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The aim of this study was to evaluate the combination of daptomycin and fosfomycin in experimental chronic implant-associ-
ated osteomyelitis due to methicillin-resistant Staphylococcus aureus (MRSA). Infection was induced in the tibiae of rats by the
insertion of a bacterial inoculum (1 to 5 � 108 CFU/ml) of a clinical MRSA isolate and a titanium wire. Four weeks after infec-
tion, each animal was assigned to a treatment group: daptomycin monotherapy at 60 mg/kg of body weight once daily (n � 10),
fosfomycin monotherapy at 40 mg/kg once daily (n � 10), or daptomycin and fosfomycin combined at 60 mg/kg and 40 mg/kg,
respectively, once daily (n � 9). Ten animals were left untreated. After a 3-week treatment period, the animals were euthanized,
and the infected tibiae and implants were processed for quantitative bacterial cultures. The bacterial cultures from bones were
positive for MRSA in all animals in the untreated group, the daptomycin group, and the fosfomycin group, with median bacterial
counts of 2.34 � 106 CFU/g bone, 1.57 � 106 CFU/g bone, and 3.48 � 102 CFU/g bone, respectively. In the daptomycin-fosfomy-
cin group, 6 out of 9 animals were positive for MRSA, with a median count of 7.92 CFU/g bone. Bacterial cultures derived from
the titanium wires were negative in the fosfomycin- and daptomycin-fosfomycin-treated groups. Based on bacterial counts in
bones, treatment with daptomycin-fosfomycin was statistically significantly superior to all that of the other groups (P < 0.003).
Fosfomycin was superior to daptomycin and no treatment (P < 0.0001). No development of resistance was observed in any treat-
ment arm. The combination of daptomycin and fosfomycin demonstrated synergism against MRSA in experimental implant-
associated osteomyelitis.

Implant-associated osteomyelitis is considered an infection that
is difficult to treat. Bacteria adhering to implants may organize

in biofilms; this special formation of bacteria initiates specific gene
expression patterns enabling bacteria to enter a stationary phase.
This in turn alters the bacterial metabolism, making it less suscep-
tible to antibiotic agents. Furthermore, biofilm-organized bacte-
ria impair the diffusion of antimicrobial agents to the bacterial
cells due to the production of an extracellular polymeric matrix.
Due to these special circumstances, treatment of implant-associ-
ated osteomyelitis requires long-term antibiotic treatment along
with surgical interventions. As cases differ to a great extent in
clinical routine, evidence-based guidelines advising the use of dis-
tinct antibiotic agents on the basis of randomized clinical trials do
not exist (1–3).

Staphylococcus aureus is frequently isolated in patients with
implant-associated osteomyelitis (1, 4). The rising number of me-
thicillin-resistant Staphylococcus aureus (MRSA) isolates, how-
ever, reduces the antimicrobial treatment options. Additionally,
as long-term antibiotic regimens are standard for osteomyelitis,
applied antibiotics need to have a favorable adverse effect profile
at preferably low economic costs (5).

Daptomycin is a relatively new antibiotic agent with rapid bac-
tericidal activity against Gram-positive bacteria, including MRSA.
It is approved for the treatment of Staphylococcus aureus bacter-
emia and endocarditis. Further, daptomycin has been shown to be
effective in the treatment of osteomyelitis in experimental animal
studies and in clinical studies (6–8). Little information, however,
is available on the effectiveness of daptomycin for the treatment of
implant-associated osteomyelitis and biofilms.

Fosfomycin is a bactericidal agent that has been in clinical
use for several decades. Fosfomycin shows antibacterial activity
against various Gram-positive and Gram-negative bacteria, in-
cluding multidrug-resistant strains. In addition, high antibacterial
activity in biofilms and the enhancement of efficacies of other
agents when combined are attributed to fosfomycin (9, 10). Due
to concerns about the rapid emergence of resistance against fos-
fomycin observed in vitro, fosfomycin is usually combined with
other antibiotics of other classes in clinical practice (11), although
several studies recently questioned the clinical relevance of this
finding (8, 12).

