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Comparison of 
Antimicrobial Agents as 
Therapy for Experimental 
Endocarditis
Caused by Methicillin-Resistant Staphylococcus aureus

We used an experimental rat model to compare the therapeutic efficacy of teicoplanin, 
linezolid, and quinupristin/dalfopristin with that of vancomycin as standard therapy for in-
fective endocarditis.

Aortic endocarditis was induced in rats by insertion of a polyethylene catheter into the 
left ventricle, followed by intravenous inoculation of 106 colony-forming units of methicillin-
resistant Staphylococcus aureus 24 hours later. Forty-eight hours after bacterial challenge, 
intravenous antibiotic therapies were initiated. There were 6 groups of 8 rats each: un-
infected control; infected, untreated control; vancomycin-treated (40 mg/kg twice daily); 
teicoplanin-treated (20 mg/kg twice daily after a loading dose of 40 mg/kg); linezolid-treated 
(75 mg/kg 3 times daily for 1 day, then 75 mg/kg twice daily); and quinupristin/dalfopristin-
treated (30 mg/kg twice daily and an additional 10 mg/kg dalfopristin infusion over 6 to 12  
hr daily). At the end of therapy, the aortic valve vegetations in the drug-treated rats were eval- 
uated microbiologically.

Compared with the infected, untreated group, all drug-treated groups had significantly 
reduced bacterial titers in the vegetations. Vancomycin, teicoplanin, and quinupristin/dalfo-
pristin all effectively reduced the quantitative bacterial cultures of aortic valve vegetations. 
In addition, there was no significant difference in the comparative efficacy of teicoplanin, 
linezolid, and quinupristin/dalfopristin. Vancomycin significantly reduced bacterial counts in 
comparison with linezolid, which was nonetheless also effective.

Our experimental model showed that each of the investigated antimicrobial agents was 
effective in the treatment of infective endocarditis. (Tex Heart Inst J 2010;37(4):400-4)

I nfective endocarditis is a severe disease with high morbidity and mortality rates. 
Staphylococcus aureus is the most frequent cause of endocarditis. Endocarditis from 
methicillin-resistant S. aureus (MRSA) is associated with higher mortality rates 

and lower bacteriologic eradication than is endocarditis from methicillin-sensitive 
strains. The glycopeptide antibiotic vancomycin is the standard therapy for MRSA en-
docarditis; however, the reported rate of treatment failure is high. In addition, staph-
ylococci have become less susceptible to vancomycin.1-4 Teicoplanin is a glycopeptide 
antibiotic that is tolerated better than vancomycin, and its half-life is longer.5 Although 
available for years in Europe, teicoplanin is not standard therapy for endocarditis and 
is not available at all in the United States.1

	 The prevalence of MRSA is increasing worldwide. Most strains are now resistant 
to fluoroquinolones, macrolides, tetracycline, and aminoglycosides.6,7 There are few 
options for treating MRSA endocarditis and similar infections. Linezolid and quinu-
pristin/dalfopristin (Q/D) are other agents that are active against gram-positive cocci, 
including MRSA. However, regarding the efficacy of these drugs in the treatment of 
endocarditis, data are limited and randomized controlled trials are warranted.8

	 Using an experimental rodent endocarditis model, we evaluated the therapeutic ef-
ficacy of teicoplanin, linezolid, and Q/D in comparison with vancomycin in the treat-
ment of MRSA endocarditis.

Materials and Methods

This study was approved by the Local Animal Research Ethics Committee. The ex-
perimental animals were kept at our institution’s Animal Research Laboratory under 
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veterinary supervision during the study. All received hu-
mane care in compliance with the Principles of Labo-
ratory Animal Care, formulated by the Guide for the 
Care and Use of Laboratory Animals, prepared by the 
National Academy of Sciences.9

Organisms and Susceptibility Testing
The strain of MRSA used in this study was isolated 
from a blood culture from a patient who had endocar-
ditis. Identification of the clinical isolate was specified 
by gram-staining, catalase reaction, tube coagulation 
test, and API® staph test (bioMérieux SA; Craponne, 
France). Methicillin sensitivity was evaluated by means 
of an oxacillin disk diffusion test.10 The antimicrobial 
susceptibility of the strain was determined by use of the 
microbroth dilution method, in accordance with out-
lined procedures and specifications.11,12 The lowest an-
tibiotic concentration at which observable growth was 
inhibited was accepted as the minimum inhibition con-
centration. According to the microbroth dilution meth-
od, the clinical isolate was susceptible to vancomycin, 
teicoplanin, linezolid, and Q/D. In the strain of S. au-
reus that was used in this study, the minimal inhibitory 
concentrations were 1 µg/mL for vancomycin and tei-
coplanin, 2 µg/L for linezolid, and 0.5 µg/L for Q/D.

