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Comparative Efficacies of Cloxacillin-Daptomycin and the Standard
Cloxacillin-Rifampin Therapies against an Experimental Foreign-Body
Infection by Methicillin-Susceptible Staphylococcus aureus

Cristina El Haj,a Oscar Murillo,a Alba Ribera,a Mireia Vivas,a Dolors Garcia-Somoza,b Fe Tubau,b Javier Cabo,c Javier Arizaa

Laboratory of Experimental Infection, Infectious Diseases Service,a and Departments of Microbiologyb and Orthopaedic Surgery,c IDIBELL, Hospital Universitari de

Bellvitge, Feixa Llarga, L’Hospitalet Llobregat, Barcelona, Spain

We compared the efficacies of daptomycin (doses equivalent to 8 to 10 mg/kg of body weight/day in humans) and cloxacillin
alone with those of cloxacillin-rifampin and cloxacillin-daptomycin combinations, using a tissue cage methicillin-susceptible
Staphylococcus aureus (MSSA) infection model. Monotherapies were less effective than combinations (P < 0.05), and daptomy-
cin resistance emerged. Cloxacillin-daptomycin proved as effective as cloxacillin-rifampin and prevented the appearance of re-
sistance; this combination may be an alternative anti-MSSA therapy, which may offer greater benefits in the early treatment of
prosthetic joint infections (PJI).

Current guidelines for the treatment of prosthetic joint infec-
tions (PJI) caused by methicillin-susceptible Staphylococcus

aureus (MSSA) recommend intravenous cloxacillin plus rifampin
during the first weeks (1), but the suboptimal efficacy of beta-
lactams against high bacterial inocula and the in vitro antagonistic
effect of the combination are issues of concern (2–5).

The use of daptomycin at high doses (HD; 8 to 10 mg/kg of
body weight/day) in combination against difficult-to-treat meth-
icillin-resistant S. aureus (MRSA) infections is encouraged (6). In
particular, daptomycin-cloxacillin has proved efficacy in the treat-
ment of persistent bacteremia caused by MRSA (7, 8) but only
modest effectiveness against experimental foreign-body infection
(FBI) (9). Taking into account the inherent anti-MSSA killing by
cloxacillin, we aimed to study the in vivo efficacy of the combina-
tion cloxacillin-daptomycin at high doses, using a rat tissue cage
MSSA infection model, and to compare its efficacy with that of the
standard treatment with cloxacillin-rifampin.

MSSA strain ATCC 29213 was used for in vitro and in vivo
studies. The MICs, minimal bactericidal concentrations (MBCs),
and time-kill curves were determined in the log phase (inocula of
105 CFU/ml and 108 CFU/ml) and in the stationary phase, using
the methodology described elsewhere (10–13).

Cloxacillin showed bactericidal activity only in the log phase
with standard inocula (105 CFU/ml); in accordance with previous
findings, the addition of rifampin to bactericidal concentrations
of cloxacillin produced an antagonistic effect (Table 1) (2, 4, 14).
The addition of daptomycin to cloxacillin finally achieved a bac-
tericidal effect under all study conditions, which required dapto-
mycin concentrations of 1� and 8� MIC with the use of standard

inocula (log phase) and high inocula (log phase), respectively, and
of 64� MIC (the MBC of daptomycin) with the use of bacteria in
the stationary phase (Fig. 1). The bactericidal and synergistic an-
tistaphylococcal activity of the daptomycin-cloxacillin combina-
tion against MRSA strains has been documented (7, 8, 15), but
little is known about the anti-MSSA efficacy of this combination.

The rat tissue cage infection model (approved by the Ethics
Committee for Animal Experiments at the University of Barce-
lona) had previously been standardized by our group (10, 16).
Briefly, the methodology used consisted of subcutaneous implan-
tation in Wistar rats of two Teflon tissue cages with two polym-
ethylmethacrylate coverslips (CV). After 3 weeks, the tissue cage
fluid (TCF) was percutaneously infected with 0.1 ml of an MSSA
preparation (0.2 � 106 to 2 � 106 CFU/ml). One week later (des-
ignated day 1), TCF was obtained to quantify bacterial counts;
therapy was then started and administered intraperitoneally for 7
days. One and 4 days after the end of treatment (days 8 and 11,
respectively), TCF was again recovered to count bacteria. On day
11, animals were sacrificed, and CV were removed and processed
as described previously (10) to quantify adherent bacteria and the
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TABLE 1 Log changes in viable cell counts obtained with various concentrations of cloxacillin alone and in combination with rifampin against
standard inocula (105 CFU/ml) of MSSA strain ATCC 29213 in the log phasea

Time
point (h)

Log change [log(CFUt) � log(CFU0)] for:

CXA (1) CXA (2) RIF (0.12)
CXA (1) �

RIF (0.12)
CXA (1) �

RIF (8)
CXA (2) �

RIF (0.12)
CXA (2) �

RIF (8)

6 �1.2 �2.5 �1.8 �1.2 �1.3 �1.3 �1.2
24 �3.1 �3.6 �3.3 �1.6 �1.4 �1.8 �1.1
a Experiments were performed with three replicates. CFUt, number of CFU at the given time point; CFU0, number of CFU at time zero; CXA, cloxacillin (purity, 98.1 %; Sigma-
Aldrich, Madrid, Spain); RIF, rifampin (purity, 98%; Sigma-Aldrich, Madrid, Spain). Numbers in parentheses represent concentrations in mg/liter.
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FIG 1 Results of time-kill curves in the log phase, with standard (A) and high (B) bacterial inocula, and in the stationary phase (C) for different concentrations
of cloxacillin alone and in combination with daptomycin. Concentrations are in mg/liter. CXA, cloxacillin (purity, 98.1%; Sigma-Aldrich, Madrid, Spain); DAP,
daptomycin (purity, 100%; Novartis, Basel, Switzerland).
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infection cure rate (the percentage of samples with bacterial
counts under the limit of detection with respect to the total num-
ber of samples). The methodology for pharmacokinetic (PK)
studies and the PK-pharmacodynamic (PD) parameter values for
cloxacillin (200 mg/kg/12 h) and rifampin (25 mg/kg/12 h) have
been previously described (10). For the particular case of dapto-
mycin, we used a high-performance liquid chromatography
(HPLC) assay (17). Samples, calibrators, or quality controls (100
�l) were mixed with acetonitrile (100 �l) and centrifuged at
12,000 � g for 5 min. The method was successfully validated, and
the results were linear, over the concentration range studied (5 to
250 �g/ml). The analytical results for the calibration standards
fulfilled all of the acceptance criteria. The PK parameter values for
a rat dosage of 45 mg/kg/day of daptomycin in sera and TCF were

as follows: peak concentrations, 118 and 41 mg/liter, respectively;
through concentrations, �5 and 17 mg/liter, respectively; and ar-
eas under the concentration-time curve from 0 h to infinity
(AUC0-�), 800 and 740 �g·h/ml, respectively, which were equiva-
lent to the values obtained with high doses of 8 to 10 mg/kg/day in
humans.

A total of 65 animals were used (130 tissue cages); as some
tissue cages were lost due to spontaneous shedding, 122 cages
remained at the beginning of the experiments (day 1), with no
significant differences between therapeutic groups. The decreases
in the bacterial counts from the TCF (days 8 and 11) and the
adherent bacterial counts from the CV are shown in Fig. 2. The
cure rates on day 11 for the TCF and CV groups were 10.5% and
36.8%, respectively, for cloxacillin-daptomycin and 10.5% and

FIG 2 Decreases in counts of bacteria recovered from TCF at day 8 and day 11 (A) and counts of bacteria recovered from CV at day 11 (B). Bacterial counts
are expressed in mean log numbers of CFU/ml (� standard deviation [SD]). �, therapeutic groups achieved higher efficacy than the control (P � 0.05);
#, therapeutic groups achieved greater efficacy than the control and monotherapies (P � 0.05); n, number of tissue cages; D8, day 8; D11, day 11; CV,
coverslips; CXA, cloxacillin; DAP, daptomycin; RIF, rifampin.
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26.3%, respectively, for cloxacillin-rifampin (no significant differ-
ences). There was no cure rate in any other group.

