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In Staphylococcus aureus infection hemolysis caused by the extracellular protein a-toxin encoded by hla is
thought to contribute significantly to its multifactorial virulence. In vitro, subinhibitory concentrations of
b-lactam antibiotics and fluoroquinolones increase the levels of hla and a-toxin expression, whereas amino-
glycosides decrease the levels of hla and a-toxin expression. In the present study we investigated the effects of
subinhibitory concentrations of amoxicillin, gentamicin, and moxifloxacin on hla and a-toxin expression and
total hemolysis of S. aureus strain 8325-4, a high-level a-toxin producer, and its a-toxin-negative mutant, DU
1090, in vitro and in a rat model of chronic S. aureus infection. The levels of expression of hla and a-toxin and
total hemolysis did not differ significantly when amoxicillin, gentamicin, or moxifloxacin was added to cultures
of S. aureus strain 8325-4. In vivo, strain 8325-4 induced a significantly increased level of hemolysis in infected
pouches compared to that in uninfected control pouches, but the hemolysis was reduced to control levels by
treatment with doses of amoxicillin, gentamicin, or moxifloxacin that reduced bacterial numbers by 2 orders
of magnitude. Additionally, the effects of subinhibitory concentrations of the three antibiotics on total hemo-
lysis of four methicillin-resistant S. aureus and three methicillin-sensitive S. aureus (MSSA) clinical isolates
were assessed in vitro. A significant increase in total hemolysis was observed for only one MSSA strain when
it was treated with amoxicillin but not when it was treated with moxifloxacin or gentamicin. When purified
a-toxin was incubated with purified human neutrophil elastase, a-toxin was cleaved nearly completely. The
results suggest that the penicillin-induced increases in S. aureus a-toxin expression are strain dependent, that
reduction of bacterial numbers in vivo counteracts this phenomenon effectively, and finally, that in localized S.
aureus infections a-toxin activity is controlled by neutrophil elastase.

Staphylococcus aureus causes a broad range of life-threaten-
ing diseases in humans (19). Its virulence is multifactorial (1,
4), including the extracellularly released 33.2-kDa polypeptide
a-toxin (a-hemolysin) (3, 31). a-Toxin is thought to be a major
virulence factor of S. aureus since a-toxin-negative mutants of
the wild-type strain 8325-4, such as DU 1090, were revealed to
have significantly reduced levels of toxicity in animal models of
human S. aureus infection (5, 25, 27, 28). In vitro data suggest
that antibiotics modify the expression of a-toxin. For example,
macrolides (21, 26), aminoglycosides (26), and clindamycin
(26) reduced the level of a-toxin production, whereas b-lactam
antibiotics strongly increased (18, 26) and fluoroquinolones
slightly increased (26) its level of production. Sterile culture
supernatants of S. aureus strains treated with nafcillin in vitro
were significantly more toxic for rats than untreated culture
supernatants (18).

On the basis of these results, it was hypothesized that b-lac-
tam therapy may enhance the virulence of S. aureus strains and
increase the symptoms of human S. aureus infections (18). At
particular risk would be patients with the hereditary disease
cystic fibrosis (CF), who often suffer from chronic S. aureus

lung infections (13) and who therefore are repeatedly treated
with b-lactam antibiotics and other classes of antibiotics.

The objectives of the present study were, first, to investigate
the effects of subinhibitory concentrations of amoxicillin, gen-
tamicin, or moxifloxacin on a-toxin expression of S. aureus in
vitro and in a chronic S. aureus infection model of CF in rats.
Second, we wanted to assess the effects of subinhibitory con-
centrations of these antibiotics in vitro on several clinical iso-
lates of S. aureus that differed in their resistance to methicillin,
and, finally, we investigated the hypothesis that a-toxin is
cleaved by human neutrophil elastase. We provide evidence
that hla and a-toxin expression and total hemolysis do not
differ significantly when amoxicillin, gentamicin, or moxifloxa-
cin is added to in vitro cultures of S. aureus strain 8325-4 and
that these antibiotics are well-suited for the treatment of lo-
calized chronic S. aureus infections, when they are used at even
subinhibitory concentrations, because they reduce the level of
hemolysis by decreasing bacterial numbers. Furthermore, we
show that the penicillin-induced increase in the level of a-toxin
expression is largely strain dependent and, finally, that neutro-
phil elastase degrades a-toxin.

