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Tigecycline (GAR-936) and daptomycin are potent antibacterial compounds in advanced stages of clinical
trials. These novel agents target multiply resistant pathogenic bacteria. Daptomycin is principally active
against gram-positive bacteria, while tigecycline has broad-spectrum activity. When tested by the standard
protocols of the National Committee for Clinical Laboratory Standards in Mueller-Hinton broth II, tigecycline
was more active than daptomycin (MICs at which 90% of isolates tested are inhibited, 0.12 to 1 and 0.5 to 16
�g/ml, respectively) against staphylococcal, enterococcal, and streptococcal pathogens. Daptomycin demon-
strated a stepwise increase in activity corresponding to an increase in the supplemental concentration of
calcium. When tested in base Mueller-Hinton broth supplemented with 50 mg of calcium per liter, daptomycin
demonstrated improved activity (MIC90s, 0.015 to 4 �g/ml). The activity of daptomycin, however, equaled that
of tigecycline against the glycopeptide-intermediate Staphylococcus aureus (GISA) strains only when the test
medium was supplemented with excess calcium (75 mg/liter). Tigecycline and daptomycin demonstrated in vivo
efficacies against GISA, methicillin-resistant S. aureus, and methicillin-susceptible S. aureus strains in an
intraperitoneal systemic murine infection model. These data suggest that tigecycline and daptomycin may offer
therapeutic options against clinically relevant resistant pathogens for which current alternatives for treatment
are limited.

Tigecycline (GAR-936), a glycylcycline (36), and daptomy-
cin, a lipopeptide (1), are novel antibacterial compounds un-
dergoing clinical development. Tigecycline is a broad-spec-
trum, protein-inhibiting, antibacterial agent possessing activity
against strains resistant to other chemotherapeutic agents (14,
29). Daptomycin, a cell wall-inhibiting antibiotic with a spec-
trum of activity limited to gram-positive bacteria, has also been
demonstrated to have activity against resistant bacteria (34).
Early clinical trials with daptomycin were discontinued due to
less-than-desired outcomes (32) including unwanted side ef-
fects on skeletal muscle. However, new dosage regimens (27)
have allowed daptomycin to progress into clinical trials (37).
These antibacterial agents offer new alternatives for the treat-
ment of infections caused by clinically relevant pathogens for
which limited therapeutic options exist.

The rise in the incidence of methicillin-resistant Staphylo-
coccus aureus (MRSA) strains (28) and the emergence of
strains with intermediate glycopeptide resistance (38) have em-
phasized the lack of therapeutic alternatives. Recently, a col-
lection of glycopeptide-intermediate S. aureus (GISA) strains
with reduced susceptibilities to the glycopeptide antibiotics
(vancomycin and teicoplanin) has been assembled by the Net-
work on Antibiotic Resistance in Staphylococcus aureus
(NARSA). That study was undertaken to evaluate the in vitro

activities of tigecycline, daptomycin, and comparative antibiot-
ics against these GISA and other drug-resistant gram-positive
isolates by the standard methodology of the National Commit-
tee for Clinical Laboratory Standards (NCCLS) (26). The ac-
tivity of daptomycin was determined in both Mueller-Hinton
broth II (MHB II) and Mueller-Hinton broth supplemented
with 50 mg of calcium per liter. In addition, the effects of
calcium concentration and the culture medium on the activities
of the antibiotics were determined for the GISA, MRSA, and
methicillin-susceptible S. aureus (MSSA) isolates, as daptomy-
cin is a calcium-dependent antibiotic. The supplemental cal-
cium concentrations (25, 50, and 75 mg/liter) recommended by
other investigators (34) were used for these studies.

