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It is a hot clinical issue whether newly approved
antimicrobial agents such as daptomycin, linezolid,
quinupristin/dalfopristin (synercid) and tigecycline are
active enough to be used for infections caused by
vancomycin resistant bacteria. We performed susceptibility
tests for mupirocin, which is in widespread clinical use in
Korea, and four new antimicrobials, daptomycin, linezolid,
quinupristin/dalfopristin and tigecycline, against vanco-
mycin-resistant Enterococcus faecalis and Enterococcus
Sfaecium isolated from Korean patients in 1998 and 2005 to
evaluate and compare the in vitro activity of these anti-
microbials. Among these agents, quinupristin/dalfopristin,
which is rarely used in hospitals in Korea, showed
relatively high resistance to several vancomycin-resistant
enterococci (VRE) isolated in 2005. Likewise, daptomycin,
linezolid and tigecycline have not yet been in clinical use in
Korea. However, our results showed that most of the 2005
VRE isolates were already resistant to linezolid and
daptomycin (highest minimum inhibitory concentration
(MIC) value >100 pg/ml). Compared with the other four
antimicrobial agents tested in this study, tigecycline
generally showed the greatest activity against VRE.
However, four strains of 2005 isolates exhibited resistance
against tigecycline (MIC >12.5 pug/ml). Almost all VRE
were resistant to mupirocin, whereas all E. faecium
isolated in 1998 were inhibited at concentrations between
0.8~1.6 ng/ml. In conclusion, resistances to these new
antimicrobial agents were exhibited in most of VRE
strains even though these new antibiotics have been rarely
used in Korean hospitals.
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Introduction

Antimicrobial drug resistance has become a great public
health problem and multidrug-resistant pathogens such as
vancomycin-resistant enterococci (VRE) are on the increase
worldwide in line with the increased consumption of
glycopeptides (Centers for Disease Control and Prevention,
1993; Diekema and Jones, 2001; Kim ef al, 2001; Jones,
2003).

VRE are of great concern because they are the most
important causes of human nosocomial infections such as life
threatening urinary tract infections, bacteremia, endocarditis,
and others (Moellering, 1992; Emori and Gaynes, 1993; Klare
et al., 1995; Witte, 1997; Patel, 2003). Moreover, VRE infections
are difficult to treat, and few therapeutic options are currently
available because these bacteria exhibit multidrug-resistance.
Therefore, the spread of pathogens with this new antimicrobial
drug resistance emphasizes the need for the development of
other newer antimicrobial agents with activity against such
pathogens (Wenzel, 2004; Fritsche et al., 2005; Nathwani,
2005).

Daptomycin, a cyclic lipopeptide produced by Streptomyces
roseosporus, shows potent bactericidal activity against a wide
spectrum of Gram-positive bacteria, including multidrug-
resistant strains, and may represent a reasonable therapeutic
option for infections caused by these important pathogens.
This antimicrobial has been recently approved by the United
States Food and Drug Administration (FDA) for the treatment
of complicated skin and soft tissue infections (Akins and
Rybak, 2001; Sakouloas et al., 2003; LaPlante and Rybak,
2004; Sader et al., 2004; Streit et al., 2004; Wesson et al.,
2004; Sader et al., 2005; Steenbergen ef al., 2005).

Linezolid, the first approved oxazolidinone, has been
utilized for infections caused by multidrug-resistant, Gram-
positive bacteria, especially VRE and methicillin-resistant
staphylococci (Meka and Gold, 2004; Ross et al., 2004;
Wesson et al., 2004).
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Quinupristin/dalfopristin (Synercid, 30 : 70 ratio) is the first
parenteral streptogramin to have been recently licensed for
clinical use in the United States and Europe for the treatment
of infections caused by multidrug-resistant, Gram-positive
pathogens (Raad et al., 2001; Raad et al., 2004; Wesson ef al.,
2004).