MATERIALS AND METHODS

Bacterial strains, antibiotics, and culture methods. The following S. aureus
strains were used: strain 8325-4, a high-level a-toxin-producing strain (24); its
a-toxin-deficient mutant, DU 1090, prepared by insertion of a transposon in the
hla gene (27); four methicillin-resistant clinical isolates of S. aureus (methicillin-
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resistant S. aureus [MRSA] isolates 1 to 4); and three methicillin-sensitive clinical
isolates of S. aureus (methicillin-sensitive S. aureus [MSSA] isolates 1 to 3).
Strains were cultured in vitro in tryptone soy broth (TSB; Oxoid, Basingstoke,
England) with or without subinhibitory concentrations of antibiotics at 37°C with
shaking (200 rpm). The antibiotics moxifloxacin (BAY 12-8039; Bayer AG) and
amoxicillin, gentamicin, and nafcillin (Sigma-Aldrich, Deisenhofen, Germany)
were used. Antibiotic resistance testing revealed that laboratory strains 8325-4
and DU 1090 were susceptible to the antibiotics tested, whereas the MRSA
strains were resistant and the MSSA strains varied in their susceptibilities (Table
1). MICs for S. aureus strains were determined by the broth dilution method
according to the NCCLS performance standards for antimicrobial testing (22).
The subinhibitory concentrations are listed in Table 1. S. aureus strains were
tested for b-lactamase activity by the nitrocefin assay (Oxoid). As positive con-
trols, three Staphylococcus carnosus strains carrying an Escherichia coli plasmid
encoding a b-lactamase were used (a kind gift of Fritz Götz). The mean b-lac-
tamase activities for these strains were set equal to 100%. Besides strain MRSA
4 (42% b-lactamase activity), the other clinical isolates showed a mean 6 stan-
dard deviation (SD) b-lactamase activity of 13.4% 6 5.6%, whereas laboratory
strain 8325-4 and its a-toxin-deficient mutant, DU 1090, were totally negative for
b-lactamase activity. Following overnight culturing, S. aureus strains were ad-
justed to an optical density at 600 nm (OD600) of 0.05 (Ultrospec III; Pharmacia
Biotech, Freiburg, Germany). The suspension was again incubated as described
above, and the bacteria were grown to an OD600 of 4.5, depending on the strain
used and the antibiotic added, after 4.25 to 10.25 h. One milliliter of the samples
was centrifuged (10,000 rpm [GR4-12; Jouan, Saint Nazaire, France]). Superna-
tants were subjected to Western blotting and to the hemolysis assay; the cells
were subjected to Northern blotting.

Rat granuloma pouch model. Pouches were prepared in 90 male Wistar rats
(weight, 300 g) as described previously (10). Briefly, 1 ml of olive oil with 1%
croton oil was injected together with 20 ml of air into the loose subcutaneous
tissue between the shoulders of the rats. After 7 days, the pouches were filled
with approximately 5 ml of an inflammatory exudate, characterized by a massive
infiltration of neutrophils (10). The pouches were infected with 1 ml of a washed
inoculum (108 CFU/ml) of S. aureus strain 8325-4 (40 rats) or DU 1090 (40 rats).
Antibiotics were given to groups of 10 rats each (amoxicillin, two times at 100
mg/kg of body weight orally; gentamicin, two times at 30 mg/kg subcutaneously;
moxifloxacin, one time at 50 mg/kg orally). Two more groups were infected with
strain 8325-4 (10 rats) and DU 1090 (10 rats) without antibiotic treatment; 10
uninfected and untreated animals served as blanks. The antibiotic concentrations
in the pouches were determined by a conventional cup-plate agar diffusion
method with Bacillus subtilis as the indicator organism. One day after inocula-
tion, the pouch exudate was collected and the bacteria were counted. The
exudate (1 to 5 ml) was centrifuged, and the supernatant was frozen at 270°C
until further investigation. The experiments were approved by the local ethics
committee at Bayer AG, Wuppertal, Germany.

Hemolysis assay. Total hemolysis was assessed as described previously (2) with
rabbit erythrocytes, which are 100 times more sensitive to S. aureus a-toxin than
human erythrocytes. Briefly, 100 ml of washed rabbit erythrocytes (5 3 106/ml;
Froschek, Südbretten, Germany) was added to microtiter plates (Cellstar TC;
Greiner, Frickenhausen, Germany), filled with 100 ml of serial dilutions of
bacterial culture supernatants or pouch exudates, and incubated for 60 min at
37°C. As a positive control, saponin (Sigma) was used in each assay, whereas
phosphate-buffered saline served as a negative control. Following centrifugation,
the absorption at 450 nm (A450) of the resulting supernatants was determined

with a computerized enzyme-linked immunosorbent assay reader (SLT Labin-
struments, Crailsheim, Germany). One unit of hemolytic activity was defined as
the amount of test solution able to liberate half of the total hemoglobin from the
erythrocytes. All experiments were performed in at least three independent
assays. In the case of SDs with P values between 0.1 and 0.05, experiments were
repeated up to six times.

