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Previously, it has been shown that the polysaccharide chitosan inhibits the growth of gram-positive bacteria.
In this study, chitosan malate was evaluated in broth and thin-film cultures for its effect on the growth and
exotoxin production of toxic shock syndrome (TSS)-inducing Staphylococcus aureus (five strains, three produc-
ing TSS toxin 1 and one each producing enterotoxin B or C) and group A streptococci (three strains producing
streptococcal pyrogenic exotoxin A). Also, the compound was evaluated in a rabbit subcutaneous Wiffle ball
model for its ability to prevent S. aureus and group A streptococcal induction of TSS. Finally, chitosan malate
was evaluated for its ability to prevent TSS and necrotizing fasciitis in rabbits after subcutaneous inoculation
with microbes. Chitosan malate inhibited both bacterial growth and, at sub-growth-inhibitory concentrations,
the production of exotoxins, in both broth and thin-film cultures. Rabbits treated with chitosan malate in
implanted Wiffle balls were protected from prior challenge with TSS-inducing S. aureus compared to animals
not receiving chitosan malate (P < 0.001) and group A streptococci (P < 0.005). Chitosan malate protected
rabbits from the development of streptococcal TSS with necrotizing fasciitis (P < 0.01). The data suggest that
use of this growth- and toxin-inhibitory compound may be able to reduce the severity of S. aureus and group
A streptococcal mucous membrane and trauma-associated skin infections.

Staphylococcus aureus and group A streptococci induce a
variety of illnesses as a result of their abilities to initiate mu-
cous membrane infections and cause postsurgical or other
trauma-associated infections, subsequent to having breaks in
the skin (14, 17, 33). Two of these illnesses are staphylococcal
and streptococcal toxic shock syndrome (TSS), which is asso-
ciated with superantigen (SAg) exotoxins made primarily lo-
cally (S. aureus) (17) or both locally and systemically (group A
streptococci) (33), but usually having systemic effects (17, 33).
The SAg exotoxins causing or associated with TSS include TSS
toxin-1 (TSST-1), the staphylococcal enterotoxins (SEs), and
the streptococcal scarlet fever toxins (referred to as strepto-
coccal pyrogenic exotoxins or SPEs) (17, 33). The toxins capa-
ble of causing TSS belong to a large family of pyrogenic toxin
SAgs, based on their shared biological activities and structures,
despite having variable primary amino acid sequence similarity
(17, 33). The biological properties include pyrogenicity, en-
hancement of lethal endotoxin shock, and ability to stimulate
T-lymphocyte proliferation dependent on the composition of
the variable part of the � chain of the T-cell receptor (super-
antigenicity) (17, 33). The abilities of the toxins to cause TSS
result from the massive release of cytokines from both macro-
phages and T lymphocytes (12, 15).

In addition to causing serious TSS-related illnesses, recent
strains of both S. aureus and group A streptococci are associ-
ated with development of other significant skin infections that
may lead to large abscesses, necrotizing fasciitis, and sepsis

without TSS. Community-associated methicillin-resistant S.
aureus (MRSA) strains have been associated with large num-
bers of serious skin abscesses (5, 9–11, 19, 33, 36). Lung infec-
tions by related strains have been associated with necrotizing
pneumonia and TSS symptoms (5, 6, 8–10, 13). Through
breaks in the skin, whether from cuts, pressure sores, or other
trauma, group A streptococcal strains may lead to sepsis and
necrotizing fasciitis with or without TSS (33, 36).

Many of the SAgs, including TSST-1 and SEs B and C, are
expressed under partial control of the global regulatory DNA
elements, which include two-component systems such as acces-
sory gene regulator (AgrA)-AgrC (20) and staphylococcal
respiratory response (Srr)A-SrrB (40) in S. aureus. These two-
component systems are part of quorum-sensing mechanisms or
global regulators influenced by oxygen, CO2, pH, and glucose
(20, 21). Differential regulation of exotoxin production depen-
dent on the environmental conditions surrounding the microbe
suggests that it may be possible to identify agents that down-
regulate exotoxin production in the host, even if the microbe
cannot be effectively killed. This is particularly important in
light of recent increases in antimicrobial resistance of organ-
isms such as S. aureus. In previous studies it has been shown
that production of TSST-1 and other gram-positive exotoxins
can be inhibited by the antibiotic clindamycin at sub-growth-
inhibitory antibiotic concentrations (32, 34, 35). Further, it has
been shown that glycerol monolaurate, a signal transduction
inhibitor proposed for use on mucosal and skin surfaces, sig-
nificantly inhibits production of a variety of exotoxins made by
staphylococci and streptococci, including SAgs, and B. anthracis at
the level of transcription (22, 31, 39).