As we demonstrated previously, fosfomycin is effective in ex-
perimental implant- and non-implant-associated MRSA osteo-
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myelitis (12, 13). The combination with daptomycin proved
highly efficacious in experimental non-implant-associated osteo-
myelitis, yet synergism was not identifiable due to the high efficacy
observed for fosfomycin when applied in standard doses (8).

Therefore, the aim of the present study was to evaluate the
effectiveness of daptomycin and fosfomycin combined and a pos-
sible synergistic effect in experimental chronic implant-associated
MRSA osteomyelitis in rats by applying lower doses of fosfomycin
and standard doses of daptomycin (12, 13).

MATERIALS AND METHODS
The study protocol was approved by the local Animal Welfare Committee
and was performed in the level 2 biohazard area of the Institute of Bio-
medical Research, Medical University of Vienna.

Bacteria and preparation of inocula. A clinical strain of MRSA (4409/
07) isolated from a patient with chronic osteomyelitis was used in this
study. For in vivo testing, bacteria in the exponential growth phase were
used as follows: bacteria grown overnight in Trypticase soy broth (TSB)
were diluted 1:100 in TSB and incubated for 5 h at 37°C. The bacterial
count of the prepared inoculum was confirmed from plate counts made
before and after the surgical procedures at 1 to 5 � 108 CFU/ml.

In vitro susceptibility testing. The MICs of daptomycin and fosfomy-
cin for MRSA were determined by using a broth microdilution method
with cation-adjusted Mueller-Hinton broth (CAMHB) (75 mg/liter Ca2�,
25 mg/liter Mg2�) according to CLSI guidelines (14). For the testing of
fosfomycin activity, CAMHB was supplemented with glucose-6-phos-
phate (Sigma-Aldrich) at a final concentration of 25 mg/liter (15).

Experimental osteomyelitis. Bone infection was established using an
implant-associated osteomyelitis model as described previously (13). The
overall study period was 7 weeks, comprising an incubation period of 4
weeks and a treatment phase of 3 weeks. In short, male Sprague-Dawley
CD rats (Charles River WIGA GmbH, Sulzfeld, Germany) weighing
400 � 30 g were used. Each animal was anesthetized with ketamine and
xylazine, and the left hind leg was shaved and disinfected with polyvinyl
pyrrolidine iodine. The proximal medial surface of the tibia was surgically
exposed, and a hole (0.1-cm diameter) was drilled into the medullary
cavity using a high-speed drill (Multipro; Dremel, Racine, WI). A 15-�l
sample of the MRSA inoculum containing 1 � 108 to 5 � 108 CFU/ml was
injected into the bone. Subsequently, a sterile 1-cm-long titanium Kirsch-
ner wire (0.8-mm diameter) was inserted into the medullary cavity. No
sclerosing agent was administered. The drill holes were sealed with sterile
bone wax (Ethicon Sutures Ltd., Peterborough, Ontario, Canada). The
incisions were closed with sutures. All animals received postoperative
analgesia in the form of subcutaneous and oral piritramide.

Antibiotic treatment regimens. Four weeks after infection, animals
with radiographically confirmed osteomyelitis of the tibia were randomly
assigned to one of the following four groups: (i) daptomycin alone (n �
10), (ii) fosfomycin alone (n � 10), (iii) daptomycin and fosfomycin in
combination (n � 9), or (iv) no treatment (n � 10). Daptomycin powder
(Cubist Pharmaceuticals, Lexington, MA) was dissolved in sterile water
and administered intraperitoneally at a dose of 60 mg/kg of body weight
once daily. Fosfomycin powder (Sandoz, Kundl, Austria) was dissolved in
sterile water and administered intraperitoneally at a dose of 40 mg/kg of
body weight once daily. The combined treatment group received dapto-
mycin and fosfomycin at doses of 60 mg/kg of body weight once daily and
40 mg/kg of body weight once daily, respectively. All the treatment regi-
mens were administered for 21 to 23 days.