Resistant strains from TCF and CV were screened with agar
plates containing 1 �g/ml cloxacillin, rifampin, or daptomycin
(supplemented with 50 mg/liter calcium chloride dihydrate), as
described previously (10, 16); resistant strains were recovered to
determine MICs (11). Heteroresistance to daptomycin was stud-
ied by the screening of subpopulations able to grow in the pres-
ence of �0.5, 1, 2, and 4 mg/liter daptomycin in population anal-
ysis profiles (PAPs; determined as described previously) (16).
There was emergence of daptomycin and rifampin resistance only
when these therapies were used alone; combinations with cloxa-
cillin protected against the appearance of resistance (Table 2).

To our knowledge, there are no previous data regarding the
efficacy of daptomycin alone and in combination with cloxacillin
against FBI caused by MSSA. We confirmed that cloxacillin or
daptomycin monotherapies were less active than combinations.
The activity of cloxacillin alone against experimental FBI caused
by MSSA has previously been reported as moderate (10, 18). In
contrast, the little previous information on the anti-MSSA activity
of daptomycin is limited to the field of experimental endocarditis,
in which daptomycin was reported as highly efficacious, even
more so than nafcillin (19, 20). In the present work, we used a rat
dosage of daptomycin equivalent to high doses in humans (8 to 10
mg/kg/day), but its efficacy was slight and did not protect against
the emergence of resistance. In vivo development of daptomycin
resistance is currently a matter of concern, which has been widely
reported in the setting of MRSA infections, even with no exposi-
tion to antibiotics (21), but this result was also found in an exper-
imental model of endocarditis caused by MSSA (20, 22).

The benefits of the cloxacillin-daptomycin combination
against MRSA strains have been stressed either in terms of efficacy
(7, 8) or in terms of prevention of resistance (23); in fact, oxacillin
was the most effective antibiotic in preventing daptomycin resis-
tance over time in a recent in vitro study (23). Given the inherent
anti-MSSA killing by cloxacillin, this combination could provide
even higher efficacy in these infections. Our data showed that
cloxacillin-daptomycin therapy was as effective as the cloxacillin-
rifampin combination and had a safety profile of protection

against resistance; overall, these data supported the idea that this
combination may be considered an intravenous alternative anti-
MSSA treatment. Our study has the limitation of having used only
one MSSA strain, which was not isolated from a difficult-to-treat-
infection; thus, the generalization of these findings to routine clin-
ical practice should be made with caution.

In conclusion, cloxacillin and daptomycin alone showed lower
efficacy than the combined therapies against FBI caused by MSSA,
and daptomycin resistance emerged. The combination cloxacil-
lin-daptomycin at high doses proved as effective as the standard
reference of cloxacillin-rifampin treatment and prevented the ap-
pearance of resistance. Our results support the idea that the clox-
acillin-daptomycin combination can be considered an alternative
anti-MSSA therapy for FBI, which may offer greater benefits in the
early treatment of these infections.
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a  b  s  t r  a c  t

Whilst  levofloxacin  (LVX)  in combination  with  rifampicin  (RIF)  is  considered the  optimal treatment  for

prosthetic  joint infection  (PJI) caused  by meticillin-susceptible  Staphylococcus aureus (MSSA),  no thera-

peutic  alternatives  have  been  accurately  evaluated. Based on  the high effectiveness  of the combination

of  daptomycin  (DAP) plus  RIF  against  meticillin-resistant S.  aureus (MRSA)  in this setting,  in this study

the  efficacy  of  DAP+RIF  and DAP+LVX  combinations was tested as  alternative therapies  for foreign-body

infections  (FBIs) caused by MSSA. A tissue-cage  infection  model  was performed  using  an  MSSA  strain.

Male  Wistar  rats  were  treated  for 7 days  with  LVX,  DAP,  RIF or  the  combinations  LVX+RIF,  DAP+RIF

and  DAP+LVX.  Antibiotic  efficacy was evaluated  by bacterial counts  from  tissue cage  fluid  (TCF) and

the  cure rate  was determined from  adhered bacteria.  Resistance was  screened. Monotherapies  were

less  effective than combinations  (P  < 0.05), and  resistance to  DAP  and RIF  emerged. DAP+RIF (decrease

in  bacterial  counts  in  TCF,  −4.9  log  CFU/mL;  cure  rate, 92%)  was the most  effective  therapy  (P  < 0.05).

There  were no  differences  between  LVX+RIF (−3.4 log  CFU/mL; 11%) and DAP+LVX  (−3.3 log  CFU/mL;

47%).  No resistant  strains  appeared  with combined  therapies.  In conclusion, the combinations DAP+RIF

and  DAP+LVX showed  good  efficacy and  prevented resistance.  DAP+RIF  provided  higher  efficacy than

LVX+RIF.  These  DAP  combinations  were efficacious alternatives  therapies for MSSA  FBI. Further stud-

ies  should  confirm whether  DAP+RIF  may  be  useful  as  a  first-line therapy  in  the  setting  of PJI caused

by  MSSA.

© 2015  Elsevier  B.V. and  the International Society  of  Chemotherapy.  All rights reserved.

1. Introduction

The combination of levofloxacin (LVX) plus rifampicin (RIF)

is  considered the standard reference for oral treatment of acute

prosthetic joint infection (PJI) caused by  meticillin-susceptible

Staphylococcus aureus (MSSA) and managed with  debridement and

implant retention or with one-stage exchange [1,2].  The benefits

of early RIF administration in this setting are well documented,

and the fluoroquinolones have high synergistic efficacy and pro-

tect against the development of resistant strains [3–6].  However,

∗ Corresponding author. Tel.: +34 93 403 5805; fax: +34 93 260 7637.

E-mail address: celhaj@idibell.cat (C.  El  Haj).

despite optimal therapeutic management, some clinical and micro-

biological failures occur, especially when implant retention is

attempted [2,4].  Moreover, occasions arise when these drugs often

cannot be administered owing to intolerance or allergy, and no

adequately evaluated alternatives exist [7].

Daptomycin (DAP) has bactericidal activity against growing and

non-growing S. aureus and may  be suitable against bacteria embed-

ded within a biofilm [8,9]. In difficult-to-treat infections in  humans,

current recommendations encourage the use of DAP at high doses

(8–10 mg/kg/day) in combination with other antibiotics [10]. How-

ever, the  efficacy of such combined therapies has mainly been

studied against meticillin-resistant S. aureus (MRSA) strains but has

not fully explored in MSSA infection. This is the case for DAP+RIF

combination, which has been proposed as one of the most effective

http://dx.doi.org/10.1016/j.ijantimicag.2015.04.004

0924-8579/© 2015  Elsevier B.V. and the International Society of  Chemotherapy. All rights reserved.
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anti-MRSA treatments for PJI  based on results obtained in  exper-

imental models [11–13]. To  date, DAP as  anti-MSSA therapy can

only be expected to have similar efficacy to that for MRSA, but this

has not been confirmed or evaluated in comparison with other anti-

MSSA alternative therapies. With this in  mind, our group recently

evaluated the efficacy of a DAP  plus cloxacillin (CLOX) combina-

tion using a  rat tissue-cage infection model and found that it was

as effective as CLOX+RIF, which is  the most common intravenous

treatment used in the first weeks of PJI [14] caused by MSSA.

The rat tissue-cage infection model is a  validated method that

can provide relevant information about the pathogenesis and treat-

ment of foreign-body infections (FBIs) [15,16]. For  the present

study, this model was used with MSSA infection to test the  efficacy

of DAP+RIF and DAP+LVX combinations as alternative therapeutic

options when the reference LVX+RIF cannot be used.

2.  Materials and methods

2.1. Micro-organism

MSSA strain ATCC 29213 was used for all in  vitro  and in vivo

studies.

2.2. Antimicrobial agents

For in vitro experiments, purified antibiotic powder was  re-

suspended according to laboratory recommendations. Antibiotics

were purchased from the following laboratories: DAP (Novartis,

Barcelona, Spain); RIF (Sanofi-Aventis, Madrid, Spain); and LVX

(Sigma-Aldrich, Madrid, Spain). For in vivo experiments, the com-

mercial product was diluted to achieve a final volume suitable for

administration to rats.