MATERIALS AND METHODS

Organisms. Routine clinical isolates were collected from various medical
centers in the United States and Canada between 1990 and 1999. Identification
of each culture was performed by conventional methodologies. The species of
staphylococci were determined with the Staph Trac system (bioMerieux, Hazel-
wood, Mo.), and confirmation of the species as S. aureus was also done by use of
a coagulase test. Methicillin resistance in S. aureus was determined by growth of
the isolate on a Trypticase soy agar plate containing 6 �g of oxacillin per ml plus
2% NaCl (35), and methicillin resistance was confirmed by determination of the
oxacillin MICs in the presence of 2% NaCl. The GISA strains were obtained
from NARSA (http://narsaweb.narsa.net). Although a vancomycin MIC of 8 to
16 �g/ml defines a GISA strain, not all of the strains in the NARSA collection
meet this criteria. All strains were, however, less susceptible to vancomycin than
most clinical isolates. The identification of isolates as Streptococcus pneumoniae
was determined with the API 20 Strep system (bioMerieux). Penicillin-resistant
S. pneumoniae isolates (MICs, �2 �g/ml) were obtained from A. Barry, Clinical
Microbiology Institute, Tualatin, Oreg., and S. Block, Bardstown, Ky. Species
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were confirmed to be enterococci by the biochemical tests recommended by
Facklam and Collins (10). Strains of vancomycin-resistant enterococci were ob-
tained from the sources described previously (39). All isolates were stored frozen
in skim milk plus 50% glycerol at �70°C.

Antibiotics. A standard powder of tigecycline (GAR-936) was obtained at
Wyeth-Ayerst Laboratories, Pearl River, N.Y.; daptomycin was obtained from
Eli Lilly & Company, Indianapolis, Ind.; teicoplanin was obtained from Marion
Merrell Dow Inc., Kansas City, Mo.; vancomycin, erythromycin, and amoxicillin
were obtained from Sigma Chemical Co., St. Louis, Mo.; and levofloxacin was
obtained from The R. W. Johnson Pharmaceutical Research Institute, Princeton,
N.J.

Antimicrobial susceptibility testing. The in vitro activities of the antibiotics
were determined by the broth microdilution method recommended by the
NCCLS (26). MHB II (BBL, Cockeysville, Md.) was used for the standard
NCCLS testing procedures. The label of this cation-adjusted medium states that
it contains 20 to 25 mg of calcium per liter. The effects of the calcium concen-
trations were determined in the following media: base Mueller-Hinton broth
(MHB; no calcium supplementation) and MHB supplemented with 25, 50, or 75
mg of calcium per liter (MHB 25, MHB 50, and MHB 75, respectively). Un-
supplemented brain heart infusion broth (BHI) and BHI supplemented with 50
mg of calcium per liter (BHI 50) were used for optimal expression of the GISA
phenotype (3). The final calcium concentrations in the various supplemented
media determined by inductively coupled plasma-optical emission spectrometry
(Vista Pro Axial; Varian) were as follows: 20 mg/liter for MHB II, 19.3 mg/liter
for MHB, and 37.5, 67.5, and 75 mg/liter for MHB 25, 50, and 75, respectively.
The calcium concentrations were 12 mg/liter for BHI and 51 mg/liter for BHI 50.
Microtiter plates containing serial dilutions of each antimicrobial agent were
inoculated with each organism to yield the appropriate density (105 CFU/ml) in
a final volume of 100 �l. The plates were incubated for 18 to 22 h at 35°C in
ambient air. For all isolates the MIC was defined as the lowest concentration of
antimicrobial agent that completely inhibits the growth of the organism as de-
tected by the unaided eye.

In vivo efficacy against murine infections. The therapeutic effects of the
antibiotics against acute lethal infections in mice caused by susceptible and
resistant S. aureus isolates were determined (7). Female strain CD-1 mice
(weight, 20 � 2 g each; Charles River Laboratories, Portage, Mich.) were chal-
lenged by intraperitoneal injection of 0.5 ml of a bacterial suspension in hog
gastric mucin (10 to 100 median lethal doses). Each antibiotic was administered
as a single intravenous dose (0.2 ml) in phosphate-buffered saline (0.01 M; pH
7.4) to five mice per group at 0.5 h postinfection. All of the untreated controls
died within 48 h of infection. The median effective dose (ED50) from pooled data
obtained from three separate experiments for each organism were determined by
probit analysis based on the 7-day survival ratios (11).