Bacterial counting. Twelve hours after the completion of antimicro-
bial therapy, each rat was euthanized with a lethal dose of thiopental. The
infected tibiae were aseptically removed and weighed. The Kirschner wires
were aseptically removed from the medullar cavity. The bones were then
pulverized by using a liquid-nitrogen-cooled cryo-mill (6770 Freezer
Mill; Spex SamplePrep, Metuchen, NJ). Sterile physiological saline (10
ml) was added to each bone specimen, and bone suspensions were vigor-
ously vortexed. Serial 10-fold dilutions were prepared, and bacterial

counts were made by plating 20 �l of each dilution onto sheep blood agar
plates. Additionally, 100 �l of each bone suspension was plated on blood
agar. After incubation for 24 h at 37°C, the MRSA colonies were counted,
and the results were expressed as CFU/g of bone. The remaining speci-
mens were placed into 10 ml TSB and incubated for 48 h in 5% CO2 at
37°C. Sterile cultures were assigned a value of 1 log10 CFU/g of bone.

The removed Kirschner wires were processed as follows: the wires
were put into 2 ml of sterile physiological saline, vortexed for 30 s, soni-
cated at 35 kHz for 5 min, and vortexed again for 30 s. Quantitative
bacterial cultures were performed out of the suspension as described
above. For qualitative cultures, 500 �l of the remaining 2 ml of saline was
plated onto sheep blood agar plates; furthermore, the Kirschner wires
were rolled and placed onto sheep blood agar plates. Sterile cultures were
assigned a value of 1 log10 CFU/g of bone.

To detect the emergence of resistance, the MICs of fosfomycin and
daptomycin for MRSA recovered from bones and implants were deter-
mined using the standard methods described above.

Statistics. Experimental results were plotted and analyzed by using
GraphPad Prism version 6. Pairwise comparisons between bacterial
counts of the bones and those of the implants, as well as the median weight
gains in the four groups, were performed using the Mann-Whitney U test
followed by Bonferroni’s correction for multiple comparison testing.
Therefore, P values of �0.008 were considered statistically significant to
adjust for six pairwise comparisons.

RESULTS
Experimental osteomyelitis. All the infected rats displayed im-
plant-associated osteomyelitis in radiographical evaluations 4
weeks after incubation.

The results of the antibiotic treatment regimens are shown in
Fig. 1. Bacterial cultures from bones were positive for MRSA in 10
out of 10 (100%) animals in the untreated group, in 10 out of
10 (100%) animals in the daptomycin-treated group, in 10 out of
10 (100%) animals in the fosfomycin-treated group, and in 6 out
of 9 (66.6%) animals in the daptomycin-fosfomycin combination
group. The median bacterial count (minimum to maximum) in
the untreated group was 2.34 � 106 CFU/g of bone (6.28 � 103 to
1.57 � 107 CFU/g). Treatment with daptomycin yielded a median
bacterial count of 1.57 � 106 CFU/g of bone (2.25 � 105 to 8.73 �
106 CFU/g); treatment with daptomycin was not statistically su-
perior to no treatment (P � 0.519). Bacterial cultures from bones
of the fosfomycin-treated group yielded a median bacterial count
of 3.48 � 102 CFU/g of bone (1.17 � 102 to 4.16 � 103 CFU/g).
Treatment with daptomycin and fosfomycin combined resulted
in a median bacterial count of 7.92 CFU/g of bone (0 to 1.65 � 103

CFU/g). Daptomycin and fosfomycin combined showed statisti-
cal superiority to fosfomycin alone (P � 0.003), daptomycin alone
(P � 0.0001), and no treatment (P � 0.0001), while treatment
with fosfomycin alone was superior to daptomycin (P � 0.0001)
and no treatment (P � 0.0001).

