
Due to Methicillin-Resistant and Glycopeptide-Intermediate Staphylococcus aureus. Antimicrobial Agents and Chemoth
erapy 2015, 60, 478-486, 10.1128/aac.02139-15.

17. Krisztina M. Papp-Wallace; Elise T Zeiser; Scott A Becka; Steven Park; Brigid M Wilson; Marisa L Winkler; Roshan D’S
ouza; Indresh Singh; Granger Sutton; Derrick E Fouts; et al. Ceftazidime-Avibactam in Combination With Fosfomycin: A
Novel Therapeutic Strategy Against Multidrug-Resistant Pseudomonas aeruginosa. Journal of Infectious Diseases 201
9, 220, 666-676, 10.1093/infdis/jiz149.

18. A. Lefort; Françoise Chau; Raphaël Lepeule; Vincent Dubee; Marie-Dominique Kitzis; Sara Dion; Bruno Fantin; Activity
of fosfomycin alone or combined with cefoxitin in vitro and in vivo in a murine model of urinary tract infection due to Esc
herichia coli harbouring CTX-M-15-type extended-spectrum β-lactamase. International Journal of Antimicrobial Agents
2014, 43, 366-369, 10.1016/j.ijantimicag.2013.12.001.



19. Sandra Mikhail; Nivedita B. Singh; Razieh Kebriaei; Seth A. Rice; Kyle C. Stamper; Mariana Castanheira; Michael J. Ry
bak; Evaluation of the Synergy of Ceftazidime-Avibactam in Combination with Meropenem, Amikacin, Aztreonam, Colis
tin, or Fosfomycin against Well-Characterized Multidrug-Resistant Klebsiella pneumoniae and Pseudomonas aeruginos
a. Antimicrobial Agents and Chemotherapy 2019, 63, 779-19, 10.1128/aac.00779-19.

20. Dominika Ojdana; Anna Gutowska; Paweł Sacha; Piotr Majewski; Piotr Wieczorek; Elżbieta Tryniszewska; Activity of C
eftazidime-Avibactam Alone and in Combination with Ertapenem, Fosfomycin, and Tigecycline Against Carbapenemas
e-Producing Klebsiella pneumoniae. Microbial Drug Resistance 2019, 25, 1357-1364, 10.1089/mdr.2018.0234.

21. C Quentin; S Saivin; C Lafferriere; P Noury; C Bebear; In vitro activity of fosfomycin combined with rifampin, pefloxacin
and imipenem against staphylococci: a study by the time-kill curve method.. Drugs under experimental and clinical rese
arch 1987, 13, 219-24, .

22. M. E. Pachón-Ibáñez; S. Ribes; María A. Domínguez; R. Fernández; F. Tubau; J. Ariza; F. Gudiol; C. Cabellos; Efficacy
of fosfomycin and its combination with linezolid, vancomycin and imipenem in an experimental peritonitis model caused
by a Staphylococcus aureus strain with reduced susceptibility to vancomycin. European Journal of Clinical Microbiology
& Infectious Diseases 2010, 30, 89-95, 10.1007/s10096-010-1058-0.

23. Carmen Garrigós; O. Murillo; J. Lora-Tamayo; R. Verdaguer; F. Tubau; C. Cabellos; J. Cabo; J. Ariza; Fosfomycin-Dapt
omycin and Other Fosfomycin Combinations as Alternative Therapies in Experimental Foreign-Body Infection by Methic
illin-Resistant Staphylococcus aureus. Antimicrobial Agents and Chemotherapy 2012, 57, 606-610, 10.1128/aac.01570
-12.

24. Lindsay M. Avery; Christina A. Sutherland; David P. Nicolau; Prevalence of in vitro synergistic antibiotic interaction betw
een fosfomycin and nonsusceptible antimicrobials in carbapenem-resistant Pseudomonas aeruginosa.. Journal of Medi
cal Microbiology 2019, 68, 893-897, 10.1099/jmm.0.000984.

25. Mitsuhiro Okazaki; Kyoko Suzuki; Noriko Asano; Koji Araki; Naoko Shukuya; Teruo Egami; Hidemasa Uchimura; Takas
hi Watanabe; Yoshimi Higurashi; Koji Morita; et al. Effectiveness of fosfomycin combined with other antimicrobial agent
s against multidrug-resistant Pseudomonas aeruginosa isolates using the efficacy time index assay. Journal of Infection
and Chemotherapy 2002, 8, 37-42, 10.1007/s101560200004.