RESULTS

The in vitro antibacterial activities of tigecycline, daptomy-
cin, and the comparative antibiotics against resistant and sus-
ceptible gram-positive strains determined by the guidelines
recommended by the NCCLS with standard MHB II and MHB
50 (for daptomycin) are displayed in Table 1. Tigecycline dem-
onstrated similar in vitro activities against the GISA and the
methicillin-resistant and methicillin-susceptible staphylococcal
strains tested (MICs at which 90% of isolates tested are inhib-
ited [MIC90s], 0.5 to 1 �g/ml). Against the GISA strains in
MHB II, tigecycline was 16 times more active than vancomycin
and teicoplanin (MIC90, 8 �g/ml), 32 times more active than
daptomycin (MIC90, 16 �g/ml), and at least 64 times more
active than levofloxacin, erythromycin, and amoxicillin
(MIC90s, 32 to �32 �g/ml). The activities of daptomycin
against the GISA strains increased by 2 dilutions when dapto-
mycin was tested in MHB 50 (MIC90, 4 �g/ml); however, it was
still 3 dilutions less active than tigecycline. Daptomycin had
MIC90s of 1 to 2 �g/ml when it was tested in MHB II but was
also 1 to 2 dilutions less active than tigecycline against the
glycopeptide-susceptible, methicillin-resistant, and methicillin-
susceptible staphylococcal isolates. The in vitro activity of dap-
tomycin increased by 2 dilutions (MIC90s, 0.25 to 0.5 �g/ml)

when it was tested in MHB 50 against these same isolates, with
its activity equaling or exceeding that of tigecycline. Tige-
cycline was as active as or more active than vancomycin and
teicoplanin (MIC90s, 0.5 to 16 �g/ml) against all of the glyco-
peptide-susceptible staphylococcal strains tested. Against me-
thicillin-resistant staphylococcal strains, tigecycline was at least
16 times more active than levofloxacin and 32 times more
active than erythromycin and amoxcillin.

Tigecycline showed good in vitro activities, with a range of
MIC90s of 0.12 to 0.5 �g/ml for vancomycin-susceptible and
-resistant strains of Enterococcus faecalis and Enterococcus fae-
cium (Table 1). The activity of tigecycline was equivalent to
that of teicoplanin and slightly greater than that of vancomycin
against vancomycin-susceptible isolates (MIC90s, 0.12 to 0.5
and 2 �g/ml, respectively). The activities of tigecycline against
vancomycin-resistant enterococcal strains exceeded those of
the glycopeptide antibiotics erythromycin and amoxicillin
(MIC90s, 16 to �32 �g/ml). Daptomycin was at least 32 times
less active than tigecycline against the enterococcal isolates
when it was tested in MHB II and was 1 to 4 dilutions less
active than tigecycline when it was tested in MHB 50 (MIC90s,
8 to 16 and 1 to 2 �g/ml, respectively). Tigecycline was 2 to 3
dilutions more active than levofloxacin against all E. faecalis
and vancomycin-susceptible E. faecium strains tested (MIC90s,
1 to 2 and 2 �g/ml, respectively). However, the activity of
tigecycline against vancomycin-resistant strains of E. faecium
exceeded that of levofloxacin (MIC90s, �32 �g/ml) by at least
9 dilutions.

The activities of tigecycline against S. pneumoniae isolates,
including penicillin-resistant, -intermediate, and -sensitive iso-
lates, are shown in Table 1. Tigecycline had MIC90s of 0.25
�g/ml for all of the S. pneumoniae strains and demonstrated
similar activities against all of the S. pneumoniae strains tested.
The activities of tigecycline and daptomycin (in MHB II)
against penicillin-resistant S. pneumoniae isolates were similar
to those of vancomycin and levofloxacin (MIC90s, 0.25 to 0.5
�g/ml), but the activities of tigecycline and daptomycin were
exceeded by the activities of teicoplanin and daptomycin (in
MHB 50) (MIC90s, �0.008 and 0.015 �g/ml, respectively).
Overall, all of the antibiotics tested demonstrated good activ-
ities against the penicillin-intermediate and -susceptible S.
pneumoniae isolates (MIC90 range, 0.015 to 1 �g/ml).