Effect of neutrophil elastase on a-toxin stability. Neutrophil elastase was
purified as described before (14). The specific enzymatic activity was demon-
strated to be 3.4 mU by using the peptide methoxy-Suc–Ala–Ala–Pro–Val–p-
nitroanilide (Bachem, Heidelberg, Germany) as the specific chromogenic sub-
strate. One unit was defined as the release of 1 mol of p-nitroanilide/min/ml by
using an extinction coefficient at 410 nm (ε410) of 8,800 M21 cm21. Serial elastase
dilutions (0 ng, 1 ng, 10 ng, 100 ng, 1 mg) were incubated for 1 h at 37°C in
phosphate-buffered saline (pH 7.2), together with aliquots of 100 ng of purified
a-toxin (Sigma). In other experiments, a molar surplus of a1-antitrypsin was
incubated with 1 mg of elastase for 30 min before a-toxin was added. Thereafter,
the reaction products were subjected to Western blotting. Quantification of the
remaining intact a-toxin was performed by densitometry, as described below.

Congo red proteolysis assay. For investigation of the elastolytic activity in rat
pouch exudates, an elastin-Congo red assay (Sigma) was used. This assay is based
on the principle that elastin is cleaved from the Congo red, resulting in a change
in color intensity at 495 nm. A 1-ml aliquot of the samples was mixed with 2 ml
of an elastin-Congo red suspension (20 g/liter in 0.1 M Tris-maleate–1 mM CaCl2
[pH 8.4]), and the mixture was incubated with shaking for 6 to 8 h at 37°C. After
centrifugation (5,000 rpm [Minifuge GL; Heraeus, Fellbach, Germany] for 10
min at 25°C), the A495 was measured in a spectrometer (Ultrospec III; Pharma-
cia). Calibration was performed with neutrophil elastase, purified as described by
Goldstein and Döring (14), with minor changes.

Western blotting. S. aureus strains 8325-4 and DU 1090 were incubated with-
out and with the addition of subinhibitory concentrations of antibiotics as de-
scribed above. Cultures were centrifuged and culture supernatants were subjected to
sodium dodecyl sulfate (SDS)-polyacrylamide (12%) gel electrophoresis run at 200
V and 75 mA. Samples were blotted onto nitrocellulose (0.8 mA/cm2, 15 V) and
stained with rabbit anti-a-toxin immunoglobulin G (IgG) (diluted 1:10,000)
purified from a hyperimmune serum by protein A-Sepharose affinity chromatog-
raphy (Pharmacia). Bound anti-a-toxin IgG was detected with a goat anti-rabbit
IgG–horseradish peroxidase conjugate (Dako, Hamburg, Germany) that had
been diluted 1:15,000. Detection was performed with the chemiluminescent
reagent Lumigen PS-3 (Pharmacia), the ECL Detection System (Pharmacia),
and X-ray film (Hyperfilm ECL; Pharmacia). Western blot bands were digitized
(Video Copy Processor; Mitsubishi, Tokyo, Japan) and analyzed with the Win-
Cam, version 2.2, software program (Cybertech, Berlin, Germany). The bands
were compared to those for purified a-toxin standards added to the Western
blots at concentrations of 2.5, 5, 10, 25, and 50 mg/liter.

Northern blotting. hla mRNA quantification was performed as described pre-
viously (12). In short, following overnight growth strains 8325-4 and DU 1090
were adjusted to give an OD600 of 0.05 in a volume of 10 ml of TSB, and
amoxicillin (10 mg/liter), gentamicin (100 mg/liter), or moxifloxacin (10 mg/liter)
was added to strain 8325-4. All samples were grown to reach an OD600 of 4.5 to
5.0. After centrifugation the pellets were resuspended in 1 ml of ice-cold Trizol
reagent (Gibco Life Technologies, Paisley, United Kingdom). Cell walls were
disrupted with fastRNA tubes blue and Fast Prep FP 120 (both from Bio 101,
Inc., Vista, Calif.). RNA was separated from cell proteins and was quantified
spectroscopically (Ultrospec III; Pharmacia). A total of 2.5 mg of each RNA