26. Wael Mohamed Abu El-Wafa; Yasser Musa Ibrahim; In Vitro Activity of Fosfomycin in Double and Triple Combinations
with Imipenem, Ciprofloxacin and Tobramycin Against Multidrug-Resistant Escherichia coli. Current Microbiology 2020,
77, 755-761, 10.1007/s00284-019-01871-w.

27. Katharina Grif; Manfred P. Dierich; Kristian Pfaller; P.A. Miglioli; Franz Allerberger; In vitro activity of fosfomycin in comb
ination with various antistaphylococcal substances.. Journal of Antimicrobial Chemotherapy 2001, 48, 209-217, 10.109
3/jac/48.2.209.

28. C Thauvin; J F Lemeland; G Humbert; J P Fillastre; Efficacy of pefloxacin-fosfomycin in experimental endocarditis caus
ed by methicillin-resistant Staphylococcus aureus.. Antimicrobial Agents and Chemotherapy 1988, 32, 919-921, 10.112
8/aac.32.6.919.

29. U. Ullmann; Synergism between ciprofloxacin and fosfomycin in vitro. Infection 1987, 15, 264-264, 10.1007/bf0164413
2.

30. Robert K. Flamm; Paul R. Rhomberg; Jill M. Lindley; Kim Sweeney; E. J. Ellis-Grosse; Dee Shortridge; Evaluation of th
e Bactericidal Activity of Fosfomycin in Combination with Selected Antimicrobial Comparison Agents Tested against Gra
m-Negative Bacterial Strains by Using Time-Kill Curves. Antimicrobial Agents and Chemotherapy 2019, 63, e02549-18,
10.1128/aac.02549-18.

31. Takeshi Mikuniya; Yoshihisa Kato; Reiko Kariyama; Koichi Monden; Muneo Hikida; Hiromi Kumon; Synergistic effect of
fosfomycin and fluoroquinolones against Pseudomonas aeruginosa growing in a biofilm.. Acta Med. Okayama 2005, 5
9, 209-16, 10.18926/amo/31977.

32. Kevin M. Krause; Alisa W. Serio; Timothy R. Kane; Lynn E. Connolly; Aminoglycosides: An Overview. Cold Spring Harb
or Perspectives in Medicine 2016, 6, a027029, 10.1101/cshperspect.a027029.

33. Gregory G. Anderson; Thomas F. Kenney; David L. MacLeod; Noreen R. Henig; George A. O'toole; Eradication of Pseu
domonas aeruginosa biofilms on cultured airway cells by a fosfomycin/tobramycin antibiotic combination.. Pathogens a
nd Disease 2013, 67, 39-45, 10.1111/2049-632X.12015.

34. Wei Yu; Kai Zhou; Lihua Guo; Jinru Ji; Tianshui Niu; Tingting Xiao; Ping Shen; Yonghong Xiao; In vitro Pharmacokinetic
s/Pharmacodynamics Evaluation of Fosfomycin Combined with Amikacin or Colistin against KPC2-Producing Klebsiella
pneumoniae. Frontiers in Cellular and Infection Microbiology 2017, 7, 246, 10.3389/fcimb.2017.00246.

35. Iciar Rodríguez-Avial; Irene Pena; Juan J. Picazo; Carmen Rodríguez-Avial; E. Culebras; In vitro activity of the next-ge
neration aminoglycoside plazomicin alone and in combination with colistin, meropenem, fosfomycin or tigecycline again



st carbapenemase-producing Enterobacteriaceae strains. International Journal of Antimicrobial Agents 2015, 46, 616-6
21, 10.1016/j.ijantimicag.2015.07.021.

36. A. Bruce Montgomery; Paul R. Rhomberg; Tammy Abuan; Kathie-Anne Walters; Robert K. Flamm; Potentiation Effects
of Amikacin and Fosfomycin against Selected Amikacin-Nonsusceptible Gram-Negative Respiratory Tract Pathogens.
Antimicrobial Agents and Chemotherapy 2014, 58, 3714-3719, 10.1128/aac.02780-13.