2.3. In vitro studies

The medium broth was  supplemented with  50 mg/L calcium

chloride dihydrate (Merck KGaA, Darmstadt, Germany) for all

in vitro experiments with DAP.

2.3.1. Preparation of inocula

Bacteria from overnight cultures on 5% blood agar plates (Bec-

ton Dickinson, Madrid, Spain) were grown for  3 h  in  Muller–Hinton

broth (MHB) (Becton Dickinson). They were then centrifuged and

re-suspended to use in the MHB  macrodilution method with  a  final

inoculum of 105 CFU/mL under exponential growth conditions.

For experiments in stationary phase, bacteria recovered from

an overnight culture in  MHB  were centrifuged and re-suspended

in a nutrient-restricted medium [phosphate-buffered saline (PBS),

1% glucose (VWR Chemicals, Leuven, Belgium) and 4% MHB], thus

ensuring that bacteria remained stable for  up  to  24 h  under these

conditions. A macrodilution method with a  high inoculum of

108 CFU/mL was  used [15].

2.3.2. Minimum inhibitory and minimal bactericidal

concentrations

For bacteria in log  phase, the  minimum inhibitory concentration

(MIC) and minimum bactericidal concentration (MBC) were deter-

mined using standard recommendations [17]. MBCs for bacteria in

stationary phase were determined using methodology described

elsewhere [15,18]. In log phase, the  respective MICs and MBCs

were 0.5 mg/L and 1  mg/L  for DAP, 0.5 mg/L and 1 mg/L for LVX,

and 0.015 mg/L and 0.12 mg/L for RIF. The corresponding MBCs of

these antibiotics in stationary phase were 32, 4 and >8 mg/L.

2.3.3. 24-h kill curves

For the novel DAP+RIF and DAP+LVX combinations, kill curves

in log phase (using standard methodology) [19] and in stationary

phase (following previously reported methodology) [15] were per-

formed. The concentrations of antibiotics selected for kill curves

in log phase were pre-fixed at  subinhibitory and clinically achiev-

able levels that were above the MIC. Owing to  bacterial tolerance

to  antibiotics expressed in  stationary phase, drug concentrations

tested were higher than in log phase.

For  all experiments, bactericidal activity was defined as a

≥3 log10 decrease in  CFU/mL of  the initial inoculum by 24 h. The

results of combination therapy were compared with the most

active single drug; synergy, indifference and antagonism were then

defined as  a ≥2  log increase in killing, a <2 log change (increase or

decrease) in killing, and a ≥2 log decrease in killing, respectively.

To avoid carry-over antimicrobial agent interference, the sample

was placed on the  plate in a single streak down the centre and

was allowed to be absorbed into the agar until the plate surface

appeared dry; the inoculum was then spread over the plate. As

described in detail elsewhere [20], this methodology was  checked

by comparing the results obtained with the centrifugation and re-

suspension of  the fluid from tubes of killing curves.

2.4. Animal studies

2.4.1. Animal model

The experimental protocol complied with European (Direc-

tive 2010/63/EU) and Spanish (RD 53/2013) legislation on animal

experimentation, and the Ethics Committee for Animal Experi-

ments of the University of Barcelona (Barcelona, Spain) approved

the animal model that had previously been standardised by

our group [14,15].  Male Wistar rats weighing 220–250 g at the

beginning of  the experiments were used. Rats were given food

and water ad libitum. Two  tissue cages with two polymethyl-

methacrylate coverslips (CVs) (Mecanizados del Besós, Badalona,

Spain) were subcutaneously implanted in rats that were previ-

ously anaesthetised with an intraperitoneal injection of ketamine

(Centauro Servicios Veterinarios, Barcelona, Spain) plus  xylazine

(Laboratorios Calier S.A., Barcelona, Spain). After 3  weeks of

surgery, tissue cage fluid (TCF) was checked for sterility and was

then percutaneously infected with 0.1 mL of an MSSA prepara-

tion (0.2–2 ×  106 CFU/mL). One week after inoculation, TCF was

obtained by percutaneous puncture to quantify bacterial counts

(Day 1).  Therapy was then administered intraperitoneally for 7

days. At 24 h and 4  days after the end  of treatment (Days 8

and 11, respectively), TCF was again recovered to  perform bac-

terial counts. To obtain samples during the experiment, rats

were anaesthetised with isoflurane (Abbvie Farmaceutica S.L.U.,

Madrid, Spain). All animal subjects were sacrificed on  Day 11 by

cardiac puncture of thiopental. CVs were then removed and pro-

cessed to quantify adherent bacteria and the infection cure rate

[15].

In  fact, the tissue-cage infection model mimics a biofilm infec-

tion and allows analysis of the bacterial population attached to the

CV and those released from the  biofilm, which are located in the

TCF  and are  also tolerant to  antibiotics [21].

The criterion for efficacy was defined as a decreased bacterial

count in  TCF  from the beginning to the end of the treatment; the

criterion was  evaluated twice, on Days 8  and 11. Antibiotic efficacy

against adherent bacteria from the CV removed on Day 11 was also

evaluated by determining bacterial counts. Finally, the infection

cure rate was calculated from the  TCF and CV on Day 11 and was

defined as  the  percentage of samples with bacterial counts under

the limit of detection with respect to the total samples. For all cases,

the lower limit of detection of bacterial counts was 10 CFU/mL.
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2.4.2. Processing tissue cage fluid and coverslips

All of these schedules were performed according to  previous

reports, being harmless to  bacteria [15,21].

TCF samples were sonicated (150 W for 1 min) to disrupt bacte-

rial clumps. A sample of 100 �L of sonicated fluid and their 10-fold

dilutions was plated on a  trypticase soy agar plate  with 5% sheep

blood (Becton Dickinson) for 48 h at 37 ◦C to  record bacterial counts

as log CFU/mL. CVs from each tissue cage were removed and rinsed

three times in 1 mL of PBS. Bacteria were then removed from CVs

by sonication in PBS and incubation in trypsin for 20 min at 37 ◦C.

Finally, the remaining PBS was sonicated to recover adherent bacte-

ria, with the final fluid being used to quantify bacterial counts and

to screen resistant strains [15].

2.5. Pharmacokinetic studies and therapeutic groups

The methodology used for  the pharmacokinetic studies has been

described in detail elsewhere [15]. Based on previous reports, the

antibiotic dose that achieved pharmacodynamic parameters in  TCF

comparable with those in human serum was used [22].

A bioassay method was used to  determine LVX and RIF concen-

trations [23], with Escherichia coli ATCC 35218 and Staphylococcus

epidermis ATCC 27626 as the  respective assay organisms. For DAP,

a high-performance liquid chromatography (HPLC) assay was used

[14].

The main pharmacokinetic and pharmacodynamic parameters

of the selected antibiotic dosages in  rats were previously reported

(LVX 100 mg/kg/24 h, RIF 25  mg/kg/12 h and DAP 45 mg/kg/day)

[14,15,24]. In brief, the  maximum concentration (CmaxCC ) of drugs in

serum and TCF were as  follows: 38.7  mg/L and 12.2 mg/L, respec-

tively, for LVX; 24 mg/L and 6.6 mg/L for RIF; and 118 mg/L and

41 mg/L for DAP. The AUC0–24h (area under the concentration–time

curve over 24 h) values for the drugs in serum and TCF were as

follows: 106 mg h/L and 117.36 mg h/L for LVX; 277.6 mg  h/L  and

304 mg h/L for RIF; and 800 mg  h/L and 740 mg  h/L for DAP.

All antibiotics were administered intraperitoneally, and the rats

were divided into therapeutic groups as follows: LVX, equivalent to

750–1000 mg/day in  humans; DAP, equivalent to 8–10 mg/kg/day;

RIF, equivalent to 600–900 mg/day; LVX+RIF combination; DAP+RIF

combination; and DAP+LVX combination. Controls received saline

solution.