When MHB was supplemented with increased concentra-
tions of calcium, as recommended by Snydman et al. (34), the
activities of daptomycin against GISA, MRSA, and MSSA
strains were enhanced. This same supplementation of the
growth medium with calcium, however, did not alter the activ-
ities of tigecycline, vancomycin, or teicoplanin (Table 2). Cal-
cium-supplemented media also had no effect on the activities
of levofloxacin, erythromycin, and amoxicillin (data not
shown). There was a stepwise increase in the activity of dap-
tomycin, with supplementation with the largest calcium con-
centration (75 mg/liter) resulting in the greatest increase in
activity. Compared to MHB, the activity of daptomycin against
the GISA strains increased 16-fold when MHB 75 was used
(MIC90s, 16 and 1 �g/ml, respectively). The activity of dapto-
mycin also increased eightfold against MRSA strains (MIC90s,
4 and 0.5 �g/ml) and MSSA strains (MIC90s, 2 and 0.25 �g/ml)
when MHB 75 was used. Similar increases in the activities of
daptomycin, corresponding to the presence of increased cal-
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cium concentrations, were observed against the quality control
organisms (Table 3).

The activities of tigecycline against the S. aureus strains
tested with either MHB II or BHI as the growth medium are
shown in Table 2. There was a slight increase in the level of

glycopeptide antibiotic resistance when BHI was used as the
growth medium for the GISA strains. The range of MICs of
vancomycin and teicoplanin increased from 0.5 to 16 �g/ml in
MHB II to 2 to 16 �g/ml in BHI. Although this was not a
marked shift in the MICs, 47% of the GISA strains showed a

TABLE 1. In vitro activities of tigecycline, daptomycin, and the comparative antibiotics against recent clinical isolates

Organism
(no. of isolates tested)

and antibiotic

MIC (�g/ml) Organism
(no. of isolates tested)

and antibiotic

MIC (�g/ml)

Range 50% 90% Range 50% 90%

S. aureus
Glycopeptide intermediate (19)

Tigecycline 0.06–1 0.25 0.5
Daptomycin 2–16 4 16
Daptomycina 0.5–16 1 4
Vancomycin 1–8 4 8
Teicoplanin 0.5–16 4 8
Levofloxacin 0.25–32 16 32
Erythromycin 0.12–�32 �32 �32
Amoxicillin 1–�32 32 �32

Methicillin resistant (10)
Tigecycline 0.12–1 0.25 0.5
Daptomycin 1–4 2 2
Daptomycina 0.25–0.5 0.25 0.5
Vancomycin 1–2 1 1
Teicoplanin 0.25–8 0.25 1
Levofloxacin 0.06–16 8 8
Erythromycin �32 �32 �32
Amoxicillin 32–�32 �32 �32

Methicillin susceptible (10)
Tigecycline 0.25–0.5 0.25 0.5
Daptomycin 1–2 1 2
Daptomycina 0.12–0.5 0.25 0.5
Vancomycin 0.5–1 1 1
Teicoplanin 0.25–1 0.25 0.5
Levofloxacin 0.06–0.12 0.06 0.12
Erythromycin 0.25–�32 0.25 0.5
Amoxicillin 0.25–�32 �32 �32

Coagulase-negative staphylococci
Methicillin-resistant (10)

Tigecycline 0.5–2 1 1
Daptomycin 0.5–4 1 2
Daptomycina 0.12–0.5 0.25 0.5
Vancomycin 1–4 2 2
Teicoplanin 2–32 4 16
Levofloxacin 0.12–32 0.25 32
Erythromycin 0.12–�32 32 32
Amoxicillin 4–�32 16 �32

Methicillin susceptible (10)
Tigecycline 0.5–1 0.5 0.5
Daptomycin 0.5–1 1 1
Daptomycina 0.06–0.5 0.12 0.25
Vancomycin 0.5–2 1 1
Teicoplanin 0.06–2 0.25 1
Levofloxacin 0.06–0.25 0.12 0.25
Erythromycin 0.12–�32 0.25 0.25
Amoxicillin �0.03–�32 0.5 8

E. faecalis (10)
Tigecycline 0.06–0.5 0.12 0.25
Daptomycin 4–16 4 8
Daptomycina 0.12–2 1 1
Vancomycin 1–2 2 2
Teicoplanin 0.06–0.25 0.06 0.12
Levofloxacin 0.5–16 0.5 1
Erythromycin 0.5–�32 2 32
Amoxicillin 0.25–0.5 0.25 0.5

a Daptomycin tested in MHB 50.