37. Maria Souli; Irene Galani; Stefanos Boukovalas; Michael George Gourgoulis; Zoi Chryssouli; Kyriaki Kanellakopoulou;
Theofano Panagea; Helen Giamarellou; In VitroInteractions of Antimicrobial Combinations with Fosfomycin against KP
C-2-Producing Klebsiella pneumoniae and Protection of Resistance Development. Antimicrobial Agents and Chemothe
rapy 2011, 55, 2395-2397, 10.1128/aac.01086-10.

38. Carolien M. Wind; Henry John Christiaan De Vries; Alje P. Van Dam; Determination of in vitro synergy for dual antimicro
bial therapy against resistant Neisseria gonorrhoeae using Etest and agar dilution. International Journal of Antimicrobial
Agents 2015, 45, 305-308, 10.1016/j.ijantimicag.2014.10.020.

39. Jatapat Hemapanpairoa; Dhitiwat Changpradub; Sudaluck Thunyaharn; Wichai Santimaleeworagun; Vancomycin-resist
ant enterococcal infection in a Thai university hospital: clinical characteristics, treatment outcomes, and synergistic effe
ct.. Infection and Drug Resistance 2019, 12, 2049-2057, 10.2147/IDR.S208298.

40. Christoph Häuser; Lea Hirzberger; Magnus Unemo; Hansjakob Furrer; Andrea Endimiani; In VitroActivity of Fosfomycin
Alone and in Combination with Ceftriaxone or Azithromycin against Clinical Neisseria gonorrhoeae Isolates. Antimicrobi
al Agents and Chemotherapy 2014, 59, 1605-1611, 10.1128/aac.04536-14.

41. Elisabeth Presterl; Stefan Hajdu; Andrea M. Lassnigg; Alexander M. Hirschl; Johannes Holinka; Wolfgang Graninger; E
ffects of Azithromycin in Combination with Vancomycin, Daptomycin, Fosfomycin, Tigecycline, and Ceftriaxone on Stap
hylococcus epidermidis Biofilms. Antimicrobial Agents and Chemotherapy 2009, 53, 3205-3210, 10.1128/aac.01628-0
8.

42. Takao Kasai; J. Yuzuru Homma; Synergistic effects of a macrolide and a cell wall-affecting antibiotic on Pseudomonas
aeruginosa in vitro and in vivo. 2. Combined effects of a macrolide with a Fosfomycin and an aminoglycoside antibioti
c.. The Journal of Antibiotics 1982, 35, 858-865, 10.7164/antibiotics.35.858.

43. Matthew DiCicco; Suresh Neethirajan; J. Scott Weese; Ameet Singh; In vitro synergism of fosfomycin and clarithromyci
n antimicrobials against methicillin-resistant Staphylococcus pseudintermedius. BMC Microbiology 2014, 14, 129-129,
10.1186/1471-2180-14-129.

44. A Rodriguez; M V Vicente; T Olay; Single- and combination-antibiotic therapy for experimental endocarditis caused by
methicillin-resistant Staphylococcus aureus.. Antimicrobial Agents and Chemotherapy 1987, 31, 1444-1445, 10.1128/a
ac.31.9.1444.

45. Jian Shi; Ning-Fang Mao; Li Wang; Han-Bo Zhang; Qian Chen; Hua Liu; Xun Tang; Tao Jin; Chong-Tao Zhu; Fu-Bing L
i; et al. Efficacy of Combined Vancomycin and Fosfomycin against Methicillin-Resistant Staphylococcus aureus in Biofil
ms In Vivo. PLoS ONE 2014, 9, e113133, 10.1371/journal.pone.0113133.

46. Nieves M. Coronado-Álvarez; Diego Parra; Jorge Parra-Ruiz; Clinical efficacy of fosfomycin combinations against a var
iety of gram-positive cocci. Enfermedades Infecciosas y Microbiología Clínica 2019, 37, 4-10, 10.1016/j.eimc.2018.05.0
09.

47. Yajun Zhang; Fengzhe Chen; Enhua Sun; Ruiping Ma; Chunmei Qu; Lixian Ma; In vitro antibacterial activity of combina
tions of fosfomycin, minocycline and polymyxin B on pan-drug-resistant Acinetobacter baumannii. Experimental and Th
erapeutic Medicine 2013, 5, 1737-1739, 10.3892/etm.2013.1039.

48. R. Daza; M. Moreno-López; D. Dámaso; Interactions of Fosfomycin with other Antibiotics. Chemotherapy 1977, 23, 86-
92, 10.1159/000222031.