2.6. Resistance studies

Resistant strains from the TCF at Days 8 and 11, and from the

CV at Day 11, were screened with agar plates containing 1 mg/L of

either LVX, RIF or DAP. Plates containing DAP  were supplemented

with 50 mg/L calcium. In all cases, a  100 �L sample of TCF or CV fluid

was inoculated onto the agar plates and the plates were incubated

at 37 ◦C for 48 h. Results were interpreted as positive (some macro-

scopic growth) or negative (no growth). Resistant strains obtained

from screening agar plates were recovered to determine their MICs

using methodology described elsewhere [17].

2.7. Statistical analysis

All bacterial counts are presented as log CFU/mL

[mean ± standard deviation (S.D.)]. Differences in  bacterial

counts between treated and untreated animals were evaluated

for statistical significance by analysis of variance (ANOVA). An

unpaired Student’s t-test with Bonferroni correction was  used to

determine statistical significance. For all tests, differences were

considered statistically significant when P-values were <0.05.

Fig. 1. Time–kill curves in  log phase with standard inocula (105 CFU/mL). Activity

of  (A) daptomycin (DAP), rifampicin (RIF), their combination and a control; and (B)

levofloxacin (LVX), DAP, their combination and a  control. Concentrations are in mg/L.

3. Results

3.1. 24-h kill curves of  daptomycin combinations

Most representative results in log and stationary phase for the

kill curves are shown in  Figs. 1 and 2, respectively. Addition of  RIF

to  DAP in log phase with standard inocula delayed (but did not

antagonise) killing by DAP. In stationary phase, 8 mg/L RIF had a

bactericidal effect when combined with DAP at 8  mg/L (16×  MIC).

In  log phase with standard inocula, addition of LVX (1×  MIC) to DAP

(0.25× MIC) resulted in synergism and bactericidal killing. In sta-

tionary phase, a slight improvement of DAP activity was  observed

with DAP+LVX combination, but the effect was strictly indifferent.

Results of 24-h kill curves for LVX alone and in combination

with RIF against MSSA ATCC 29213 strain have  been previously

published by our group [24].

3.2. Animal studies

In  total, 85  animals (170 tissue cages) were used; however, some

tissue cages were lost due to  spontaneous shedding, leaving 161

cages for experimentation. There were no significant differences

between the  groups on Day 1 (beginning of treatment). Mean ± S.D.

bacterial counts were as follows: 6.21 ±  0.43 log CFU/mL for DAP

(n = 25 tissue cages); 6.37 ± 0.62 log CFU/mL for  LVX (n  = 21);
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Fig. 2. Time–kill curves in stationary phase with  daptomycin (DAP) alone and  in

combination with rifampicin (RIF) and levofloxacin (LVX). Activities of (A) DAP at

32  mg/L and 8 mg/L, and DAP 8  mg/L+RIF 8 mg/L; and (B) DAP at 32 mg/L and 16 mg/L,

and  DAP 16 mg/L+LVX 2 mg/L.

6.29 ± 0.5 log CFU/mL for RIF (n  = 22); 6.5 ± 0.75 log CFU/mL

for DAP+RIF (n  =  26); 5.94 ± 0.52 log CFU/mL for DAP+LVX

(n = 20); 6.43 ± 0.88 log CFU/mL for LVX+RIF (n  = 21); and

6.31 ± 0.72 log CFU/mL for  controls (n  = 26).

Decreases in  bacterial counts from TCF at  Days 8  and 11 and

the results of antimicrobial efficacy against bacteria obtained from

the CVs are presented in Fig. 3.  At Day 8,  all therapies proved more

effective than the control, except RIF (P  < 0.05). All monotherapies

were less effective than combined therapies in  decreasing TCF bac-

terial counts (at Days 8 and 11) and in eradicating adherent bacteria

from the CV. Among the monotherapies, LVX achieved the highest

efficacy (P < 0.05) and  no resistant strains appeared. Regarding com-

bined therapies, DAP+RIF was most effective (P <  0.05) (decrease in

bacterial counts in TCF, −4.9 log CFU/mL), and there were no signifi-

cant differences between LVX+RIF (−3.4 log CFU/mL) and DAP+LVX

(−3.3 log CFU/mL) combinations.

Combinations with LVX did not show significant differences in

the adherent bacterial counts from the CV, although the DAP+LVX

combination showed the lowest adherent bacterial counts of  those

combinations. DAP+RIF performed better than all other therapies,

showing CV bacterial counts that were below the limit of detection.

At Day 8, acceptable TCF cure rates were only observed for  the

DAP+RIF group (32%), whereas at Day 11 they were 44% for DAP+RIF

(P < 0.05 versus the remaining groups), 6% for LVX+RIF and 6% for

DAP+LVX. The CV cure rates at  Day 11 are presented in  Fig.  4.  In this

case, DAP+RIF was  the most effective treatment (cure rate, 92%),

followed by DAP+LVX (47%), LVX+RIF (11%) and LVX  (6%) (P < 0.05).

There was no cure rate in any other group.

Resistant strains emerged when using DAP (35%) and RIF (88%),

but not with LVX. However, combination therapies protected

against the appearance of either DAP or  RIF resistance. DAP-

resistant strains had MICs of  2–3  mg/L and RIF-resistant strains

showed MICs of 2–4 mg/L.

4. Discussion

The present experimental work demonstrates that DAP+RIF and

DAP+LVX combinations have efficacy as  potential alternatives in

the treatment of MSSA FBI.

LVX (at high doses of 750–1000 mg/day) plus RIF is currently

considered the optimal treatment for acute  MSSA PJI; its efficacy

has been previously described by our own  and other groups against

experimental staphylococcal FBI [13,15,24–26].  However, alterna-

tive therapies have insufficient evidence to support their use in

cases where clinical failure occurs or these drugs cannot be admin-

istered due to intolerance, allergy or pharmacokinetic interactions

[1,2,4]. Previous works studying DAP had proven experimental

and clinical efficacy in the setting of MRSA FBI and, thus, the

DAP+RIF combination is  postulated to  be one  of the  most effective

treatments of  PJI caused by MRSA [1,9,11–13]. Whilst it has been

hypothesised that similar effectiveness may  be assumed for MSSA

infections, to our knowledge this has not been widely explored or

compared with other anti-MSSA therapies.

These in vitro results showed that addition of RIF to DAP delayed,

but did not antagonise, the bactericidal activity of DAP in log phase.

In  contrast, this addition improved the efficacy of  DAP alone in sta-

tionary phase. These results are comparable with those observed

with  MRSA [12,13,27] and suggest similar benefits of this combi-

nation also against  MSSA strains, in particular against non-growing

bacteria.

In the present work using an  MSSA strain, high-dose DAP (equiv-

alent to 8–10 mg/kg/day in humans) with RIF achieved significantly

higher efficacy in  eradicating bacteria than the  recommended anti-

MSSA treatment of LVX+RIF. These results were surprising but are

consistent with previous reports of high-dose DAP used against

MRSA FBI and also with their  in vitro results in stationary phase,

which are  reported to  correlate better with in vivo efficacy against

FBI [11–13,15]. Overall, the results of the current study support

the benefits of this combination therapy against staphylococcal

FBI, independent of meticillin susceptibility, and should encourage

further animal and clinical studies to confirm these results.

The efficacies of RIF combinations with  LVX or DAP (equiva-

lent to 6 mg/kg/day in humans, AUC0–24h = 548 mg  h/L) have  been

previously compared exclusively in  the work by John et al., which

used a tissue-cage infection model caused by a single MRSA strain

[13]. In their work, the authors showed that both therapies were

effective, with a slight but non-significantly higher efficacy of

DAP+RIF against adherent bacteria (cure rate 67% for  DAP+RIF vs.

58% for LVX+RIF). These results might suggest an improvement

of the  efficacy of DAP combination based on its concentration-

dependent activity and thus the  authors highlighted the need to
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Fig. 3.  (A) Decrease in bacterial counts from tissue cage fluid (TCF) at Days 8  and 11 and (B)  bacterial counts recovered from coverslips (CVs) at  Day 11. Bacterial counts are

expressed as the  mean ± standard deviation log CFU/mL. *Therapeutic groups performed significantly better than controls and the  RIF  group in TCF at Days 8  and  day 11  and

from the CVs (P < 0.05). **Therapeutic groups were better than controls and  monotherapies (P  < 0.05); there were no differences between DAP+LVX and  LVX+RIF combinations.