E. faecalis, vancomycin resistant (10)
Tigecycline �0.03–0.5 0.12 0.5
Daptomycin 1–16 8 16
Daptomycina 0.12–2 1 1
Vancomycin �32 �32 �32
Teicoplanin 0.12–�32 32 �32
Levofloxacin 0.25–32 1 2
Erythromycin 2–�32 �32 �32
Amoxicillin 0.25–16 0.25 16

E. faecium (10)
Tigecycline �0.03–0.25 0.06 0.25
Daptomycin 8–16 16 16
Daptomycina 1–4 1 2
Vancomycin 0.5–2 1 2
Teicoplanin 0.12–0.5 0.12 0.5
Levofloxacin 1–16 1 2
Erythromycin 0.5–�32 4 �32
Amoxicillin 0.12–32 2 16

E. faecium vancomycin resistant (10)
Tigecycline 0.06–0.25 0.06 0.12
Daptomycin 8–32 16 16
Daptomycina 1–2 2 2
Vancomycin 32–�32 �32 �32
Teicoplanin 0.06–�32 32 �32
Levofloxacin 1–�32 �32 �32
Erythromycin �32 �32 �32
Amoxicillin 1–32 16 32

Streptococcus pneumoniae
Penicillin resistant (10)

Tigecycline 0.25 0.25 0.25
Daptomycin 0.25–1 0.25 0.5
Daptomycina �0.008–0.015 �0.008 0.015
Vancomycin 0.12–0.25 0.25 0.25
Teicoplanin �0.008 �0.008 �0.008
Levofloxacin 0.5 0.5 0.5
Erythromycin 0.015–4 0.5 4
Amoxicillin 0.5–4 0.5 4

Penicillin intermediate (10)
Tigecycline 0.12–0.25 0.25 0.25
Daptomycin 0.25–0.5 0.5 0.5
Daptomycina �0.008–0.015 �0.008 0.015
Vancomycin 0.12–0.25 0.25 0.25
Teicoplanin �0.008–0.015 �0.008 0.015
Levofloxacin 0.5–1 1 1
Erythromycin �0.008–2 0.015 0.03
Amoxicillin 0.03–0.5 0.12 0.25

Penicillin susceptible (10)
Tigecycline 0.25–0.5 0.25 0.25
Daptomycin 0.25–4 0.5 0.5
Daptomycina �0.008–0.015 �0.008 0.03
Vancomycin 0.12–0.5 0.25 0.25
Teicoplanin �0.008–0.015 �0.008 0.015
Levofloxacin 0.5–1 0.5 1
Erythromycin �0.008–0.03 0.015 0.015
Amoxicillin �0.008–0.03 �0.008 0.03
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TABLE 2. Effects of calcium and medium on in vitro activities of tigecycline, daptomycin, vancomycin, and teicoplanin

S. aureus phenotype
(no. of isolates tested) Antibiotic Medium

MIC (�g/ml)

Range 50% 90%

Glycopeptide intermediate (19) Tigecycline MHB II 0.06–1 0.25 0.5
MHB 0.06–1 0.12 0.5
MHB 25 0.06–1 0.12 0.5
MHB 50 0.06–1 0.12 0.25
MHB 75 0.06–1 0.12 0.5
BHI �0.03–0.25 �0.03 0.25

Daptomycin MHB II 2–16 4 16
MHB 4–16 8 16
MHB 25 0.5–4 2 4
MHB 50 0.5–16 1 4
MHB 75 0.25–2 0.5 1
BHI �32 �32 �32
BHI 50 4–16 8 16

Vancomycin MHB II 1–8 4 8
MHB 2–8 4 8
MHB 25 2–8 4 8
MHB 50 2–8 4 8
MHB 75 2–8 4 8
BHI 2–16 8 16

Teicoplanin MHB II 0.5–16 4 8
MHB 0.5–16 4 8
MHB 25 1–16 4 16
MHB 50 1–16 4 16
MHB 75 1–16 4 16
BHI 2–16 8 16