Tigecycline is a novel, broad-spectrum, parenteral glycylcycline
that has been recently approved by FDA for treating infections
of the skin and skin structures. It has been shown to be active
against many Gram-positive, Gram-negative, atypical, and
anaerobic organisms, including many resistant organisms such
as penicillin-resistant Streptococcus pneumoniae (PRSP),
methicillin-resistant Staphylococcus aureus (MRSA), and VRE
(LaPlante and Rybak, 2004; Betriu ef al., 2005; Bouchillon et
al., 2005; Fritsche et al., 2005ab; Sader et al., 2005).

The aim of this study was to evaluate the in vifro activity of
some newer antimicrobial agents that have not yet entered
clinical use in Korea, against VRE isolated from Korean
patients in 1998 and 2005.

Materials and Methods

Bacterial isolates. For this experiment, Enferococcus faecalis and
Enterococcus faecium were obtained from C-hospital and S-
medical laboratories in Korea in 1998 and 2005. The isolates were
stored at —70°C in brain heart infusion broth (Difco) supplemented
with 20% glycerol before testing.

Antimicrobial agents. The following five antimicrobial agents
were provided by their manufacturers for use in this study:
mupirocin (Hanol), daptomycin (Cubist Pharmaceuticals) linezolid
(Pharmacia), quinupristin/dalfopristin (Rhone-Poulenc Rorer) and
tigecycline (Wyeth Pharmaceuticals).

Antimicrobial susceptibility test. The isolates were grown overnight
on Mueller Hinton broth (Difco) at 37°C for 24 h and were tested
for resistance to five antimicrobial agents such as mupirocin,
daptomycin, linezolid, quinupristin/dalfopristin and tigecycline.
MICs of the various antibiotics were determined by the agar
dilution method according to the guidelines established by the
National Committee for Clinical Laboratory Standards (NCCLS,
2003). For susceptibility of daptomycin, the test medium was
Mueller Hinton agar adjusted to contain physiological levels of

calcium (50 mg/L) as recommended by Fuchs et al., (2000).

MIC was defined as the lowest concentration of antimicrobial
agent producing no visible growth of microorganism at 37°C after
overnight incubation. Also, MICs, and MICy, was determined by
the concentrations of antimicrobial agent at which 50% and 90% of
microorganism are inhibited, respectively. The isolates were
categorized as susceptible and resistant according to NCCLS
guidelines (2003). The susceptible breakpoint for daptomycin and
tigecycline was <4 pg/ml and susceptible breakpoint for enterococci
was <0.5 pg/ml, for which we followed criteria approve by the
FDA (Package insert, 2003) and NCCLS (2005). The following
quality control strains were concurrently tested by using E. faecalis
ATCC 29212 and E. faecium ATCC 6057.

Genotypes (vand and vanCI) of VRE were defined by PCR-
based detection method as described previously (Choi et al., 2005;
Acarturk et al., 2005; Yang et al., 2007).

Results

The results in Table 1 show increasing aspects of vancomycin-
resistant enterococci (VRE) in the Korean isolates of 2005
compared to 1998. Although MICs, values of our isolates
were same between 1998 and 2005, MIC,, value in isolates of
2005 were much higher than that of 1998. Several genes
(vanA, vanB, vanC1, vanC2/3) associated with VRE phenotype
have reported, and previous study by our study group detected
the presence of vand and vanCl genes in several strains
among our isolates. VanA gene is observed in several
Enterococcus spp. including E. faecalis and E. facium, and
phenotypic expression by this gene occurs inducible resistance
to both vancomycin and teicoplanin. In contrast, vanC gene is
mainly observed in E. gallinarium, E. casseliflavus and E.
flavescence, and characterized by constitutive low-level
resistance to vancomycin but not to teicoplanin. Eight strains
of the 1998 isolates had the vanCI gene, and showed low-
level resistance to both vancomycin (MIC ranging from 0.8
pg/ml to 6.25 pug/ml) and teicoplanin (MIC ranging from 0.8
pg/ml to 3.1 pg/ml) (Table 2 and 4). Although usually detected
among E. gallinarum (Choi et al., 2002), in this study the
vanC1 gene was found in many E. faecalis and E. faecium
isolates. On the other hand, four strains among the 2005
isolates had the vand gene (Yang et al., 2007) and showed
high-level resistance to both vancomycin (MIC ranging 100