TABLE 1. MICs and subinhibitory concentrations

Strain
Amoxicillin Gentamicin Moxifloxacin

MIC (mg/liter) SICs (per liter)a MIC (mg/liter) SICs (per liter)a MIC (mg/liter) SICs (per liter)a

8325-4 0.25 1 mg, 10 mg 2 10 mg, 100 mg 0.125 1 mg, 10 mg
DU 1090 0.25 1 mg, 10 mg 1 10 mg, 100 mg 0.0625 1 mg, 10 mg
MRSA 1 32 1 mg, 10 mg .128 10 mg, 100 mg 8 100 mg, 1 mg
MRSA 2 64 1 mg, 10 mg .128 10 mg, 100 mg 8 100 mg, 1 mg
MRSA 3 32 1 mg, 10 mg .128 10 mg, 100 mg 8 100 mg, 1 mg
MRSA 4 8 100 mg, 1 mg .128 10 mg, 100 mg 4 100 mg, 1 mg
MSSA 1 4 100 mg, 1 mg 8 100 mg, 1 mg 0.0625 1 mg, 10 mg
MSSA 2 2 100 mg, 1 mg 4 100 mg, 1 mg 0.0625 1 mg, 10 mg
MSSA 3 0.25 1 mg, 10 mg 8 100 mg, 1 mg 0.0625 1 mg, 10 mg

a Two different subinhibitory concentrations (SICs) of antibiotics with variable relation to MICs were added to liquid cultures of selected S. aureus strains, which were
grown as described in Materials and Methods.
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sample was loaded onto agarose gels (low-melting-point agarose [1%]; FMC
Bioproducts, Rockland, Maine) supplemented with 10% formaldehyde for elec-
trophoresis (65 V, 2.5 h). Alkaline capillary blotting was performed with posi-
tively charged nylon membranes (Roche, Mannheim, Germany) and a turbo-
blotter (Schleicher & Schüll, Dassel, Germany) according to the instructions of
the manufacturers. Blots were cross-linked with a GS Gene Linker UV Chamber
(Bio-Rad, Hercules, Calif.). Prehybridization was performed for 30 min in Duran
glass tubes (HB-OV-BS; Hybaid, Heidelberg, Germany) with a high-concentra-
tion SDS solution in a hybridization oven (Mini10; Hybaid) at 68°C, followed by
an overnight hybridization after addition of a digoxigenin-labeled single-stranded
PCR probe specific for hla (12). The amount of bound probe was detected with
an antidigoxigenin antibody (Roche). After addition of CSPD (Roche), chemi-
luminescence was detected with Hyperfilm ECL (Pharmacia).

Statistical analysis. Statistical analysis was performed with JMP software
(fourth version, 1995; SAS Institute, Inc., Cary, N.C.). Raw data were checked
for normality by the Shapiro-Wilks test; thereafter, significance was calculated by
the Student t test or the Wilcoxon rank sum test. Probability values less than 0.05
were considered significant.

RESULTS

On the basis of previous reports that penicillins strongly
increase the levels of S. aureus a-toxin production in vitro (18,
26), whereas aminoglycosides reduce it (26) and fluoroquino-
lones slightly increase it (26), we incubated high-level a-toxin-
producing strain 8325-4 with subinhibitory concentrations of
amoxicillin, gentamicin, or moxifloxacin and quantified hla ex-
pression by Northern blotting and a-toxin expression by West-
ern blotting (Fig. 1).

Using a standard curve for purified a-toxin, we found that
cultures of S. aureus strain 8325-4 (107 CFU/ml) produced
20.37 6 9.76 mg of a-toxin per liter without the addition of
antibiotics (Fig. 1B, lane 2). Addition of subinhibitory concen-
trations of amoxicillin (10 mg/liter) resulted in moderately in-
creased levels of a-toxin production (Fig. 1B, lane 3). A sim-
ilar, but also not significant, increase (1.59 times) in the level of

hla mRNA expression was found after amoxicillin treatment
(Fig. 1A, lane 3). Treatment of cultures of S. aureus strain
8325-4 with subinhibitory concentrations of moxifloxacin (10
mg/liter; Fig. 1B, lane 5) or gentamicin (100 mg/liter; Fig. 1B,
lane 4) also failed to change the level of production of a-toxin
significantly. Both Western blotting and Northern blotting
yielded comparable results. As expected, the a-toxin-negative
mutant of 8325-4, DU 1090, produced no hla transcript (Fig.
1A, lane 6) or a-toxin protein (Fig. 1B, lane 6). These results
do not corroborate results from previous studies with other S.
aureus strains, including strain 8325-4, which revealed signifi-
cant increases in the level of a-toxin production in the pres-
ence of subinhibitory concentrations of penicillins (18, 26).