Methicillin resistant (10) Tigecycline MHB II 0.12–1 0.25 0.5
MHB 0.12–0.5 0.25 0.5
MHB 25 0.12–0.5 0.25 0.5
MHB 50 0.25–0.5 0.25 0.5
MHB 75 0.25–1 0.25 0.5
BHI 0.06–0.25 0.06 0.12

Daptomycin MHB II 1–4 2 2
MHB 2–4 2 4
MHB 25 0.5–1 0.5 1
MHB 50 0.25–0.5 0.25 0.5
MHB 75 0.25–0.5 0.25 0.5
BHI 32–�32 32 32
BHI 50 2 2 2

Vancomycin MHB II 1–2 1 1
MHB 1–2 1 1
MHB 25 1–2 1 1
MHB 50 1–2 1 2
MHB 75 1–2 1 2
BHI 1–4 2 2

Teicoplanin MHB II 0.25–8 0.25 1
MHB 0.25–8 0.25 0.5
MHB 25 0.25–8 0.5 1
MHB 50 0.25–8 0.5 0.5
MHB 75 0.25–8 0.5 1
BHI 0.25–16 0.5 1

Methicillin susceptible (10) Tigecycline MHB II 0.25–0.5 0.25 0.5
MHB 0.12–0.5 0.25 0.25
MHB 25 0.12–0.5 0.25 0.25
MHB 50 0.12–0.25 0.25 0.25
MHB 75 0.25–0.5 0.25 0.5
BHI 0.06–0.12 0.06 0.12

Continued on following page
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decreased level of susceptibility to vancomycin and 32% of the
GISA strains showed a decreased level of susceptibility to
teicoplanin. In contrast, tigecycline demonstrated an increase
in activity in BHI over that in MHB II (MIC90s, 0.25 and 0.5
�g/ml, respectively). Daptomycin had an MIC90 of �32 �g/ml
in unsupplemented BHI and failed to demonstrate any anti-
bacterial activity against the GISA strains in this medium.
When BHI 50 was used, daptomycin demonstrated a modest
increase in activity (MIC90, 16 �g/ml). Similar effects were
also demonstrated by tigecycline, daptomycin, vancomycin,
and teicoplanin when BHI was used to test MRSA and
MSSA strains. Compared to the activities seen in MHB II,
the activities of levofloxacin, erythromycin, and amoxicillin
against the GISA, MRSA, and MSSA strains were slightly
increased in BHI, but no trend could be established (data
not shown).

The in vivo efficacies of tigecycline, daptomycin, and vanco-
mycin determined against an MSSA, an MRSA, and a GISA
strain in a murine model of bacterial infection are displayed in
Table 4. Daptomycin and tigecycline exhibited similar in vivo
efficacies against infections caused by the MSSA strain (strain
GC 4543) (ED50s, 0.12 and 0.24 mg/kg of body weight, respec-
tively) and were approximately three to six times more effica-
cious than vancomycin (ED50, 0.67 mg/kg). The in vivo effica-
cies of tigecycline and daptomycin (ED50s, 0.72 and 0.87 mg/
kg, respectively) were also similar against an infection with an
MRSA strain (strain GC 1131). Vancomycin (ED50, 2.2 mg/kg)
was 2.5 and 3 times less efficacious than daptomycin and tige-
cycline, respectively, against the infection caused by an MRSA
strain. Tigecycline was the most efficacious antibiotic tested
against an infection caused by a GISA strain. Tigecycline was
3 times more efficacious than daptomycin and 16 times more
active than vancomycin (ED50s, 1.9, 6.1, and 31 mg/kg, respec-
tively).

DISCUSSION

The number of strains of multidrug-resistant gram-positive
bacteria has increased dramatically during the past two de-
cades (28, 30). The emergence and spread of penicillin-resis-
tant S. pneumoniae, glycopeptide-resistant enterococci, and
methicillin-resistant staphylococci are now recognized as
global problems (2). The isolation of S. aureus strains with
reduced susceptibilities to glycopeptide antibiotics has been
reported from Japan and other parts of Asia, the United
States, and Europe (38). Although the vancomycin MICs for
these isolates (�16 �g/ml) remain below the achievable levels
in serum, the clinical outcomes of these infections have been
poor and additional intervention is required (8). In addition,
the emergence of gram-positive strains resistant to multiple
antimicrobial agents has added to the resistance problem (24).
New compounds for the effective treatment of infections