Drugs
Vancomycin (Abbott France, S.A.; Rungis Cedex, 
France), teicoplanin (Aventis Pharma S.p.A.; Lainate, 
Italy), linezolid (Pfizer AS; Lysaker, Norway), and Q/D 
(VLG Chem; Vienneuve-la-Garenne, France) were di-
luted in accordance with their manufacturers’ recom-
mendations. All drug solutions were freshly made on 
the day of assay.

In Vivo Rat Model
To investigate antibiotic treatment regimens, we used an 
established experimental model of aortic valve endocar-
ditis.13,14 Rats were anesthetized with a 2:1 mixture of 
ketamine hydrochloride (100 mg/mL) and xylazine hy-
drochloride (20 mg/mL) at a dose of 0.75 mL/kg intra-
muscularly. Aortic endocarditis was induced in the rats 
by inserting a polyethylene catheter into the left ventri-
cle, followed by intravenous (IV) inoculation of 106 col-
ony-forming units (CFU/mL) of MRSA 24 hours later. 
Forty-eight hours after bacterial challenge, therapy with 
each antimicrobial agent was initiated, for 3 days. The 
catheters were left in place during the entire experi-
ment. After the rats were humanely killed, infective en-
docarditis was confirmed when vegetations across the 
aortic valve were seen or were determined from the 
bacteriologic culture results. Experiments were limited 
to 3 days, for ethical reasons. Catheter placement was 
proper in every animal.
	 We randomly divided 48 adult male Wistar rats 
(weight, 300–350 g) into 6 groups of 8: uninoculated 

control rats (group 1) were neither infected nor treat-
ed; infected, untreated control rats (group 2) received 
no drug treatment; vancomycin-treated rats (group 3) 
were given a 40 mg/kg IV dose twice daily; teicoplanin-
treated rats (group 4) were given a 20 mg/kg IV dose 
twice daily after a loading dose of 40 mg/kg; linezolid-
treated rats (group 5) were given a 75 mg/kg IV dose 3 
times daily for 1 day, then twice daily; and Q/D-treated 
rats (group 6) were given a 30 mg/kg IV dose twice 
daily and an additional 10 mg/kg dalfopristin infusion 
over 6 to 12 hr daily due to its short half-life in rats.
	 The untreated control animals (groups 1 and 2) were 
killed at treatment onset (48 hr after inoculation) in 
order to measure the frequency and severity of valve in-
fection at the initiation of therapy. The drug-treated rats 
were killed 12 hours after being given the last dose of 
antibiotic.

Evaluation of Infection
The aortic valve vegetations were removed, weighed, ho-
mogenized in 1 mL of sterile phosphate-buffered saline 
solution, and serially diluted. The serial diluted homog-
enates were inoculated (0.01 mL) onto blood agar and 
incubated at 37 °C. After 48 hours, colonies of S. aure-
us growing on the agar plates were counted, and the re-
sults were determined as CFU/g tissue. The number of 
bacteria was converted to log10 CFU/g of tissue.

Statistical Analysis
Quantitative culture results were presented as arithmet
ic mean ± SD of log10 CFU/g of vegetation. Differ-
ences among the groups were investigated using 1-way 
analysis of variance. Multiple comparisons between 
the groups were performed using a post hoc test (the  
Tukey Honest Significant Difference test). Differences 
of P <0.05 were considered statistically significant. Data 
were analyzed by SPSS statistical software for Win-
dows, version 11.0 (SPSS Inc.; Chicago, Ill). The data 
conformed to each test by which they were analyzed.

Results

Table I shows the bacterial counts in each group. Each 
of the 4 antimicrobial agents significantly reduced mean 
bacterial titers in aortic valve vegetations in comparison 
with the titers in group 2 (all P <0.05). No significant 
differences were determined in the mean bacterial titers 
in vegetations among the vancomycin-, teicoplanin-, 
and Q/D-treated groups (all P >0.05). In addition, no 
significant difference was found in the linezolid-treated 
group in comparison with the teicoplanin- and Q/D-
treated groups (both P >0.05). In contrast, vancomycin 
significantly reduced bacterial counts compared with 
linezolid (P <0.05). Although less effective than vanco-
mycin, linezolid nevertheless significantly reduced the 
amount of growing microorganisms in the aortic valve 
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vegetations in comparison with the amounts found in 
the group 2 animals.
	 No rats in group 1 and all rats in group 2 showed an-
atomic or microbiologic evidence of endocarditis. Rats 
in the drug-treated groups also showed macroscopic ev-
idence of infection, but to varying and diminished de-
grees in comparison with the animals in group 2. We 
observed no clinical evidence of drug-related adverse ef-
fects, such as anorexia, vomiting, diarrhea, or behavior-
al alterations in any of the treated rats.