In addition to a-toxin, S. aureus may produce other extra-
cellular toxins with hemolytic properties (11, 15, 23, 30) that

FIG. 1. Effects of subinhibitory concentrations of amoxicillin, gen-
tamicin, and moxifloxacin on the expression of hla and a-toxin of S.
aureus strains 8325-4 and DU 1090 in vitro. (A) Total RNAs of S.
aureus strains 8325-4 (lanes 2 to 5) and DU 1090 (lane 6) were elec-
trophoresed, blotted, and hybridized with an hla-specific probe in the
absence of drugs (lane 2) or in the presence of amoxicillin (lane 3),
gentamicin (lane 4), or moxifloxacin (lane 5). (B) Culture supernatants
of S. aureus strains 8325-4 (lanes 2–5) and DU 1090 (lane 6) grown in
the absence of drugs (lane 2) or in the presence of amoxicillin (lane 3),
gentamicin (lane 4), or moxifloxacin (lane 5) were electrophoresed and
blotted onto nitrocellulose, and a-toxin was detected with specific
rabbit antibodies against a-toxin. Lane 1, 25 ng of purified a-toxin.

FIG. 2. Effects of subinhibitory concentrations of amoxicillin, gen-
tamicin, and moxifloxacin on the hemolytic activities of nine S. aureus
strains. S. aureus cultures were grown in the absence (black bars) or
presence (open bars) of two subinhibitory concentrations (Table 1) of
amoxicillin, gentamicin, or moxifloxacin. Thereafter, culture superna-
tants were subjected to a rabbit erythrocyte hemolysis assay. Bars
represent mean values of three or more independent experiments.
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may have altered transcription and translation patterns as a
result of treatment with subinhibitory concentrations of anti-
biotics. Therefore, we studied the total hemolytic activity of
culture supernatants of strains 8325-4 and DU 1090 and seven
clinical isolates of S. aureus in a rabbit erythrocyte assay (Fig.
2).

Addition of 10 ml of the culture supernatant of strain 8325-4
to rabbit erythrocytes yielded a hemolytic activity of 32.0 6
19.6 hemolytic units (HUs), which corresponded to 20.37 6
9.76 mg of a-toxin per liter, as determined by Western blotting
(Fig. 1B, lane 2). In the presence of two different subinhibitory
concentrations of amoxicillin, gentamicin, or moxifloxacin,
strain 8325-4 did not show a significant increase in total he-
molysis (Fig. 2A to C). To demonstrate the sensitivity of the
assay, nafcillin, a b-lactam antibiotic which had previously
been shown to induce a significant increase in the level of
a-toxin in S. aureus strains (18), was used as a positive control.
Indeed, the total hemolytic activity of strain 8325-4 was signif-
icantly increased from 32 to 80 HUs with 0.1 mg of nafcillin per

liter (P , 0.05) and from 32 to 56 HUs with 0.01 mg of nafcillin
per liter (P , 0.05). Next, we investigated the effect of amoxi-
cillin, gentamicin, and moxifloxacin on seven clinical isolates of
S. aureus which differed from each other with respect to their
resistance to methicillin. With the exception of strain MSSA 3,
for which a significant increase in the total level of hemolysis
was revealed when it was treated with amoxicillin (1 mg/liter,
P , 0.005; 10 mg/liter, P , 0.05) (Fig. 2A), all the other strains,
regardless of whether they were sensitive or resistant to meth-
icillin, had numbers of HUs in the range of that for a-toxin-
deficient strain DU 1090. a-Toxin contributed the most signif-
icant portion of the total hemolytic activity of strain 8325-4,
since its a-toxin-deficient mutant, DU 1090, caused hemolysis
at a level of only 1.3 6 0.5 HUs, corresponding to 4% of the
hemolysis caused by strain 8325-4. On the basis of the calcu-
lation that 32 HUs corresponds to 20.37 mg of a-toxin per liter
and that the hemolytic activity in this erythrocyte assay is
largely due to a-toxin, the seven clinical isolates of S. aureus
produced between 1.0 ng and 3.8 mg of a-toxin per liter.