TABLE 3. Effect of calcium concentration on the in vitro activities
of daptomycin against quality control strains

Organism Medium MIC (�g/ml)

S. aureus ATCC 29213 MHB II 1
MHB 2
MHB 25 0.5
MHB 50 0.25
MHB 75 0.25
BHI 32
BHI 50 2

E. faecalis ATCC 29212 MHB II 16
MHB 32
MHB 25 4
MHB 50 2
MHB 75 0.5
BHI �32
BHI 50 8

TABLE 2—Continued

S. aureus phenotype
(no. of isolates tested) Antibiotic Medium

MIC (�g/ml)

Range 50% 90%

Daptomycin MHB II 1–2 1 2
MHB 2 2 2
MHB 25 0.25–0.5 0.5 0.5
MHB 50 0.12–0.5 0.25 0.5
MHB 75 0.12–0.5 0.25 0.25
BHI 32 32 32
BHI 50 1–2 1 2

Vancomycin MHB II 0.5–1 1 1
MHB 0.5–2 1 2
MHB 25 0.5–2 1 2
MHB 50 1 1 1
MHB 75 1–2 1 1
BHI 1–2 2 2

Teicoplanin MHB II 0.25–1 0.25 0.5
MHB 0.25–1 0.25 0.5
MHB 25 0.25–0.5 0.5 0.5
MHB 50 0.25–0.5 0.5 0.5
MHB 75 0.25–0.5 0.5 0.5
BHI 0.5–1 0.5 1
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caused by multiresistant gram-positive species are urgently
needed.

Research on antimicrobials that can be used to overcome
resistance in gram-positive bacteria has produced a number of
promising new compounds. Recently, quinupristin-dalfopristin
has been approved for clinical use. This agent, however, has
caused multiple adverse effects and has become associated
with a significant emergence of resistance (19, 23). The first of
a new class of antibacterials, linezolid, an oxazolidinone (4, 9,
12), has also been introduced for clinical therapy. However,
the development of resistance during therapy (13, 16) and
adverse effects (13, 17) have been reported. The ketolides (5, 6,
25), a glycopeptide (15, 18, 40), and new quinolones with
enhanced activity against gram-positive pathogens (6) are in
development.

Two promising compounds in advanced stages of clinical
development are tigecycline, a glycylcycline (31, 36), and dap-
tomycin, a semisynthetic lipopeptide (1, 37). Tigecycline has
been shown to have excellent activities against gram-positive
and gram-negative bacteria without any cross-resistance, in-
cluding excellent activities against tetracycline-resistant organ-
isms (14, 29). The spectrum of activity of daptomycin also
includes resistant strains, but its activity is limited to gram-
positive bacteria (34). Daptomycin, however, requires more
free calcium than the amount present in standard MHB II to
exhibit maximum in vitro activity (34). The need for higher
calcium concentrations has previously been demonstrated for
daptomycin as well as other calcium-dependent antibiotics (20,
21, 22). MHB II, which is recommended for use in MIC testing
by the NCCLS for all antibiotics except daptomycin, does not
contain sufficient calcium for daptomycin to exert its maximal
antibacterial activity. No commercially available MHB which is
adjusted to contain calcium at 50 mg/liter is available. There-
fore, additional supplementation of MHB II with calcium is
needed to comply with NCCLS recommendations for the use
of media with calcium concentrations of 50 mg/liter when dap-
tomycin is being tested. It is noteworthy that when unsupple-
mented MHB was tested for its calcium concentration, it was
found to contain 19.3 mg/liter, which was only 0.7 mg/liter
lower than the lower limit allowed in MHB II.