Table 1. Minimum inhibitory concentration(MIC) distributions for vancomycin of E. faecalis and E. faecium isolated from Korean patients in

1998 and 2005

MIC (ug/ml)
Antibiotic

Cumulative % inhibited at MIC (pg/ml)

50% 90%  0.05 0.1 0.2 0.4

0.8 1.6 3.1 625 125 25 50 100

1998 isolates

Vancomycin 1.6 3.1 0 0 0 0

2005 isolates

Vancomycin 1.6 >100 0 0 0 3

23 50 96 100 - - - -

32 66 76 76 76 76 76 76

MIC, minimum inhibitory concentration.
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Table 2. Minimum inhibitory concentration (MIC) of low level of vancomycin-resistant E. faecalis isolated from clinical isolates in Korea in

1998
MIC (pg/ml)
Strains/Year
VAN TEIL MUP DAP YV SYN TIG
Enterococcus faecalis
ATCC 29212 3.1 0.8 50 0.8 0.8 12.5 0.1
Enterococcus faecalis (1998)
Es 98-02 3.1 1.6 50 3.1 0.8 6.25 3.1
Es 98-03 1.6 0.8 50 0.8 0.8 6.25 3.1
Es 98-04 3.1 0.8 50 0.8 0.8 12.5 3.1
Es 98-05 1.6 0.2 100 0.8 0.8 6.25 0.1
Es 98-06 3.1 1.6 50 1.6 0.4 >100 1.6
Es 98-07 3.1 0.8 50 1.6 0.8 25 3.1
Es 98-08 1.6 0.8 50 0.8 0.4 25 1.6
Es 98-09 3.1 3.1 25 3.1 0.8 12.5 3.1
Es 98-10 3.1 1.6 50 1.6 0.4 >100 3.1
Es 98-11 1.6 0.8 50 0.8 0.8 6.25 3.1
Es 98-12 3.1 1.6 50 1.6 0.2 >100 1.6
Es 98-13 3.1 0.8 50 1.6 0.8 6.25 3.1
Es 98-14 1.6 1.6 50 0.8 0.8 12.5 1.6
Es 98-15 3.1 0.8 50 0.8 0.8 12.5 3.1
Es 98-16 6.25 3.1 50 3.1 0.8 12.5 1.6
Es 98-17 3.1 0.8 50 0.8 0.8 12.5 3.1
Es 98-18 3.1 1.6 50 3.1 0.2 >100 1.6
Es 98-19 3.1 1.6 50 3.1 0.8 12.5 1.6

VAN; vancomycin, TEI; teicoplanin, MUP; mupirocin, DAP; daptomycin ZYV; linezolid, SYN; synercid (quinupristin/dalfopristin),

TIG; tigecycline

pg/ml) and teicoplanin (MIC ranging from 6.25 pg/ml to 100
pg/ml) (Table 4).

Resistance to mupirocin was observed in almost all VRESs,
whereas all of E. faecium isolated in 1998 were inhibited at
concentrations between 0.8~1.6 pg/ml (Table 4). For quinupristin/
dalfopristin, all E. faecalis including VRE were resistant,
whereas for E. faecium, 74% and 100% of VSE (vancomycin-
sensitive enterococci) and VREs, respectively, exhibited
resistance (Table 2, 3 and 4).

All 1998 isolates were susceptible to linezolid (Table 2 and
4), but 71% of VREs isolated in 2005 had developed
resistance to this agent (Table 3 and 4).

Daptomycin was active against 1998 isolates. However
resistance to this new agent was observed in most of VREs
isolated in 2005 (MICyy >100 pg/ml) (Table 3 and 4, Fig. 1
and 2). Resistance to daptomycin also tended to decrease with
the increasing susceptiblity to vancomycin.