49. Hung-Jen Tang; Chi-Chung Chen; Kuo-Chen Cheng; Han Siong Toh; Bo-An Su; Shyh-Ren Chiang; Wen-Chien Ko; Yin
-Ching Chuang; In vitro efficacy of fosfomycin-containing regimens against methicillin-resistant Staphylococcus aureus
in biofilms. Journal of Antimicrobial Chemotherapy 2012, 67, 944-950, 10.1093/jac/dkr535.

50. Chunguang Sun; Matthew E. Falagas; Rui Wang; Drosos E. Karageorgopoulos; Xuhong Yu; Youning Liu; Yun Cai; Beib
ei Liang; Xiujie Song; Zheyuan Liu; et al. In vitro activity of minocycline combined with fosfomycin against clinical isolat
es of methicillin-resistant Staphylococcus aureus. The Journal of Antibiotics 2011, 64, 559-562, 10.1038/ja.2011.52.

51. Anne-Claude Crémieux; Aurélien Dinh; Patrice Nordmann; William Mouton; Pierre Tattevin; Idir Ghout; Aurelie Jayol; O
mar Aimer; Laure Gatin; Marie-Clémence Verdier; et al. Efficacy of colistin alone and in various combinations for the tre
atment of experimental osteomyelitis due to carbapenemase-producing Klebsiella pneumoniae.. Journal of Antimicrobi
al Chemotherapy 2019, 74, 2666-2675, 10.1093/jac/dkz257.

52. Nam Su Ku; Su-Hyung Lee; Young- Soun Lim; Heun Choi; Jin Young Ahn; Su Jin Jeong; Sung Jae Shin; Jun Yong Cho
i; Young Hwa Choi; Joon-Sup Yeom; et al. In vivo efficacy of combination of colistin with fosfomycin or minocycline in a



mouse model of multidrug-resistant Acinetobacter baumannii pneumonia. Scientific Reports 2019, 9, 1-7, 10.1038/s415
98-019-53714-0.

53. Stéphane Corvec; Ulrika Furustrand Tafin; Bertrand Betrisey; Olivier Borens; Andrej Trampuz; Activities of Fosfomycin,
Tigecycline, Colistin, and Gentamicin against Extended-Spectrum-β-Lactamase-Producing Escherichia coli in a Foreign
-Body Infection Model. Antimicrobial Agents and Chemotherapy 2013, 57, 1421-1427, 10.1128/aac.01718-12.

54. Ebru Evren; Ozlem Kurt Azap; Sule Colakoglu; Hande Arslan; In vitro activity of fosfomycin in combination with imipene
m, meropenem, colistin and tigecycline against OXA 48–positive Klebsiella pneumoniae strains. Diagnostic Microbiolog
y and Infectious Disease 2013, 76, 335-338, 10.1016/j.diagmicrobio.2013.04.004.

55. Zackery P. Bulman; Miao Zhao; Michael J. Satlin; Liang Chen; Barry N. Kreiswirth; Thomas J. Walsh; Roger L. Nation;
Jian Li; Brian T. Tsuji; Polymyxin B and fosfomycin thwart KPC-producing Klebsiella pneumoniae in the hollow-fibre infe
ction model. International Journal of Antimicrobial Agents 2018, 52, 114-118, 10.1016/j.ijantimicag.2018.02.010.

56. Clare C. Walsh; Cornelia B. Landersdorfer; Michelle P. McIntosh; Anton Y. Peleg; Elizabeth B. Hirsch; C.M.J. Kirkpatric
k; Phillip J. Bergen; Clinically relevant concentrations of fosfomycin combined with polymyxin B, tobramycin or ciproflox
acin enhance bacterial killing ofPseudomonas aeruginosa, but do not suppress the emergence of fosfomycin resistanc
e. Journal of Antimicrobial Chemotherapy 2016, 71, 2218-2229, 10.1093/jac/dkw115.

57. Cristina García De La Mària; Oriol Gasch; Javier García-González; Dolors Soy; Evelyn Shaw; Juan Ambrosioni; Manel
Almela; Juan M. Pericàs; Adrian Téllez; Carlos Falces; et al. The Combination of Daptomycin and Fosfomycin Has Syn
ergistic, Potent, and Rapid Bactericidal Activity against Methicillin-ResistantStaphylococcus aureusin a Rabbit Model of
Experimental Endocarditis. Antimicrobial Agents and Chemotherapy 2018, 62, e02633-17-17, 10.1128/aac.02633-17.