In the present study, chitosan malate has been evaluated for
its ability to inhibit S. aureus and group A streptococcal growth
and the production of SAgs in vitro and was evaluated in vivo
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in rabbit models of TSS and necrotizing fasciitis for its ability
to alter the induction of illness. Chitosan is a polysaccharide
derived from the chitin of shellfish that has been used on
humans in bandages, primarily to stem bleeding, and is well
known to have the ability to absorb toxic chemicals from aque-
ous environments and exhibit antimicrobial properties against
both gram-positive and gram-negative pathogens (3, 23, 37).
However, studies have not evaluated chitosan for the ability to
interfere with exotoxin production independent of effects on
bacterial growth. The data in the present study show that
chitosan malate inhibits bacterial growth, as previously re-
ported, but to an even greater extent inhibits exotoxin produc-
tion by staphylococci and streptococci. In vivo, chitosan malate
is not grossly toxic to rabbits but is highly effective in reducing
the ability of S. aureus and group A streptococci to cause
serious illnesses.

MATERIALS AND METHODS

Bacteria. The S. aureus strains used in these studies include MN8 (TSST-1�

methicillin-sensitive S. aureus; Tri-State TSS Study isolate representative of 75%
of menstrual TSS strains), 587 (TSST-1� methicillin-sensitive S. aureus; CDC
menstrual TSS isolate), MNPa (TSST-1� MRSA menstrual TSS isolate), MN Ho
(SEB� MRSA nonmenstrual TSS isolate), and MN Don (SEC1� MRSA non-
menstrual TSS isolate). These organisms are maintained in the laboratory in the
lyophilized state and are of low passage. Group A streptococcal strains used
included strain 594, T253cured(T12), and a recent M3 streptococcal TSS isolate
(MNBi). The strains are maintained in the laboratory in the lyophilized state and
are producers of SPE A.

In vitro broth cultures. Variable amounts of chitosan malate (generously
provided by 3M Company, St. Paul, MN) were solubilized in 25 ml of growth
medium (beef heart dialysate in 125-ml Erlenmeyer flasks) (0 to 7.0 mg/ml, final
chitosan malate concentrations in broths) and tested for their ability to alter
bacterial growth by plate counting and production of SAgs by enzyme-linked

immunosorbent assay (ELISA) for staphylococcal SAgs and quantitative West-
ern immunoblotting for SPE A (1, 26). In these experiments, the staphylococcal
cultures were incubated with aeration (200 rpm, gyratory shaker; New Brunswick
Scientific Company, New Brunswick, NJ) at 37°C in a standard incubator. Group
A streptococcal strains were cultured at 37°C in the presence of 7% CO2 with
stirring just sufficient to maintain the organisms in suspension. In some cultures
the production of delta hemolysin was assessed by competition ELISA as a
measure of agr activity and the possible effect of chitosan malate on signal
transduction. Delta-hemolysin was synthesized at the University of Minnesota
Microchemical facility for use in these studies, verified as having the correct
composition and biological activity, and used to hyperimmunize rabbits; the
immunoglobulin G fraction in the rabbit serum was collected by 33% ammonium
sulfate precipitation. Chitosan malate (final concentrations of 0 to 3.5 mg/ml) did
not interfere with ELISA and Western immunoblot procedures for the detection
of known concentrations of SAgs and delta-hemolysin.