Tigecycline had greater activity against VRE than the other
four antimicrobial agents in this study. All 1998 isolates and
most of 2005 isolates, including VRE, were inhibited at
concentrations between <0.05~3.1 pg/ml. However four strains
of VRE isolated in 2005 exhibited a resistance against
tigecycline (MIC >12.5 pg/ml) (Table 3 and 4). Tigecycline
MIC,, level were 6.25 pg/ml and 12.5 pg/ml in vancomycin-

resistant E. faecalis and vancomycin-resistant E. faecium
isolated in 2005, respectively (Fig. 1 and 2). The highest
tigycycline MIC value was >100 pg/ml (Table 4). In particular,
resistance to tigecycline was more frequent among 2005
isolates of E. faecium than of E. faecalis.

VRE exhibited multiple resistance and some of VREs were
resistant to all new antimicrobial agents in this study.

Discussion

Since VRE was first isolated in Korea from nosocomial
infection in 1992 (Kim and Song, 1998), the incidence of
antimicrobial-resistant bacteria has continuously increased
with the rising consumption of antibiotics. Especially, the
development of resistance to glycopeptides such as vancomycin
and teicoplanin has compromised medical treatment options
because vancomycin remains the only alternative treatment
for various life threatening infections in Korea, and many of
the existing antimicrobials have become ineffective. Therefore,
this decreased utility of many antibiotics has created a critical
need for new therapeutic agents (Jones, 2003; Wenzel, 2004;
Fritsche et al., 2005; Nathwani and Tigecycline, 2005).

In this study, we evaluated and compared new class
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Table 3. Minimum inhibitory concentration (MIC) of various levels of vancomycin-resistant E. faecalis isolated from clinical isolates in

Korea in 2005

MIC (ug/m)
Strains/Year
VAN TEI MUP DAP 7YV SYN TIG
Enterococcus faecalis (2005)

Es 05-26 1.6 0.4 25 0.8 0.8 12.5 1.6
Es 05-27 >100 >100 100 >100 >100 >100 1.6
Es 05-28 1.6 0.4 12.5 0.8 0.8 12.5 0.2
Es 05-29 >100 >100 100 >100 >100 100 6.25
Es 05-30 0.8 0.8 0.8 3.1 0.8 12.5 0.1
Es 05-31 1.6 0.2 12.5 0.8 0.8 25 0.1
Es 05-35 3.1 0.8 25 1.6 0.2 >100 1.6
Es 05-36 1.6 0.2 25 0.8 0.8 12.5 0.1
Es 05-40 >100 >100 >100 >100 >100 >100 6.25
Es 05-42 1.6 0.2 25 3.1 0.8 12.5 0.1
Es 05-43 1.6 0.1 <0.05 0.8 0.8 25 <0.05
Es 05-44 1.6 0.2 25 1.6 0.8 6.25 0.1
Es 05-45 1.6 0.2 25 0.8 0.8 12.5 0.1
Es 05-46 1.6 0.2 25 0.8 0.8 25 <0.05
Es 05-50 1.6 04 25 0.8 0.8 6.25 0.2
Es 05-52 1.6 0.4 25 0.8 0.8 12.5 0.1
Es 05-54 1.6 0.4 50 1.6 0.8 12.5 0.1
Es 05-60 3.1 >100 >100 1.6 0.4 >100 1.6
Es 05-62 1.6 0.2 25 0.8 0.8 25 0.1
Es 05-63 1.6 0.4 25 0.8 0.8 12.5 0.1
Es 05-64 >100 0.8 25 >100 >100 100 6.25
Es 05-67 >100 >100 >100 >100 >100 >100 6.25
Es 05-65 1.6 0.2 25 0.2 0.8 12.5 0.1
Es 05-71 1.6 0.4 50 1.6 0.8 12.5 0.1
Es 05-72 3.1 >100 >100 1.6 >100 >100 50
Es 05-78 3.1 0.8 >100 3.1 04 >100 1.6
Es 05-79 1.6 0.2 25 1.6 0.8 12.5 0.1
Es 05-83 04 0.1 3.1 3.1 0.4 6.25 0.2
Es 05-86 3.1 0.8 50 3.1 04 100 1.6
Es 05-92 0.8 0.2 3.1 0.8 0.8 6.25 0.1
Es 05-94 1.6 <0.05 50 1.6 0.8 25 0.1