FIG. 3. Bacterial numbers (A) and total hemolytic activity (B) in rat pouch exudates infected with S. aureus strains 8325-4 and DU 1090.
Seven-day-old rat pouches were inoculated with S. aureus strains 8325-4 and DU 1090 and subinhibitory concentrations of amoxicillin, gentamicin,
or moxifloxacin. After 24 h, pouch exudate was collected, bacterial numbers were counted, and the total hemolytic activity was determined in a
rabbit erythrocyte hemolysis assay. Lanes 1 to 4, strain DU 1090 untreated (lane 1) or treated with amoxicillin (lane 2), gentamicin (lane 3), and
moxifloxacin (lane 4). Lanes 5 to 8, strain 8325-4 untreated (5) or treated with amoxicillin (lane 6), gentamicin (lane 7), and moxifloxacin (lane
8). Lane C, sterile pouches. Bacterial numbers are given as means 6 SDs (A); hemolysis is shown by separate values and medians (B).
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These results show that in a biological cell assay subinhibi-
tory concentrations of penicillins such as nafcillin or amoxicil-
lin may increase the total level of hemolysis in a minority of S.
aureus strains, whereas gentamicin and moxifloxacin do not
affect the total level of hemolysis of S. aureus.

We then used strain 8325-4 and its a-toxin-negative mutant,
DU 1090, in a localized S. aureus infection model of CF, the
granuloma rat pouch, to assess the effects of amoxicillin, gen-
tamicin, and moxifloxacin on the total hemolytic activity in the
pouches (Fig. 3A and B). Analysis of the bacterial numbers in
the pouch exudates yielded similar counts for strain 8325-4
[(1.1 6 1.1) 3 107 CFU/ml] and strain DU 1090 [(2.4 6 1.2) 3
107 CFU/ml) (Fig. 3A). When amoxicillin, gentamicin, and
moxifloxacin were administered at high concentrations orally
or subcutaneously to rats, the bacterial numbers in the rat
pouches were reduced by about 2 orders of magnitude 24 h
after inoculation. Quantitative determination of the antibiotics
in the rat pouches showed that maximum concentrations of the
antibiotics (amoxicillin, 5.2 mg/liter; gentamicin, 1.25 mg/liter;
moxifloxacin, 1.2 mg/liter) were achieved between 120 and 140
min after application. The fact that approximately 105 CFU of
S. aureus was still present in the rat pouches 24 h after inocu-
lation, even though the half-lives of amoxicillin (2.15 h), gen-
tamicin (0.87 h), and moxifloxacin (5.2 h) in the pouches were
fairly long, may suggest that strains 8325-4 and DU 1090 have
changed their in vitro phenotypes, rendering them more resis-
tant to the antibiotics used. Thus, a significant proportion of
the bacterial cells were confronted with subinhibitory antibi-
otic concentrations in the pouches.

The inflammatory exudate in sterile rat pouches was re-
vealed to have hemolytic activity for rabbit erythrocytes of
2.0 6 0.0 HUs (Fig. 3B). Infection of the pouches with S.
aureus strain 8325-4 increased the total level of hemolytic ac-
tivity significantly compared to that for the controls (P ,
0.001) and compared to that for pouches infected with a-toxin-
negative strain DU 1090 (P , 0.05), whereas the total levels of
hemolysis in sterile pouches and those infected with strain DU
1090 did not differ significantly (P 5 0.35) (Fig. 3B). These
results suggest that the increase in hemolytic activity after
infection with wild-type strain S. aureus 8325-4 is caused by
a-toxin.

The treatment of rats with amoxicillin, gentamicin, or moxi-
floxacin reduced the total level of hemolytic activity in pouches
infected with strain 8325-4 to levels observed in sterile pouch
exudates (Fig. 3B). Thus, the 2-log reduction of bacterial num-

bers following antibiotic treatment is more important with
respect to a-toxin levels in vivo than a potentially stimulatory
effect of subinhibitory amoxicillin concentrations.