Discussion

Linezolid,15 Q/D,16 vancomycin,17 and teicoplanin18,19 
were previously shown to be effective in the treatment 
of MRSA endocarditis; however, no comparison among 
them had been reported. We performed our experimen-
tal study in accordance with models described previ-
ously,13,14 and with drug doses that were used in earlier 
studies.16-18

	 Although glycopeptide antibiotics remain the stan-
dard therapy for serious systemic infections from resis-
tant S. aureus strains,20 several authors have reported the 
emergence of strains that are less susceptible to these 
antibiotics, which indicates an increased need for new 
therapeutic options.21,22 In addition, some patients can-
not tolerate vancomycin because of side effects, such as 
renal failure and hearing loss.23,24 Previous investigators 
found that linezolid and Q/D provided effective anti-
microbial activity against a wide variety of gram-pos-
itive cocci, including MRSA.25-27 We found the same, 
except that linezolid’s effect was significantly less than 
that of vancomycin.
	 Endocarditis is a life-threatening infection, and bac-
tericidal antibiotics are the preferred therapy. Despite 

recent medical advances, the mortality rate in staphylo-
coccal endocarditis remains high.1 One reason behind 
the failure of antibacterial therapy is inadequate penetra-
tion of the drug within the infection site.28 However, a 
relatively good concentration of vancomycin—the stan-
dard antimicrobial therapy in MRSA endocarditis— 
has been found in heart tissue.29 In addition, the effec-
tive penetration of vancomycin into vegetations has been 
shown in an experimental endocarditis model.30 Con-
versely, the penetration of teicoplanin into the heart has 
been found to be adequate,31 but the drug was concen-
trated only at the periphery of the vegetation.32 Quinu-
pristin has been found to be homogeneously distrib-
uted within infected vegetations, but dalfopristin in-
tensified only at the periphery,33 which may affect the 
clinical bactericidal effectiveness of the compound in 
combination.
	 Whereas vancomycin, teicoplanin, and Q/D are bac-
tericidal, linezolid exerts bacteriostatic activity against 
staphylococci and kills them slowly.34 For that reason, it 
is not recommended as a 1st-line agent to treat staphylo-
coccal endocarditis. However, because the bioavailabil-
ity of oral linezolid is very high, it can be administered 
orally when the patient’s medical condition becomes 
stable after IV therapy.25

	 Studies of linezolid therapy have produced controver-
sial results,35,36 but the findings warrant further investi-
gation. In the treatment of MRSA endocarditis, Chiang 
and Climo17 showed (similarly to our study) that van-
comycin alone was more effective than was linezolid 
alone, and they found in addition that vancomycin 
alone was more effective than was the combination of 
linezolid and vancomycin.
	 Quinupristin/dalfopristin, a semisynthetic injectable 
streptogramin, is a combination of 2 synergistic anti-
biotic components that are derived from pristinamy-
cin37: a type B streptogramin (quinupristin) and a type 
A streptogramin (dalfopristin), in a 30:70 weight-to-
weight ratio. Separately, both drugs are bacteriostatic; 
in combination, they exert bactericidal activity. Quinu-
pristin/dalfopristin and vancomycin were similarly ac-
tive in the treatment of experimental endocarditis that 
was caused by S. aureus strains with various susceptibil-
ities.33,38 Although Q/D was very effective therapy for 
infective endocarditis in our experimental model, this 
drug does not yet have U.S. Food and Drug Adminis-
tration approval as therapy for MRSA endocarditis.8

Limitations of the Study
Our study has several limitations. The aim of this study 
did not include the evaluation of combination thera-
pies, which will heavily influence consensus regarding 
the treatment of endocarditis. We did not determine 
serum antibiotic concentrations in the rats; rather, we 
administered the antibiotics at doses similar to validated 
human doses and investigated efficacy by evaluating the 

TABLE I. Efficacy of Vancomycin, Teicoplanin, Linezolid, 
and Quinupristin/Dalfopristin as Therapy for Experimental 
Endocarditis Caused by Methicillin-Resistant 
Staphylococcus aureus

			   Vegetation
Group	 Regimen	 (mean ± SD log10 CFU/g)

	 1	 Uninfected control	 0

	 2	 Infected untreated control	 9.7 ± 0.4a

	 3	 Vancomycin	 5.4 ± 0.9a,b

	 4	 Teicoplanin	 6.2 ± 1.0a,b

	 5	 Linezolid	 6.8 ± 0.7a,b,c

	 6	 Quinupristin/Dalfopristin	 5.9 ± 1.1a,b

 
CFU = colony-forming unit 
 
P <0.05 in comparison with:
aGroup 1
bGroup 2
cGroup 3
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presence and amount of the staphylococcal strains in 
the infected areas. The biochemical reactions in our an-
imal model are not directly comparable with biochem-
ical reactions that would be expected in human beings, 
which would surely affect the final outcome of the ap-
plied drug. Further preclinical and clinical comparisons 
of vancomycin with teicoplanin, linezolid, and Q/D are 
needed to determine the role of these last 3 drugs in the 
treatment of MRSA endocarditis.
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