58. Gulseren Aktas; Sengul Derbentli; In vitro activity of daptomycin combinations with rifampicin, gentamicin, fosfomycin a
nd fusidic acid against MRSA strains. Journal of Global Antimicrobial Resistance 2017, 10, 223-227, 10.1016/j.jgar.201
7.05.022.

59. Tilman Lingscheid; Wolfgang Poeppl; Dominik Bernitzky; Luzia Veletzky; Manuel Kussmann; Roberto Plasenzotti 2; H.
Burgmann; Daptomycin plus Fosfomycin, a Synergistic Combination in Experimental Implant-Associated Osteomyelitis
Due to Methicillin-Resistant Staphylococcus aureus in Rats. Antimicrobial Agents and Chemotherapy 2014, 59, 859-86
3, 10.1128/aac.04246-14.

60. Louis B. Rice; Claudie Thauvin Eliopoulos; Joseph D.C. Yao; George M. Eliopoulos; Robert C. Moellering; In vivo activit
y of the combination of daptomycin and fosfomycin compared with daptomycin alone against a strain of Enterococcus f
aecalis with high-level gentamicin resistance in the rat endocarditis model. Diagnostic Microbiology and Infectious Dise
ase 1992, 15, 173-176, 10.1016/0732-8893(92)90045-u.

61. Gleice Cristina Leite; Maura Salaroli Oliveira; Lauro Vieira Perdigão-Neto; Cristiana Kamia Dias Rocha; Thais Guimara
es; Camila Rizek; Anna S Levin; Silvia Figueiredo Costa; Antimicrobial Combinations against Pan-Resistant Acinetobac
ter baumannii Isolates with Different Resistance Mechanisms. PLOS ONE 2016, 11, e0151270, 10.1371/journal.pone.0
151270.

62. Béatrice Berçot; Laurent Poirel; Laurent Dortet; Patrice Nordmann; In vitro evaluation of antibiotic synergy for NDM-1-p
roducing Enterobacteriaceae. Journal of Antimicrobial Chemotherapy 2011, 66, 2295-2297, 10.1093/jac/dkr296.

63. Wei Yu; Ping Shen; Zhang Bao; Kai Zhou; Beiwen Zheng; Jinru Ji; Lihua Guo; Chen Huang; Yonghong Xiao; In vitro an
tibacterial activity of fosfomycin combined with other antimicrobials against KPC-producing Klebsiella pneumoniae. Inte
rnational Journal of Antimicrobial Agents 2017, 50, 237-241, 10.1016/j.ijantimicag.2017.03.011.

64. G. Samonis; S. Maraki; Drosos E. Karageorgopoulos; E. K. Vouloumanou; Matthew E. Falagas; Synergy of fosfomycin
with carbapenems, colistin, netilmicin, and tigecycline against multidrug-resistant Klebsiella pneumoniae, Escherichia c
oli, and Pseudomonas aeruginosa clinical isolates. European Journal of Clinical Microbiology & Infectious Diseases 20
11, 31, 695-701, 10.1007/s10096-011-1360-5.

65. Oriana Simonetti; Gianluca Morroni; Roberto Ghiselli; Fiorenza Orlando; Andrea Brenciani; Ledia Xhuvelaj; Mauro Prov
inciali; Annamaria Offidani; Mario Guerrieri; Andrea Giacometti; et al. In vitro and in vivo activity of fosfomycin alone an
d in combination with rifampin and tigecycline against Gram-positive cocci isolated from surgical wound infections. Jour
nal of Medical Microbiology 2018, 67, 139-143, 10.1099/jmm.0.000649.

66. Hung-Jen Tang; Chi-Chung Chen; Kuo-Chen Cheng; Kuan-Ying Wu; Yi-Chung Lin; Chun-Cheng Zhang; Tzu-Chieh We
ng; Wen-Liang Yu; Yu-Hsin Chiu; Han-Siong Toh; et al. In VitroEfficacies and Resistance Profiles of Rifampin-Based Co
mbination Regimens for Biofilm-Embedded Methicillin-Resistant Staphylococcus aureus. Antimicrobial Agents and Che
motherapy 2013, 57, 5717-5720, 10.1128/aac.01236-13.