Culture supernatants of strain 8325-4, obtained after growth
of 107 CFU/ml in vitro, contained 20.37 mg of a-toxin per liter,
which corresponds to 32 HUs. Such hemolytic activity was not
observed in rat pouch exudates infected with S. aureus 8325-4.
Possibly, a-toxin is proteolytically degraded in vivo. Indeed,
high levels of proteolytic activity toward elastin-Congo red
were present in sterile rat pouch exudates and pouches in-
fected with S. aureus 8325-4 or DU 1090 (Table 2). A compar-
ison of the infected pouch exudate elastolytic activity with the
elastolytic activity of human neutrophil elastase against elastin-
Congo red revealed that approximately 100 to 220 mg of neu-
trophil elastase-like activity per liter was present in the
pouches.

Since proteolytic degradation of a-toxin may also be rele-
vant to the pathogenicity of S. aureus infections in the lungs of
CF patients, we assessed the stability of a-toxin in the presence
of human neutrophil elastase. Human neutrophil elastase is
present in sputum samples of CF patients at concentrations of
about 100 mg/liter of sputum (14). When 100 ng of purified
a-toxin was incubated with 1 mg of neutrophil elastase, almost
complete cleavage was observed by Western blotting (Fig. 4A
and B).

FIG. 4. Cleavage of purified a-toxin of S. aureus by human neutro-
phil elastase. (A) Quantitative determination of a-toxin cleavage by
scanning of a Western blot. (B) Western blot of 100 ng of a-toxin (lane
1) pretreated with 0 ng (lane 2), 1 ng (lane 3), 10 ng (lane 4), 100 ng
(lane 5), and 1,000 ng (lane 6) of neutrophil elastase or a mixture of 10
mg of a1-antitrypsin and 1 mg of neutrophil elastase (lane 7).

TABLE 2. Proteolytic activities of rat pouch exudates and human
neutrophil elastase against Congo red

Samplea S. aureus strain A495

Pouches 8325-4 0.122 6 0.021
Pouches DU 1090 0.171 6 0.053
Pouches 0.199 6 0.117
NE (100 mg/ml) 0.100 6 0.007
NE (1 mg/ml) 1.005 6 0.003

a Ten rat pouches were infected with S. aureus strain 8325-4 or DU 1090,
exudates were recovered after 24 h, and 1 ml of the exudates was added to 2 ml
of a Congo red suspension. Additionally, 1 ml of purified human neutrophil
elastase (NE; 100 mg/ml or 1 mg/ml) was added to 2 ml of the Congo red
suspension. Values represent means 6 SDs of three independent assays and are
corrected for the value for the buffer.
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Taken together, our results confirm that penicillins may in-
crease a-toxin-induced hemolysis in some S. aureus strains in
vitro, whereas gentamicin and moxifloxacin do not stimulate
hemolysis. The treatment of a localized S. aureus infection in
rat pouches with concentrations of amoxicillin, gentamicin, or
moxifloxacin low enough to allow bacterial persistence does
not increase the levels of production of bacterial toxins with
hemolytic activities. The virulence of S. aureus mediated by
a-toxin may be further controlled by host-derived proteinases
that inactivate a-toxin.

DISCUSSION

Previous in vitro data have shown that S. aureus a-toxin
expression is enhanced by subinhibitory concentrations of pen-
icillins (18, 26), suggesting that the symptoms of S. aureus
infections may be aggravated by penicillin treatment. In the
present study we have confirmed and extended these in vitro
findings using nafcillin and amoxicillin. With six MSSA strains,
Ohlsen et al. (26) showed a strong strain-dependent increase in
the level of a-toxin production by methicillin that ranged from
1.5- to 12-fold. Increases were more dramatic for MRSA
strains treated with subinhibitory methicillin concentrations
(26). We did not observe such a difference between MSSA and
MRSA strains in the present study. An increase in the level of
a-toxin expression was seen for only one of seven clinical
isolates including four MRSA strains. Methodological differ-
ences could account for the discrepancies in our findings. In-
terestingly, using nafcillin we observed a significant (twofold)
increase in the level of a-toxin production only in high-level
a-toxin-producing S. aureus strain 8325-4, corroborating simi-
lar data from Kernodle et al. (18), and in strain MSSA 3
treated with amoxicillin. The molecular basis for the stimula-
tion of expression in these strains remains to be studied. In
contrast to the observations of Ohlsen et al. (26), in our S.
aureus strains we observed neither a decrease in the level of
a-toxin expression with the aminoglycoside gentamicin nor an
increase in the level of a-toxin expression with the fluoroquin-
olone moxifloxacin.