In this study, tigecycline demonstrated similar activities
against clinical isolates of GISA, MRSA, vancomycin-resistant
enterococci, and penicillin-resistant S. pneumoniae. Tigecy-
cline had better activities than the comparative antibiotics
against most resistant organisms when it was tested by the
standard NCCLS methodology with MHB II as the test me-
dium. The concentration of calcium (20 to 25 mg/liter) in this
medium, however, is inadequate for the testing of daptomycin.
Daptomycin showed increased activities when it was tested in
MHB 50; the increased activities were most notable against the
streptococcal and staphylococcal isolates. The activity of dap-
tomycin approached that of tigecycline against the GISA
strains only when the test medium was supplemented with
excess calcium (75 mg/liter). This concentration of calcium,
however, would exceed the approximate physiological levels of
free calcium in human serum (45 to 55 mg/liter). It is notable
that when the medium is supplemented with a previously rec-
ommended concentration of 50 mg of calcium per liter (34),
daptomycin was less active than tigecycline against the GISA
strains.

The GISA strains are reported to express increased levels of
resistance to the glycopeptide antibiotics when they are grown
in BHI (3). The results of this study would concur, as the GISA
strains showed increased levels of resistance to the glycopep-
tides antibiotics vancomycin and teicoplanin and also showed
increased levels of resistance to daptomycin when they were
tested in BHI. In contrast, tigecycline showed increased levels
of activity against the GISA strains when it was tested in BHI.
It is possible that the reduced activity of daptomycin seen in
BHI could be attributed to a low calcium concentration and/or
increased levels of protein binding, as protein binding has been
reported to adversely affect the in vitro activity of daptomycin
(33). Increasing the calcium level in BHI to 50 mg/liter resulted
in only a modest increase in the activity of daptomycin, thereby
indicating that protein binding was the possible cause of the
decreased activity.

Tigecycline and daptomycin were more efficacious than van-
comycin when they were evaluated against models of systemic
murine MRSA, MSSA, and GISA infection. The differences in
activity between tigecycline and daptomycin were not as pro-
nounced in vivo as those observed in vitro in MHB II for
MSSA and MRSA. This confirms that in vitro studies with
daptomycin in the presence of 50 mg of calcium per liter would
be a better predictor of in vivo efficacy. The two compounds
demonstrated similar efficacies against infections caused by
MSSA and MRSA isolates. Tigecycline, which was more active
than daptomycin against GISA strains in vitro, did demon-
strate a better corresponding efficacy against an infection
caused by a GISA strain. The decreases in the efficacies of the
three compounds, as measured by the increases in the ED50s
for the MSSA strains compared to those for the MRSA and
the GISA strains, were much less pronounced for tigecycline
than for either daptomycin or vancomycin.

Overall, when the activities of tigecycline were tested by
standard NCCLS protocols in MHB II, tigecycline demon-
strated good activity against drug-resistant S. aureus isolates
and other drug-resistant gram-positive pathogens. Daptomycin
also showed good activity against most of the strains tested
when the calcium concentration of the medium was raised to
the concentration (50 mg/liter) approved by the NCCLS. The
activities of tigecycline against the GISA strains further add to

TABLE 4. In vivo efficacies of tigecycline, daptomycin, and
vancomycin against experimental acute lethal

staphylococcal infections in mice

S. aureus strain
(challenge dose [no. of
CFUa/mouse] vehicle)

Intravenous
treatment

ED50
(mg/kg) (95%

confidence limit)

MIC
(�g/ml)

GC 6336, GISA (1.3 � 108,
10% mucin)

Tigecycline 1.9 (1.4–2.5) 0.25
Daptomycin 6.1 (4.6–8.5) 4/1b

Vancomycin 31 (22–45) 8

GC 1131, MRSA (1.9 � 107,
8% mucin)

Tigecycline 0.72 (0.57–0.91) 0.5
Daptomycin 0.87 (0.69–1.1) 1/0.25b

Vancomycin 2.2 (1.7–2.8) 1

GC 4543, MSSA (3.8 � 105,
5% mucin)

Tigecycline 0.24 (0.17–0.31) 0.5
Daptomycin 0.12 (0.09–0.17) 1/0.25b

Vancomycin 0.67 (0.4–2.0) 1

a Average number of CFU from three separate tests; variability, �0.5 log10.
b The values represent the MIC in MHB II/MIC in MHB 50.
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its broad spectrum of activity against drug-resistant bacteria.
These results suggest that both tigecycline and daptomycin
may play important roles in the treatment of infections caused
by gram-positive pathogens including drug-resistant strains.
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