Bacterial cultures derived from the Kirschner wires after the mi-
crobiological workup were positive for MRSA in 7 out of 10 (70%)
animals in the untreated group and in 6 out of 10 animals in the
daptomycin-treated group (60%). The bacterial cultures derived
from the Kirschner wires were all negative in the groups treated with
fosfomycin and with daptomycin-fosfomycin. The median bacterial
counts were 7.50 � 102 (0 to 7.00 � 103) and 1.25 � 103 (0 to 6.50 �
103) in the untreated and daptomycin-treated groups, respectively. In
a statistical assessment based on the bacterial counts obtained from
implant suspensions, daptomycin-fosfomycin and fosfomycin alone
were statistically superior to no treatment (P � 0.0031), yet they were
not superior to daptomycin (P � 0.0108).
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MICs, drug interactions, and development of drug resis-
tance. The MICs of fosfomycin and daptomycin against MRSA
4409/07 were 0.5 ml/liter and 0.25 ml/liter, respectively, and thus
were not resistant in terms of the EUCAST clinical breakpoints
database (15). The MICs of MRSA isolates obtained from all the
animals still infected at the end of the treatment period were
within 1 dilution of the pretreatment MIC, indicating no emer-
gence of resistance.

Adverse events. None of the animals developed diarrhea; how-
ever, body weight gains differed between the treatment arms. The
median weight gain in the combination group was significantly
lower than those in the other groups (P � 0.0057).

DISCUSSION

In this study, treatment with daptomycin yielded no difference
compared to no treatment, indicating a low efficacy of daptomy-
cin in the treatment of implant-associated infections when used as
monotherapy. This, however, stands in contrast to previous stud-
ies. Vaudaux et al. and Schaad et al. demonstrated decreased bac-
terial counts in tissue cage models of infection due to Staphylococ-
cus aureus after 7 days of treatment with daptomycin at 30 mg/kg
once and twice daily, respectively (16, 17). Likewise, Rouse et al.
found decreased colony counts in experimental osteomyelitis af-
ter a 21-day treatment period with a dose of 60 mg/kg twice daily

(18). Of interest to note is that daptomycin applied as mono-
therapy has been shown to be effective in an non-implant-associ-
ated osteomyelitis model using the same MRSA strain used in the
present study (8). Thus, for implant-associated osteomyelitis,
higher doses might be necessary. However, Sakoulas et al. found
that a dosage of 40 mg/kg in rats is comparable to a dosage of 6
mg/kg in humans (19). Hence, the dosage of 60 mg/kg in rats used
in the present study appears comparable to the increasingly higher
doses of daptomycin applied in humans currently (20).

In this study, a fosfomycin monotherapy of 40 mg/kg of body
weight once daily was superior to daptomycin or no treatment.
Regimens with fosfomycin in treatment of systemic infections
usually apply doses from 4 g up to 8 g three times daily (21). It was
recently shown that in rats, a fosfomycin dosage of 200 to 500
mg/kg three times daily is most suitable in order to obtain a drug
exposure comparable to a dosage of 8 g three times daily in hu-
mans (22). Thus, the exposure obtained in the present study is
easily achieved with all fosfomycin regimens currently applied in
humans. An even higher effectiveness of fosfomycin monotherapy
in the treatment of implant-associated and non-implant-associ-
ated osteomyelitis was already shown when fosfomycin was used
in a dosage of 75 mg/kg (8, 13). However, in this study, the par-
ticular low dosage was used in order to identify a possible syner-
gistic interaction between daptomycin and fosfomycin in vivo.

Yet, in this study, the combination of daptomycin and fosfo-
mycin was superior to all compared monotherapies and no treat-
ment. Moreover, daptomycin and fosfomycin were synergistic in
the treatment of experimental implant-associated osteomyelitis.