On the basis of the results of these in vitro experiments, the
relevance of a-toxin expression for the clinical situation, which
apparently depends on the S. aureus strain and on the antibi-
otics used, remains unclear. Therefore, high-level a-toxin pro-
ducer 8325-4 and its a-toxin-negative mutant, DU 1090, were
used in a localized S. aureus infection model for CF, the gran-
uloma rat pouch. The effect of a-toxin on total hemolysis was
evident in untreated control rats inoculated with strain 8325-4.
The addition of either amoxicillin, gentamicin, or moxifloxacin
at concentrations which allowed bacterial persistence at 105

CFU/ml of pouch exudate 24 h after challenge did not lead to
increased a-toxin levels. The fact that the maximum concen-
trations of the three antibiotics in the pouches were much
higher than the MICs determined for the strains in vitro may
suggest that the bacteria have changed their phenotypes, ren-
dering them more resistant to the antibiotics used. Support for
a phenotypic switch stems from our previous characterization
of S. aureus strains from CF patients (20) and from other rat
pouch experiments (17). In both types of localized infections,
S. aureus failed to express capsular polysaccharide type 5,
which is a prominent surface component of the organism in

vitro. Poly-N-succinyl glucosamine, which is involved in biofilm
formation, is instead the predominant in vivo surface compo-
nent of S. aureus in CF patients (20).

Our findings suggest that in clinical situations in which an-
tibiotic treatment does not lead to a rapid and total eradication
of the S. aureus load but causes only a partial reduction of
bacterial numbers, increased a-toxin levels need not be feared.
Attention must be paid, however, to situations in which anti-
biotic-resistant S. aureus strains such as MRSA or vancomycin-
resistant strains cause infections in humans.

Other host factors, however, may control a-toxin levels. Us-
ing S. aureus strain 8325-4 and a-toxin-negative mutant DU
5725, Bramley and colleagues (5) reported that the presence of
neutrophils at the site of infection, triggered by administration
of endotoxin prior to S. aureus inoculation, led to the recovery
of similar numbers of toxigenic and nontoxigenic staphylo-
cocci. The investigators concluded that under circumstances of
chronic inflammation, in which the growth of bacteria and the
consequent elaboration of a-toxin are controlled, toxigenicity
may not contribute significantly to virulence. Interestingly,
a-toxin itself triggers the recruitment of neutrophils to a site of
infection (16). The importance of neutrophils in controlling S.
aureus growth and toxin production is also evident from studies
in which depletion of neutrophils resulted in a conversion of a
subclinical infection with toxigenic staphylococci into acute
mastitis (29). Neutrophils release serine proteases which may
be capable of cleaving S. aureus a-toxin. Indeed, we showed
here that neutrophil elastase readily cleaves a-toxin in vitro.
Our rat pouch exudates contained high levels of elastolytic
activity, corresponding to approximately 100 to 220 mg of hu-
man neutrophil elastase-like activity per liter. Even 1 mg of
neutrophil elastase was able to completely cleave 100 ng of
purified a-toxin in vitro, suggesting that in chronic inflamma-
tory states with high levels of local proteolytic activity, as ob-
served in patients with CF (14), the pathogenic effects of S.
aureus a-toxin may be reduced or totally diminished. Inactiva-
tion of S. aureus a-toxin by neutrophil elastase may be a mech-
anism that prevents the hematogenous spread of the organism
in patients with CF and that keeps the infection localized to the
endobronchial site.

Besides host proteases, other factors may modulate a-toxin
levels during infection. Previous studies with the rat pouch
model have demonstrated a massively reduced partial O2 pres-
sure (10, 17), which may reduce the levels of the staphylococcal
accessory regulator Sar (6), first described by Cheung and
colleagues (7). SarA, a regulatory DNA binding protein, binds
to the P2 and P3 promoter regions of the accessory global
regulator (agr) locus and thus increases the levels of both
RNAII and RNAIII (9). This in turn positively regulates hla
expression (9). In sar and agr double mutants the secretion of
all hemolysins in vitro is absent (8). Thus, sar and/or agr ex-
pression may be reduced in S. aureus strains present in rat
pouches. Direct transcript analysis of agr (RNAIII) and hla of
S. aureus strains present in the respiratory tracts of CF pa-
tients, which also show massively reduced partial O2 pressures
(32), revealed poor expression of RNAIII, although hla was
irregularly expressed (12).

Taken together, antibiotic treatment with S. aureus-specific
classes of antibiotics, including b-lactam antibiotics, fluoro-
quinolones, or aminoglycosides, which reduce the bacterial
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loads, together with host proteases such as neutrophil elastase,
may control a-toxin production.
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