67. Dong Chai; Xu Liu; Rui Wang; Yan Bai; Yun Cai; Efficacy of Linezolid and Fosfomycin in Catheter-Related Biofilm Infect
ion Caused by Methicillin-ResistantStaphylococcus aureus. BioMed Research International 2016, 2016, 1-7, 10.1155/2
016/6413982.



68. Lan Li; Hao Chen; Yanyan Liu; Shuangli Xu; Maomao Wu; Zhou Liu; Caifen Qi; Guijun Zhang; Jiabin Li; Xiaohui Huan
g; et al. Synergistic effect of linezolid with fosfomycin against Staphylococcus aureus in vitro and in an experimental Ga
lleria mellonella model.. Journal of microbiology, immunology, and infection = Wei mian yu gan ran za zhi 2018, 18, 305
38-3, 10.1016/j.jmii.2018.12.007.

69. Raluca Mihailescu; Ulrika Furustrand Tafin; Stéphane Corvec; A Oliva; Bertrand Betrisey; Oliver Borens; Andrej Trampu
z; High Activity of Fosfomycin and Rifampin against Methicillin-Resistant Staphylococcus aureus Biofilm In Vitro and in
an Experimental Foreign-Body Infection Model. Antimicrobial Agents and Chemotherapy 2014, 58, 2547-2553, 10.112
8/aac.02420-12.

70. Alexander Blacky; A. Makristathis; P. Apfalter; B. Willinger; M. L. Rotter; A. M. Hirschl; In vitro activity of fosfomycin alon
e and in combination with amoxicillin, clarithromycin and metronidazole against Helicobacter pylori compared with com
bined clarithromycin and metronidazole. European Journal of Clinical Microbiology & Infectious Diseases 2005, 24, 276
-279, 10.1007/s10096-005-1307-9.

71. C E Nord; G Lahnborg; Efficacy of metronidazole and fosfomycin alone and in combination in the treatment of experim
entally induced intra-abdominal infections.. Scandinavian journal of gastroenterology. Supplement 1984, 90, 15-19, .

72. Wichai Santimaleeworagun; Payom Wongpoowarak; Pantip Chayakul; Sutthiporn Pattharachayakul; Pimpimon Tansak
ul; Kevin W. Garey; In vitro activity of colistin or sulbactam in combination with fosfomycin or imipenem against clinical i
solates of carbapenem-resistant Acinetobacter baumannii producing OXA-23 carbapenemases.. The Southeast Asian j
ournal of tropical medicine and public health 2011, 42, 890-900, .

73. J.-M. Duez; A. Adochitei; A. Pechinot; E. Siebor; N. Sixt; Catherine Neuwirth; In VitroCombinations of Five Intravenous
Antibiotics with Dalfopristin-Quinupristin AgainstStaphylococcus aureusin a 3-Dimensional Model. Journal of Chemothe
rapy 2008, 20, 684-689, 10.1179/joc.2008.20.6.684.

74. Xu-Hong Yu; Xiu-Jie Song; Yun Cai; Bei-Bei Liang; De-Feng Lin; Rui Wang; In vitro activity of two old antibiotics agains
t clinical isolates of methicillin-resistant Staphylococcus aureus. The Journal of Antibiotics 2010, 63, 657-659, 10.1038/j
a.2010.105.

75. H. B. Drugeon; J. Caillon; M. E. Juvin; In-vitro antibacterial activity of fusidic acid alone and in combination with other a
ntibiotics against methicillin-sensitive and -resistant Staphylococcus aureus. Journal of Antimicrobial Chemotherapy 19
94, 34, 899-907, 10.1093/jac/34.6.899.

76. E. J. Perea; M. A. Torres; M. V. Borobio; Synergism of Fosfomycin-Ampicillin and Fosfomycin-Chloramphenicol Against
Salmonella and Shigella. Antimicrobial Agents and Chemotherapy 1978, 13, 705-709, .

77. J Figueroa; G Baquero; C Otal; A Rodríguez; Treatment of typhoid fever with fosfomycin alone and associated to chlora
mphenicol or ampicillin.. Chemotherapy 1977, 23, 365-377, .