VAN; vancomycin, TEI; teicoplanin, MUP; mupirocin, DAP; daptomycin ZYV; linezolid, SYN; Synercid (quinupristin/dalfopristin),

TIG; tigecycline

antimicrobial agents that possess activity for multidrug-
resistant bacteria. Recent studies (Hsueh ez al., 2005; Smith et
al., 2005) have shown newer agents, such as quinupristin/
dalfopristin, linezolid, daptomycin and tigecycline, have high
activity against VRE and may therefore be therapeutic options
for infections caused by these organisms. But the results of
this study showed that excellent in vifro activity was not
exhibited against VRE isolates as much as we expected.
Among these agents, quinupristin/dalfopristin (Synercid,
30:70 ratio) is the first parenteral streptogramin that has
recently been licensed for clinical use in the United States and
Europe for the treatment of infections caused by multidrug-
resistant, Gram-positive pathogens (Raad ef al., 2001; Raad et

al., 2004; Wesson et al., 2004). But this antibiotic is rarely
used in Korean hospitals. However, in our study results, all £.
faecalis and almost all VRE faecium were resistant to this
agent. Several investigations have indicated that avoparcin
used in animal husbandry has contributed to the increased
pool of VRE present in animals, the environment and humans
(Klare et al., 1995; Witte, 1997; WHO, 2001).

Likewise, it is suspected that the use of the streptogramin
antibiotic virginiamycin as a feed additive in the commercial
animal husbandry has contributed to the development of
cross-resistance against streptogramin antibiotic (quinupristin/
dalfopristin). In addition, resistance to mupirocin was found
in almost of E. faecalis including VRE. But all of E. faecium
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Table 4. Minimum inhibitory concentration (MIC) of various levels of vancomycin resistant E. faecium isolated from clinical isolates in
Korea in 1998 and 2005