***The  DAP+RIF combination was the  most effective of all  the therapies tested (P  < 0.05). #Among the monotherapies, LVX achieved the highest efficacy (P < 0.05). n, number

of  tissue cages; DAP, daptomycin; LVX, levofloxacin; RIF, rifampicin.

study higher dosages of DAP [1,10]. Interestingly, the results of

the current study using DAP at a human dosage equivalent of

8–10 mg/kg/day (AUC0–24h = 800 mg  h/L) showed that the DAP+RIF

combination was the  most effective anti-MSSA treatment and that

it protected against the emergence of  resistance. By contrast, high

doses of DAP alone showed little effect and did not protect against

resistance. These results are  in line  with the risk for emergence

of DAP-resistant strains when using it alone even at high doses

[28]. In fact, the present results support the current recommenda-

tions for using DAP in combination against severe staphylococcal

infections, which should include those caused by MSSA strains

[10,29,30].

Indeed, the antistaphylococcal activity of  the DAP+LVX com-

bination has not been studied previously. The current in vitro

results showed that the combination achieved synergistic and

bactericidal effects in log phase and a trend to  improve slightly the

DAP activity in stationary phase. In vivo, this combination was as

effective as the  reference LVX+RIF therapy, improved the efficacy

of LVX alone, and  prevented the emergence of DAP resistance. Of

interest, this combination allows the use of antibiotics with proven

efficacy against biofilms and it may  be  suitable for  scenarios when

RIF cannot be used.

This study is  limited by the use of one  MSSA strain; thus, caution

must be used when generalising these findings to  routine clini-

cal practice. However, the agreement of  these results with  those

obtained by our group and others regarding the efficacy against

experimental MRSA FBI strengthen its validity.

In conclusion, the DAP+RIF and DAP+LVX combinations showed

good in  vitro and in vivo efficacy and prevented the emergence

of resistance to  RIF and DAP in a  tissue-cage model with MSSA

infection. Both combinations represent potential alternatives for

the treatment of PJI caused by  MSSA. DAP+RIF was  the most effec-

tive combination, providing higher efficacy than LVX+RIF. If  these

results are confirmed in further experimental and clinical stud-

ies, the DAP+RIF combination may be useful as a first-line therapy

against MSSA PJI. Furthermore, the DAP+LVX combination showed

similar efficacy to LVX+RIF and could be an effective alternative

when RIF is unsuitable.
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Fig. 4. Infection cure rate for  therapeutic combinations and LVX from  the coverslip (CV) at  Day 11. *Combined therapies were better than the  LVX group (P  < 0.05). **DAP

combinations were better than LVX and LVX+RIF (P < 0.05). ***The DAP+RIF combination was the most effective treatment in eradicating adherent bacteria from the CV of all

therapies (P <  0.05). DAP, daptomycin; LVX,  levofloxacin; RIF,  rifampicin.
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and daptomycin + clarithromycin had similar effec-

tiveness; the combination protected against the appear-

ance of daptomycin resistance only in one MRSA strain.

Using a staphylococcal foreign-body infection model, we

observed a slight effect with the addition of clarithromy-

cin to daptomycin, which resulted in protection against 

the appearance of daptomycin-resistant strains. However,

efficacy was not improved. Overall, our findings do not 

support a relevant clinical role for macrolides in treating

device-related staphylococcal infections based on their 

anti-biofilm effect.

Keywords Foreign-body infection · S. aureus ·

Clarithromycin · Biofilm

Introduction

The management of prosthetic joint infections (PJI) is

hindered by the presence of bacteria in stationary phase

and biofilms, where they may evade the immune response

and withstand antimicrobial therapy [1]. In acute PJIs, a 

clinical cure can be achieved in many cases with antibi-

otic therapy, surgical debridement and implant retention, 

but ensuring complete bacterial eradication remains a 

real challenge for clinicians. Staphylococcus aureus is 

one of the main micro-organisms causing acute PJI, and 

the clinical failure rate can be high, despite the optimiza-

tion of antimicrobial therapies using antibiotics with high 

activity against adherent and biofilm-embedded bacteria 

[2, 3].

In response to these difficulties, other therapeutic 

approaches to bacterial biofilms are being investigated [4,

5], often in combination with antimicrobial therapy. Among

these options, the effects of macrolides (beyond their 

Abstract Using a tissue cage infection rat model, we 

test the anti-biofilm effect of clarithromycin on the effi-

cacy of daptomycin and a daptomycin + rifampicin com-

bination against methicillin-susceptible (MSSA) and

methicillin-resistant Staphylococcus aureus (MRSA).

In vitro: kill curves, daptomycin exposure studies and 

clarithromycin activity against biofilm were studied. 

In vivo: the efficacies of clarithromycin, daptomycin or 

daptomycin + clarithromycin, daptomycin + rifampicin 

and daptomycin + rifampicin + clarithromycin combina-

tions were evaluated. In vitro: the addition of clarithro-

mycin to daptomycin improved its activity only against 

one MRSA strain. Changes in daptomycin MIC values

appeared more quickly in MSSA than in MRSA strain,

and this was not modified by clarithromycin. Clarithro-

mycin prevented biofilm formation but did not eradi-

cate it. In vivo: the daptomycin + rifampicin combi-

nation was the most effective treatment and was not 

improved by the addition of clarithromycin. Daptomycin
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antibacterial activity) have been evaluated, and an anti-

biofilm effect of these agents has been postulated, in par-

ticular against Gram-negative bacilli such as Pseudomonas 

aeruginosa [6–9]. It is not clear whether they have a simi-

lar anti-biofilm activity against Gram-positive infections. 

An anti-biofilm effect of clarithromycin (CLR) against S. 

aureus has been observed in some experimental studies, but 

these results have not always been replicated in other stud-

ies and they remain controversial [10–12].

The tissue cage infection model is a validated method

that has provided relevant information on the pathogen-

esis and treatment of foreign-body infection. It mimics 

the characteristics of PJI particularly well [13–15]. In the

present study, we used this model to test the anti-biofilm

effect of CLR against methicillin-susceptible (MSSA) and 

methicillin-resistant S. aureus (MRSA) infections, using 

clarithromycin-resistant strains so as to avoid the anti-

bacterial activity of the antibiotic and to search for possi-

ble additional effects. We aimed to determine the possible 

additional contribution of this effect to the antimicrobial 

efficacy provided by daptomycin (DAP) and a DAP plus 

rifampicin (RIF) combination, which in previous work by 

our group were found to be the most effective anti-staphy-

lococcal biofilm therapies [16, 17].

Materials and methods

Micro-organisms and MIC values

Two MRSA (BAA-39, from the referral collection ATCC 

and HUB1, a clinical isolate from osteoarticular infec-

tion) and two MSSA (HUB2 and HUB3 from two cases

of bacteremic osteoarticular infections) strains were used 

for in vitro studies. Two of these strains (MRSA BAA-39 

and HUB2) were selected for in vivo studies. The MIC val-

ues of DAP, RIF and CLR for MSSA and MRSA strains 

were determined following the standard recommendations

[18, 19]. The MICs for MSSA strains were 0.5, 0.015 and 

>256 mg/l (HUB2) and 0.25, 0.007 and >256 mg/l (HUB3). 

For MRSA strains the MICs were 1, 0.03 and >256 mg/l

(BAA-39) and 1, 0.012 and >256 mg/l (HUB1).

Antimicrobial agents

For the in vitro experiments, the purified powder of the

antibiotic was resuspended according to laboratory recom-

mendations. For the in vivo experiments, the commercial 

products were diluted to achieve a final volume suitable for 

administration. Antibiotics were purchased from the man-

ufacturers’ laboratories: DAP from Novartis (Barcelona, 

Spain), RIF from Sanofi–Aventis (Madrid, Spain) and CLR 

from Abbott Laboratories (Madrid, Spain),

In vitro studies

In all experiments with DAP, the medium was supple-

mented with 50 mg/L of calcium chloride dihydrate (Merck 

KGaA, Darmstadt, Germany).

Growth rate and generation time

To compare the growth of strains, a standard inoculum 

containing 105 CFU/ml was incubated in Mueller–Hinton

Broth (MHB) and agitated on a gyratory shaker at 37 °C 

for 24 h. Samples were recovered at several time points to 

calculate bacterial counts.