The combination of daptomycin and fosfomycin has been
evaluated in different experimental settings. Garrigós et al. studied
daptomycin plus fosfomycin using a MRSA tissue cage model and
demonstrated high bactericidal activity of this combination (23).
Likewise, high efficacy and a synergistic effect for this combina-
tion were also shown in experimental MRSA endocarditis (24).
Thus, this combination has been shown to be effective against
different strains of MRSA in different experimental settings. Most
importantly, the combination does not seem to display any antag-
onistic features. Furthermore, Garrigós et al. (23) and a recently
published study by Mihailescu et al. (25) compared combined
daptomycin plus fosfomycin with daptomycin plus rifampin in
MRSA biofilms. In both studies, combined daptomycin and ri-
fampin proved to be statistically more effective than daptomycin
plus fosfomycin in experimental MRSA tissue cage infection mod-
els (23, 25). Yet, the latter study showed the overall best cure rates
in another treatment group with combined fosfomycin and rifam-
pin. In line with these findings, rifampin is currently recom-
mended for combinations with other antibiotics in the treatment
of implant-associated osteoarticular infections (26); however, en-
hanced bacterial activity with other antibiotics was also shown for
fosfomycin. Mihailescu et al. reasoned that fosfomycin may be a
useful combination partner to rifampin, but it cannot replace ri-
fampin as an antibiofilm agent (25). In contrast, an in vitro study
demonstrated enhanced antibacterial activity of linezolid, mino-
cycline, vancomycin, and teicoplanin against planktonic or bio-
film-embedded isolates of MRSA after the addition of fosfomycin.
Moreover, the combination with fosfomycin demonstrated better
results than those of the same combinations with rifampin (10).
Hence, the role of fosfomycin in implant-associated infections
and in biofilms due to Gram-positive cocci is under controversial
scientific discussion. Likewise, daptomycin is under thorough in-

FIG 1 Bacterial counts in osseous tissue (a) and on implants (b) after a 3-week
treatment period with daptomycin (DAP), fosfomycin (FOF), the daptomy-
cin-fosfomycin combination, and no treatment in rats with experimental im-
plant-associated MRSA osteomyelitis. Each symbol represents the value re-
tained for an individual animal. Horizontal bars indicate median values.

Daptomycin-Fosfomycin in a MRSA Osteomyelitis Model
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vestigation concerning implant- or biofilm-associated infections.
As mentioned above, daptomycin displays certain efficacy in for-
eign body models, especially when combined with another anti-
biotic agent. Furthermore, daptomycin is increasingly in use in
implant-associated infections (27). The penetration into biofilms,
however, was recently shown to be moderate (28), as was clinical
success (29). In this study, implants were cleared of all bacteria in
the fosfomycin-containing treatment groups, underlining the ca-
pability of fosfomycin to penetrate into adherent bacteria or bio-
film formations and augment the activity of daptomycin.

The mechanism of the synergism remains unclear. Fosfomycin
acts as an inhibitor of the first phase in the synthesis of peptidogly-
can by blocking the formation of N-acetylmuramic acid (30).
Daptomycin acts bactericidally by oligomerization and disruption
of the functional integrity of the bacterial membrane. However, it
also induces certain bacterial cell wall gene products, including
MurA, the protein that fosfomycin is inhibiting (31). Thus, these
two agents show fields of interaction, yet the exact mechanisms of
the observed synergism need to be investigated further.

In our study, no emergence of resistance against fosfomycin or
daptomycin was observed in any MRSA isolate after the cessation
of treatment. As already shown previously, fosfomycin mono-
therapy did not induce resistance (13). The present results, how-
ever, have to be interpreted with care, as the MRSA isolate applied
in this study displays a relatively low MIC against fosfomycin,
resulting in a higher efficacy of fosfomycin and consequently a
lower chance of resistance induction (32). Moreover, the low
number of included animals limits the strength of evidence of this
finding.

Regarding tolerance of the applied treatment regimens, animal
weights differed between the treatment groups. Although no ad-
verse events, such as diarrhea, were observed, animals in the com-
bination group gained significantly less weight than animals in all
the other groups. However, in humans, the combination of dap-
tomycin and fosfomycin has been well tolerated with no evident
side effects (33).

In conclusion, we demonstrated antibacterial synergism be-
tween daptomycin and fosfomycin against MRSA in implant-as-
sociated infection in bone. Further studies are needed to estimate
the relevance of this finding for the management of implant-asso-
ciated osteomyelitis in humans.
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