78. Pengfei She; Linying Zhou; Shijia Li; Yiqing Liu; Lanlan Xu; Lihua Chen; Zhen Luo; Yong Wu; Synergistic Microbicidal E
ffect of Auranofin and Antibiotics Against Planktonic and Biofilm-Encased S. aureus and E. faecalis. Frontiers in Cellular
and Infection Microbiology 2019, 10, 2453, 10.3389/fmicb.2019.02453.

79. Ronald Domalaon; Marc Brizuela; Benjamin Eisner; Brandon Findlay; George G. Zhanel; Frank Schweizer; Dilipid ultra
short cationic lipopeptides as adjuvants for chloramphenicol and other conventional antibiotics against Gram-negative
bacteria. Amino Acids 2018, 51, 383-393, 10.1007/s00726-018-2673-9.

80. Huaguang Wang; Han Wang; Xiaojia Yu; Hong Zhou; Boyu Li; Gang Chen; Zhikang Ye; Ying Wang; Xiangli Cui; Yunyin
g Zheng; et al. Impact of antimicrobial stewardship managed by clinical pharmacists on antibiotic use and drug resistan
ce in a Chinese hospital, 2010–2016: a retrospective observational study. BMJ Open 2019, 9, e026072, 10.1136/bmjop
en-2018-026072.

81. Yinfeng Lyu; Ronald Domalaon; Xuan Yang; Frank Schweizer; Amphiphilic lysine conjugated to tobramycin synergizes l
egacy antibiotics against wild-type and multidrug-resistant Pseudomonas aeruginosa. Peptide Science 2018, 111, e23
091, 10.1002/bip.23091.

82. Elham Akbari-Ayezloy; Nima Hosseini Jazani; Saber Yousefi; Nazanin Habibi; Eradication of methicillin resistant S. aur
eus biofilm by the combined use of fosfomycin and β-chloro-L-alanine. Iranian Journal of Microbiology 1970, 9, 1-10, .

83. Elena B.M. Breidenstein; P. Courvalin; Djalal Meziane-Cherif; Antimicrobial Activity of Plectasin NZ2114 in Combination
with Cell Wall Targeting Antibiotics Against VanA-Type Enterococcus faecalis. Microbial Drug Resistance 2015, 21, 373
-379, 10.1089/mdr.2014.0221.

84. Yoshikazu Sakagami1); Sadao Komemushi1); Goro Tsukamoto2); Hirosato Kondo3); Akiko Yoshikawa4); Osamu Mura
oka4); Anti-VRE and Anti-MRSA Activities of New Quinolones and Their Synergism with Commercial Antibiotics. Part 2.
Biocontrol Science 2008, 13, 103-110, 10.4265/bio.13.103.

85. A. Marchese; Micaela Bozzolasco; Laura Gualco; Eugenio A. Debbia; Gian Carlo Schito; Anna Maria Schito; Effect of f
osfomycin alone and in combination with N-acetylcysteine on E. coli biofilms. International Journal of Antimicrobial Age



nts 2003, 22, 95-100, 10.1016/s0924-8579(03)00232-2.

86. Y Sakagami; M Mimura; K Kajimura; H Yokoyama; M Linuma; T Tanaka; M Ohyama; Anti-MRSA activity of sophoraflav
anone G and synergism with other antibacterial agents.. Letters in Applied Microbiology 1998, 27, 98-100, .

87. Eugene L. Dulaney; Carol A. Jacobsen; Synergy between fosfomycin and arenaemycin.. The Journal of Antibiotics 198
8, 41, 982-983, 10.7164/antibiotics.41.982.

88. Fangyuan Zhang; Tianhua Zhai; Shozeb Haider; Yanhong Liu; Zuyi Jacky Huang; Synergistic Effect of Chlorogenic Aci
d and Caffeic Acid with Fosfomycin on Growth Inhibition of a Resistant Listeria monocytogenes Strain.. ACS Omega 20
20, 5, 7537-7544, 10.1021/acsomega.0c00352.

89. Usama H Abo-Shama; Hanem El-Gendy; Walid S Mousa; Ragaa A Hamouda; Wesam E Yousuf; Helal F. Hetta; Eman
E Abdeen; Synergistic and Antagonistic Effects of Metal Nanoparticles in Combination with Antibiotics Against Some Re
ference Strains of Pathogenic Microorganisms.. Infection and Drug Resistance 2020, 13, 351-362, 10.2147/IDR.S2344
25.

Retrieved from https://encyclopedia.pub/entry/history/show/8726