The generation time (g) was calculated according to the 

following equation:

 where μ is the growth rate.

where N is the number of bacteria at timeN t, and N0NN  is the

number of bacteria at time t0tt .

24-h kill curves

We used the standard method for kill curves in the log 

phase [20], and in the stationary phase we used a method 

which was previously reported in detail and has proved 

suitable for correlating the efficacies of antibiotics in the

tissue cage infection model [13, 14]. Due to the bacte-

rial tolerance to antibiotics expressed in the stationary

phase, the drug concentrations tested were higher than in 

the log phase. In the case of CLR, the concentration used

was 2 mg/L, which is equivalent to peak levels achieved

in human serum and in the tissue cage fluid (TCF) [21]. In

all the experiments, bactericidal activity was defined as a

≥3 log 10 decrease in the initial inoculum in CFU/ml at 

24 h. The results of the drug combination were compared 

with the most active single drug; synergy, indifference and

antagonism were then defined as a ≥2 log increase in kill-

ing, <2 log change (increase or decrease) in killing and

≥2 log decrease in killing, respectively.

Assessment of the effect of clarithromycin against biofilms

Biofilm culture conditions mainly followed the meth-

odology previously described [22]. In brief, biofilms

were obtained after 24 h of incubation at 37 °C in MHB 

supplemented with 0.25 % glucose in 24-well plates

(Thermo Fisher Scientific, Madrid, Spain) with a total

volume of 400 μl of medium per well and a starting

inoculum of 107 CFU/ml (optical density at 620 nm

[OD620] of 0.01). Biofilm production was evaluated 

g = Ln 2/μ

μ = Ln N−Ln N0/t − t0
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by measuring the absorbance of crystal violet. At the 

end of the incubation period, the medium was removed 

and wells were washed twice; then, biofilms were fixed 

with methanol. Next, the methanol was removed, wells 

were air-dried for 30 min–1 h and stained for 15 min

with a 0.2 % (wt/vol) crystal violet solution prepared

in 20 % ethanol. Then, the excess of crystal violet was 

removed with water and the biofilm was resolubilized 

by the addition of glacial acetic acid (33 %, vol/vol) and

incubated at room temperature for 1 h. Crystal violet 

absorbance was measured at 570 nm using a microplate

spectrophotometer.

To assess the effect of clarithromycin on biofilm forma-

tion, several concentrations of clarithromycin were added 

at the beginning of the process and maintained for 24 h.

The anti-biofilm activity of clarithromycin was also 

evaluated against 24-h mature biofilms. At the end of 

incubation period, the growth medium was removed and

replaced by fresh MHB supplemented with 0.25 % glu-

cose containing increasing concentrations of clarithromy-

cin (2, 16, 32, 64 and 128 mg/l) and reincubated for 24 h

at 37 °C.

Additional in vitro studies of the strains used in vivo

Two of the four strains were selected for in vivo studies: 

MRSA BAA-39 and MSSA HUB2. Additional in vitro 

studies were performed to evaluate the population profiles 

and the emergence of DAP resistance in the two strains.

Population analysis profiles

Heteroresistance to DAP in the initial strains was studied

by the screening of subpopulations able to grow in the pres-

ence of ≥0.5, 1, 2, and 4 mg/l of DAP, applying the method

previously reported [23, 24].

DAP exposure experiments

These experiments followed a methodology previously

described in detail [25]. In brief, original DAP-suscepti-

ble strains (at 108 CFU/ml) were grown in triplicate and

exposed to increasing DAP concentrations for 7 days. 

Bacteria were resuspended in MHB containing ¼ × MIC 

of DAP and incubated overnight. Cultures with visual 

growth at 24 h were collected and diluted 1:100 in MHB 

containing a twofold incremented concentration of DAP 

(from ¼ × MIC to 4 × MIC). The strains recovered from 

each passage were screened for MIC values of DAP. These 

experiments were also performed with the media contain-

ing a consistent concentration of CLR (50 mg/l; 20 % of 

MIC value) in combination with DAP.

Animal studies

The experimental protocol complied with European (Direc-

tive 2010/63/EU) and Spanish (Real Decreto 53/2013) leg-

islation on animal experimentation and was approved by the 

Ethics Committee for Animal Experiments at the University

of Barcelona. The method used for both MSSA and MRSA

infections was described in our earlier studies [13, 16, 17].

Briefly, two Teflon tissue cages, each with two polymeth-

ylmethacrylate coverslips inside (CV), were subcutaneously 

implanted in Wistar rats. After 3 weeks, the tissue cage

fluid (TCF) was checked for sterility and was infected with

0.1 ml of an MRSA or MSSA preparation (0.2–2 × 106

CFU/ml). Three days later, on designated day 1, TCF was

obtained in order to quantify bacterial counts. Therapy was

then started and administered intraperitoneally for 7 days.r

One and four days after the end of treatment (days 8 and 11, 

respectively), TCF was again recovered in order to quantify

bacterial counts. Animals were sacrificed on day 11 and CV

were removed and processed, as described previously [13],

in order to quantify adherent bacteria.

The criterion of efficacy was defined as a decrease in bacte-

rial counts in the TCF between the beginning and end of the 

treatment, evaluated on days 8 and 11, and in the adherent 

bacterial counts from the CV. Finally, the cure rate of infection 

from the CV was calculated on day 11; it was defined as the d

percentage of samples with bacterial counts below the limit of tt

detection compared to the total samples. In all cases, the lower 

limit of detection of bacterial counts was 10 CFU/ml.

Pharmacokinetic studies and therapeutic groups

All the methodology used has been described in detail else-

where [13]. We used the dose of antibiotic that achieved 

pharmacodynamic parameters in the TCF close to those in

human serum [26]. The main pharmacokinetic–pharmaco-

dynamic parameters of the selected antibiotic dosages in

rats have been reported elsewhere: DAP, 45 mg/kg/day and

RIF, 25 mg/kg/12 h (equivalent to doses of 8–10 mg/kg/day

and 600–900 mg/day in humans, respectively) [17].

In the case of CLR, pharmacokinetic studies were

performed with two different concentrations (100 and 

150 mg/kg/day) to select the one that was equivalent to 

the human dose of 500 mg/12 h (AUC0–24: 37.8 mg h/l). 

As the 150 mg/kg/day dose was not well tolerated by ani-

mals (which presented prostration and less reactivity); 

the 100 mg/kg/day was used. The main pharmacokinetic 

parameters in serum and TCF were: peak concentration 

17.26 and 2.38 mg/l, respectively; and AUC0–24 84.41 and 

33.53 mg h/l, respectively.

Therapeutic groups were DAP, RIF, CLR, DAP + RIF, 

DAP + CLR, and DAP + RIF + CLR.
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Resistance studies

Resistant strains from the TCF at day 8 and day 11 and 

from CV at day 11 were screened using agar plates con-

taining 1 mg/l of DAP and RIF. The plates containing DAP

were supplemented with calcium (50 mg/l). The results 

were interpreted as positive (some macroscopic growth)

or negative (no growth). Resistant strains obtained from

screening agar plates were recovered to determine MICs 

[18]. In addition, heteroresistance to DAP from bacteria 

recovered in vivo was studied following the methodology 

described above.

Statistical methods

Data were analysed using SPSS (Statistical Package for 

the Social Sciences) software (version 20.0). Regarding 

in vitro studies, statistical analyses to evaluate differences 

between growth rates were performed using the non-para-

metric Mann–Whitney U test. The activity of clarithromy-U

cin against biofilms was compared using the Χ2
ΧΧ  test.

In animal studies: all bacteria counts are presented as log

CFU/ml (mean ± standard deviation [SD]). Differences in 

bacterial counts between groups were evaluated by analysis

of variance with Bonferroni’s post hoc test. Comparisons 

between groups for percentages of antibiotic resistance and

cure rates were performed by χ2.

For all tests, differences were considered to be statisti-

cally significant when P values were <0.05.