MIC (pg/ml)
Strains/Year
VAN TEI MUP DAP 7YV SYN TIG
Enterococcus faecium
ATCC 6057 0.8 1.6 12.5 3.1 0.8 6.25 0.1
Enterococcus faecium (1998)
Em 98-02 0.8 3.1 0.8 6.25 0.8 6.25 0.1
Em 98-04 0.8 3.1 0.8 12.5 0.8 6.25 0.1
Em 98-05 1.6 3.1 0.8 6.25 0.8 1.6 <0.05
Em 98-06 0.8 1.6 1.6 6.25 0.8 6.25 1.6
Em 98-07 0.8 3.1 1.6 12.5 0.8 3.1 0.1
Em 98-08 0.8 1.6 0.8 3.1 0.4 12.5 1.6
Em 98-14 0.8 1.6 0.8 3.1 0.4 25 1.6
Em 98-15 1.6 1.6 0.8 3.1 0.8 3.1 3.1
Enterococcus faecium (2005)
Em 05-16 >100 >100 50 >100 >100 >100 6.25
Em 05-17 >100 >100 50 6.25 100 >100 >100
Em 05-18 >100 >100 >100 >100 100 >100 6.25
Em 05-19 >100 12.5 0.8 3.1 0.4 6.25 1.6
Em 05-20 >100 >100 >100 >100 100 >100 12.5
Em 05-21 >100 >100 >100 >100 >100 >100 12.5
Em 05-22 0.8 0.8 25 3.1 0.4 12.5 1.6
Em 05-23 0.8 0.4 0.2 1.6 0.8 1.6 <0.05
Em 05-24 >100 6.25 0.4 3.1 0.4 6.25 1.6
Em 05-25 1.6 0.8 0.2 6.25 0.4 1.6 <0.05
Em 05-26 1.6 0.8 0.8 6.25 0.8 3.1 0.1
Em 05-27 0.8 0.1 0.4 3.1 0.4 3.1 0.1
Em 05-28 0.4 0.2 6.25 0.8 0.8 6.25 0.1
Em 05-29 0.8 0.8 0.4 6.25 0.8 3.1 0.1
Em 05-30 0.8 0.8 0.4 6.25 0.8 50 0.1
Em 05-31 0.8 0.4 3.1 6.25 0.4 12.5 0.1
Em 05-32 0.8 0.8 0.4 6.25 0.8 1.6 <0.05
Em 05-33 0.8 0.8 0.4 6.25 0.8 3.1 0.1
Em 05-34 0.8 04 1.6 6.25 0.8 3.1 0.1
Em 05-35 3.1 0.8 25 1.6 0.4 100 1.6
Em 05-37 0.8 0.8 0.4 6.25 0.4 12.5 0.1
Em 05-38 >100 >100 0.8 3.1 0.4 3.1 1.6
Em 05-39 0.8 0.8 >100 6.25 0.4 3.1 0.1
Em 05-40 0.8 0.8 0.8 6.25 0.4 3.1 0.1
Em 05-41 >100 25 0.4 1.6 0.4 12.5 1.6
Em 05-42 0.8 0.4 0.2 6.25 0.4 1.6 0.1
Em 05-44 0.8 0.4 25 6.25 0.4 6.25 0.1
Em 05-45 0.8 0.4 0.2 6.25 0.8 1.6 0.1

VAN; vancomycin, TEI; teicoplanin, MUP; mupirocin, DAP; daptomycin ZYV; linezolid, SYN; Synercid (quinupristin/dalfopristin),

TIG; tigecycline

isolated in 1998 were inhibited at concentration between 0.8~

1.6 pg/ml.

Linezolid is a new and unique antimicrobial class that has
been introduced (oxazolidinones) and approved by the United
States FDA in 2000 (Meka and Gold, 2004; Ross et al., 2004;

Wesson ef al., 2004). This agent demonstrated good activity
against all 1998 VRE isolates, but by 2005 most had
developed resistance.

Daptomycin and tigecycline were approved in late 2003
and 2005, respectively, following their demonstration of



886 Do Kyung Lee et al.

Enterococcus faecalis
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W 2005

MICy (ng/ml)

Antibiotics

Fig. 1. MIC,, values for antibiotics of E. faecalis from clinical
isolates in Korea in 1998 and 2005.

Enterococcus faecium

MICy (pg/ml)

Antibiotics

Fig. 2. MIC,, values for antibiotics of E. faecium isolated from
clinical isolates in Korea in 1998 and 2005.

activity against various 1998 isolates including vancomycin
and multidrug-resistant strains. Tigecycline was more highly
active against VRE than the other four tested antimicrobial
agents. However, the 2005 VRE isolates exhibited resistance
to daptomycin and tigecycline. In particular, resistance to
daptomycin tended to decrease with the increasing susceptibly
to vancomycin. And a higher incidence of tigecycline
resistance was observed among E. faecium than among E.
faecalis in the 2005 isolates.

In conclusion, although newer antimicrobial agents such as
daptomycin, linezolid, quinupristin/dalfopristin and tigecycline
have not yet entered clinical use in Korea, some VREs
isolated in 2005 have already begun to exhibit resistance to
these agents. Although the new agents yet exhibited good
activity against most of the isolates, they clearly do not
promise to be long-term effective alternatives for various life
threatening infections. In futute, the mechanism behind
resistance against these new antimicrobial agents in some
VRESs should be clarified. Also, further clinical studies should

consider the role that these agents may play in therapy for
severe infections caused by VRE.
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