Results

In vitro studies

Bacterial growth, DAP population analysis and DAP 

exposure studies

The MSSA strains grew faster than the MRSA strains,

especially during the first 120 min. Therefore, generation 

times were significantly lower in MSSA strains (g = 43.3 

and 28.9 min for HUB2 and HUB3, respectively) than in

MRSA strains (69.3 and 77 min for BAA-39 and HUB1, 

respectively) (P = 0.03, Fig. 1).

24-hkill curves

• MRSA strains: in the BAA-39 strain the addition of 

CLR (at 2 mg/l) to DAP improved its activity in all

phases. In the log phase with standard and high inocula, 

DAP achieved bactericidal activity at concentrations of 

2× and 16 × MIC in combination with CLR, respec-

tively. In the stationary phase (Fig. 2), the combination 

was bactericidal at a DAP concentration of 16xMIC. 

The addition of CLR to the DAP + RIF combination 

did not provide additional effects in any phase.

• In the clinical MRSA isolate (HUB1) CLR did not 

improve DAP or DAP + RIF activity in any phase.

Fig. 1 Growth curves of MRSA and MSSA during the first 480 min

with initial inocula of 105 cfu/ml. The means and standard deviations

of experiments performed in triplicates of the MRSA strains (trian-

gles) and the MSSA strains (squares) are presented. CFU colonyU

forming unit. *Significant differences in generation times between 

MRSA and MSSA strains (P < 0.05)

Fig. 2 24-h kill curve in stationary phase of MRSA. Activities of 

daptomycin (filled squares(( ), daptomycin plus clarithromycin (cross),

daptomycin plus rifampicin (filled rhombus(( ), daptomycin plus

rifampicin plus clarithromycin (filled triangle(( ) and control (filled cir-((

cle). The means and standard deviations of determinations in tripli-

cates are shown. CFU colony forming unit, U DAP daptomycin, CLR

clarithromycin, RIF rifampicinF
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• MSSA strains: the effect of CLR was indifferent in the 

DAP + CLR and in the DAP + RIF + CLR combina-

tion in all phases.

Effect of clarithromycin against biofilms

Clarithromycin prevented biofilm formation of MSSA

(HUB2 and HUB3 strains) at concentrations of 32 and 

64 mg/l, respectively (P < 0.05 vs. control), whereas in

MRSA (BAA-39 and HUB1 strains), biofilm formation

was prevented at CLR concentrations of 64 and 128 mg/l, 

respectively (P < 0.05 vs. control). Lower concentrations 

produced less relevant effects or were ineffective (Fig. 3).

The activity of CLR against 24-h mature biofilm was 

very limited; only high concentrations of CLR (128 mg/l)

were able to produce a slight decrease in the MSSA and 

MRSA biofilms (less than 10 % with respect to controls,

P ≥ 0.1).

Additional in vitro studies of the strains used in vivo

No DAP-heteroresistance among MSSA (HUB2) and 

MRSA (BAA-39) strains was identified.

The DAP-susceptible strains were exposed to increas-

ing concentrations of DAP over 7 days. We observed that 

changes in MIC values appeared faster in MSSA than in 

MRSA (with exposure to ½ × MIC and 1 × MIC, respec-

tively), but resistant strains emerged in both cases with

exposure to 1 × MIC. The addition of CLR to DAP did 

not modify either the appearance of MIC changes or DAP-

resistant strains. The DAP-resistant strains presented no

changes in MICs values of CLR.

Animal studies

Bacterial counts (mean of log CFU/ml ± SD) at the begin-

ning of treatment (day 1) were significantly higher in MSSA 

than in MRSA groups (6.58 ± 0.6 vs. 6.15 ± 0.8; P < 0.05),P

but there were no differences between therapeutic groups

among the same strain (Table 1). Thus, the analysis of antibi-

otic efficacy was not compared between MSSA and MRSA.

In all cases, the control group and CLR therapy were 

ineffective. Decreases in bacterial counts from TCF and in

adherent bacterial counts from CV are presented in Table 1.

Against the MRSA strain, we found no differences 

between the DAP and DAP + CLR combination in

decreasing bacterial counts from TCF and in eradicating

adherent bacteria from CV. Interestingly, DAP-resistant 

strains appeared in all cases with DAP alone, but the com-

bination DAP + CLR prevented their emergence (Fig. 4a).

The DAP + RIF and the DAP + RIF + CLR combina-

tions were the most effective treatment against bacteria

from TCF and bacteria adherent to CV, with no differences

between them. The CV cure rate at day 11 was 71 and 83 % 

for DAP + RIF and DAP + RIF + CLR, respectively, and 

5 and 0 % for DAP + CLR and DAP alone (P < 0.05).

In the case of the MSSA strain, DAP alone and the 

DAP + CLR combination had a similar efficacy against 

bacteria from TCF and those adherent to CV. The addi-

tion of CLR to DAP protected against the emergence of 

DAP resistance at day 8 but not at day 11 (Fig. 4b). The

DAP + RIF and DAP + RIF + CLR were again the

most effective treatments, with no significant differences

between them. The CV cure rates were only 24 % for the 

DAP + RIF and 22 % for DAP + RIF + CLR combination.

Fig. 3 Effect of clarithro-

mycin against biofilm forma-

tion. Effects on biofilm mass

(percentage of absorbance value 

with respect to that of control 

percentage = 100 % − for 

MRSA and MSSA strains) after 

24-h incubation with increasing 

concentrations of clarithromy-

cin. The means ± standard devi-

ations of experiments performed

in quadruplicates. *P < 0.05 

versus controls
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Discussion

The present study focuses on the potential anti-biofilm

effect of CLR against foreign-body infection caused by S. 

aureus in an experimental rat model. This model mimics

reasonably well the conditions of human PJIs.

There were two main motivations for the study. First, it 

is extremely difficult to ensure complete eradication of for-

eign-body infection in the presence of medical devices (i.e. 

acute PJI), even when the most effective antibiotic combi-

nation against biofilm-related infections is used [2, 3]. Sec-

ond, it is essential to search for other anti-biofilm therapies

that would improve the antimicrobial effect of antibiotics 

[5]. In this context, macrolides have demonstrated an anti-

biofilm effect which is independent of their antimicrobial 

activity, and which has been investigated mostly in Gram-

negative bacilli infections [6, 7]. Therefore, in the present 

study we used two CLR-resistant S. aureus strains (one 

MSSA and one MRSA), so as to avoid the drug’s antibacte-

rial activity and also to look for additional effects.

Regarding the results of the in vitro kill curves, the addi-

tion of CLR exerted some unexpected microbiological 

effects. Specifically, the presence of CLR effected a slight 

increase in bactericidal activity of DAP against one MRSA

strain in the logarithmic and stationary phases. In contrast, 

this effect was not shown against the MSSA strains or 

the other MRSA strain. In a previous study using a CLR-

resistant MRSA strain, Berti et al. [25] demonstrated a

microbiological effect by observing that the addition of CLR

at 1/2 × MIC concentrations led to culture sterilization.

Specific evaluation of the in vitro anti-biofilm activity

of CLR indicated moderate effects. Thus, CLR was able to

prevent the biofilm formation only at high concentrations

that are not clinically achievable in human serum (≥64 

and ≥32 mg/l for MRSA and MSSA strains, respectively). 

Moreover, our results showed that CLR did not produce 

any relevant activity against an established biofilm at 24 h.

Our results using the animal foreign-body infection 

model confirmed the results of previous studies on the 

activity of DAP and the DAP + RIF combination [16,

27]. In fact, while the efficacy of DAP alone at high doses

was hindered by the emergence of resistant strains, the

DAP + RIF combination showed high synergistic efficacy

and protected against the appearance of DAP- and RIF-

resistance. These results coincide, to some extent, with

the clinical data available from the treatment of PJI cases

[28, 29]. Thus, the efficacy of DAP against difficult-to-treat 

infections involving high inocula and bacterial biofilms is

limited by the emergence of resistant strains [30–32], and

its use at high doses (8–10 mg/kg/day) in combination with

RIF has been recommended as one of the most effective

anti-staphylococcal treatments in this setting [29].

The addition of clarithromycin to DAP showed some

in vivo effects. While the efficacy of DAP and DAP + CLR

was similar, the combination protected against the emer-

gence of DAP-resistant strains during all experiments of 

Table 1 Bacterial counts from TCF at day 1 and results of the efficacy of therapeutic groups against bacteria from TCF (decreases in bacterial

counts at day 8 and day 11) and from CV (bacterial counts at day 11)

n number of tissue cages, TCF tissue cage fluid,F CV coverslips, V CFU colony forming unit,U Δlog CFU/ml decrease in log CFU/ml with respect to

day 1, DAP daptomycin, CLR clarithromycin, RIF rifampicinF

MRSA results: *P < 0.05 versus all therapies. MSSA results: ×P < 0.05 versus all therapies

Strain Therapeutic groups (n) Day 1 Day 8 Day 11

TCF TCF TCF CV

log CFU/ml (±SD) Δlog CFU/ml (±SD) Δlog CFU/ml (±SD) log CFU/ml (±SD)

MRSA DAP (19) 6.47 ± 0.5 −1.8 ± 1 −2 ± 1.2 3.5 ± 0.5

DAP + CLR (18) 6.37 ± 0.7 −2 ± 0.9 −2.4 ± 0.7 3.2 ± 1.1

DAP + RIF (17) 5.65 ± 0.6 −4.4 ± 0.8* −4.5 ± 0.4* 0.9 ± 0.1*

DAP + RIF + CLR (21) 6.08 ± 0.8 −4.7 ± 0.84* −5 ± 1* 1 ± 0.4*

CLR (20) 6.39 ± 1 0.7 ± 0.9 0.9 ± 0.8 6.1 ± 0.7

Control (18) 5.75 ± 0.9 1.35 ± 0.8 1.57 ± 1 5.9 ± 1.3

MSSA DAP (22) 6.72 ± 0.3 −1.88 ± 1.1 −1.58 ± 1.4 3.9 ± 1.6

DAP + CLR (18) 6.5 ± 0.6 −1.38 ± 0.8 −1.3 ± 1.3 4.3 ± 1.7

DAP + RIF (16) 6.57 ± 0.5 −3.51 ± 1.2× −4.5 ± 0.7× 1.64 ± 0.6×

DAP + RIF + CLR (21) 6.5 ± 0.7 −3.36 ± 1.4× −4.65 ± 1.1× 2 ± 0.2×

CLR (20) 7 ± 0.4 0.3 ± 0.4 0.6 ± 0.3 6.1 ± 0.5

Control (20) 6.25 ± 0.7 0.81 ± 0.7 0.57 ± 0.9 6.2 ± 0.3
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MRSA infection but only partially against MSSA infec-

tion. In contrast, CLR did not improve the high efficacy 

achieved by the DAP + RIF combination, nor did it offer 

more protection against the appearance of resistance. 

Overall, it is difficult to establish whether an antibacterial

effect or anti-biofilm effect is responsible for this moderate 

in vivo effect.

In contrast to the reports of the beneficial activity of 

macrolides against biofilm formation in P. aeruginosa [10],

studies of the anti-biofilm effect of macrolides against S.

aureus are scarce and to some extent, their results are con-

troversial. It seems that, although the ability of macrolides

to inhibit polysaccharide synthesis in P. aeruginosa is well

established, little is known about their interaction with S.

aureus glycocalyx [33]. Indeed, several types of materi-

als and methods for studying biofilms have been used and

these procedural differences may have affected the results. 

The first study in this setting showed that the activity of 

CLR against biofilms was dose-dependent and based on the

interaction with the quantity of hexose among the staphy-

lococcal glycocalyx [34]. Similar results were reported by 

Sano et al. who observed a reduction in bacterial counts

within a MRSA biofilm when using high concentrations 

of CLR (184 mg/l) simulating human urinary concentra-

tions in combination with vancomycin [33]. To an extent, 

these initial results were confirmed in other studies per-

formed by Fujimura’s group [35–37]; in those studies the

authors proved the efficacy of CLR in combination with 

antibiotics against in vitro and in vivo S. aureus biofilms 

produced in titanium devices, but even CLR concentrations

as low as 1 mg/l achieved a notable effect. While all these

reports agree that CLR has some anti-biofilm effect, the 

discrepancies regarding the CLR concentration needed to 

produce such effects raise doubts about whether this activ-

ity can be expected at clinically achievable concentrations. 

In contrast, Rybak et al’s. group reported contradictory 

Fig. 4 In vivo resistances

to daptomycin in tissue cage 

fluid at day 8 and day 11 and

in coverslips at day 11 for 

MRSA (a) and MSSA (b). The

percentages of in vivo resistance 

to daptomycin for daptomycin, 

daptomycin + clarithromycin 

and daptomycin + rifampicin 

groups in tissue cage fluid at 

day 8 and 11 and in coversslips

at day 11 are shown. Daptomy-

cin (diagonally striped bars)

and daptomycin plus clarithro-

mycin (parallel striped bars(( ).

*P < 0.05 versus daptomycin; 

¥, P < 0.05 versus all therapies.

CV coverslip,V DAP daptomy-

cin, CLR clarithromycin, RIF

rifampicin
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results using the same in vitro reactor model of staphylo-

coccal biofilm in two different studies. First, they showed

that CLR improved the in vitro bacterial killing effect of 

DAP against one MSSA strain [11]. Later, evaluating the 

efficacy of this combination against two MRSA strains and

one coagulase-negative staphylococcus strain using differ-

ent types of materials, they did not observe any enhance-

ment of DAP activity by the addition of CLR [12]. Overall,

their information does not provide clear conclusions.

Finally, using a well-validated foreign-body infection

model [13–15], our results do not support a relevant anti-

biofilm effect for CLR. We evaluated a CLR peak concen-

tration of 2 mg/l in TCF, which is in accordance with human 

serum levels available at the usual dosage of CLR. We did 

not assess the possibility that higher concentrations might 

be more beneficial against S. aureus biofilm, in part due 

to the animals’ limited tolerance of higher doses. Despite

the particular pharmacokinetic properties of CLR (which

may present higher concentrations in some tissues than in 

serum), it is hard to imagine that they could achieve clini-

cally relevant levels able to provide this anti-biofilm effect.

In view of the differences in behaviour of MSSA and 

MRSA in vivo infections, we performed additional in vitro 

studies to investigate the bacterial growth and the risk 

of developing DAP resistance in both kinds of strain. In

agreement with previous reports [38], we observed that the 

MSSA strains grew faster than the MRSA strains. Similarly, 

we found that changes in DAP MIC values and DAP resist-

ance appeared more quickly in the MSSA strain; moreover, 

these trends were not modified by the addition of CLR. Lit-

tle is known about the DAP + CLR combination. Recently,

Berti et al. showed that CLR was able to reduce but not t

to prevent the emergence of DAP resistance in MRSA 

strains, and they noted a see-saw effect between DAP and

CLR in these DAP-resistant strains which resembled the

effect observed between DAP and beta-lactams [25]. Later,

examining the genetic mutations occurring in these MRSA 

strains, the same authors concluded that CLR may pre-

vent mutations that are less crucial for the emergence of 

DAP resistance than beta-lactams [39]. We might specu-

late whether these mechanistical or genotypic explanations

could account for the differences in DAP-CLR activity

observed between MSSA and MRSA strains. A fuller exam-

ination of the mechanisms exerted by CLR in staphylococ-

cus strains is beyond the scope of the present study and is a

task that should be addressed in future research.

Overall, our results from in vitro and in vivo studies seem

to be concordant. Initial inocula of MSSA infection were

significantly higher than those of MRSA (in accordance

with its higher generation time), which suggests a greater 

risk of the appearance of DAP resistance in the MSSA strain

and less efficacious treatment. In the in vitro studies, the

protective effect of CLR against the development of in vivof

DAP resistance was mainly observed with the MRSA BAA-

39 strain. Finally, the moderate in vitro anti-biofilm effect of 

CLR seems to corroborate the in vivo results, in which the 

efficacy of DAP against an established foreign-body infec-

tion was not improved by a potential anti-biofilm effect at ff

clinically achievable CLR concentrations.

In conclusion, our finding of slight in vitro and in vivo 

effects with the addition of CLR to DAP does not support a 

relevant clinical role for macrolides in the therapy of staph-

ylococcal PJIs based on their anti-biofilm activity.
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