In vitro thin-film cultures. Variable amounts (0 to 7.0 mg/ml, final concen-
tration) of chitosan malate were added to thin-film cultures approximately 3 mm
in depth to allow sufficient aeration for production of staphylococcal exotoxins as
described by Yarwood and Schlievert (41). Briefly, this consisted of placing thin
films of bacteria, both S. aureus and group A streptococci, with or without
chitosan malate, in 1-ml volumes on 4-cm-by-4-cm squares of polyester mesh in
petri dishes, followed by stationary incubation at 37°C in the presence of 7%
CO2. Samples were removed at selected times for CFU determination and SAg
quantification.

In vivo rabbit tests. All in vivo experiments were performed in accordance with
requirements established by the University of Minnesota IACUC. Past experi-
ence (more than 20 years) has established that when rabbits fail to exhibit escape
behavior and fail to right themselves, they uniformly succumb to SAgs. Thus,
according to IACUC guidelines, these represent the criteria for premature eu-
thanasia of animals during experimentation; lethality in these studies included
both animals that succumbed and a small number of animals that were prema-
turely euthanized.

Chitosan malate alone (7.0 mg/kg administered as 7 mg/ml) was tested for its
capacity to induce fever (28) and cause lethality in Dutch belted rabbits when
given intravenously in phosphate-buffered saline (PBS; 0.005 M NaPO4 [pH 7.2],
0.15 M NaCl). Animals were monitored for 4 h for fever development with use
of rectal thermometers and 7 days for lethality and other obvious signs of toxicity

FIG. 1. Chitosan malate inhibits the growth of S. aureus MN8 (A), TSST-1 production (B), and delta-hemolysin production (C) in broth
cultures. S. aureus inoculum size was 1.0 � 107 CFU/ml. Cultures were incubated at 37°C, with shaking (200 rpm), in beef heart medium. Symbols:
}, chitosan malate at 0 mg/ml; f, chitosan malate at 0.1 mg/ml; Œ, chitosan malate at 0.5 mg/ml; �, chitosan malate at 1.0 mg/ml; �, chitosan
malate at 3.5 mg/ml; ‚, chitosan malate at 7.0 mg/ml.
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(diarrhea, labored breathing, and ruffled fur on the face). At the completion of
experimentation, the animals’ organs were examined for grossly observable
abnormalities.

Wiffle golf balls were individually implanted subcutaneously in the flanks of
Dutch belted rabbits (either sex, 2 to 3 kg) (27). The animals were allowed to
heal for 8 weeks, during which time capsules formed around the Wiffle balls. At
that time, the Wiffle balls contained 30 ml of sterile serous fluid, 6 ml of which
was removed by using syringes. Portions (2 ml) of S. aureus strain MN8 or group
A streptococcal strain T253cured(T12) at approximately 109 CFU/ml were in-
jected directly into the Wiffle balls in each animal. The bacterial strains were
prepared by culture just until the stationary phase was achieved in beef heart
medium (2), with one wash with PBS, and resuspended to the desired concen-
tration in fresh beef heart medium. Immediately after receiving the bacteria, the
animals received 4 ml of chitosan malate (7.0 mg/ml) in fresh beef heart medium;
control animals received fresh beef heart medium alone. The administered
chitosan malate concentration corresponds to approximately 900 �g of chitosan
malate/ml (final concentration) in the 30-ml Wiffle balls; chitosan malate was
given subsequent to the microbes to ensure that the organisms were not killed as
a result of immediate mixing with an antimicrobial concentration of chitosan
malate. The animals were monitored daily for 1 week for signs of TSS, including
fever, diarrhea, reddening of mucous membranes and ears, weight loss, and
death.

Prior to injection of S. aureus and group A streptococci and on day 2 postin-
jection, the temperatures of the rabbits were determined. Past experience has
indicated that peak fever responses of rabbits to challenge with SAg-producing
organisms in Wiffle balls occurs 1 to 2 days postinjection.

Finally, group A streptococcal strain MNBi was suspended to 5 � 108 CFU/ml
in fresh beef heart medium, and 20 ml was directly injected subcutaneously into
the flanks of Dutch belted rabbits (27). Subsequently, chitosan malate (3 ml of 7
mg/ml) in fresh beef heart medium or fresh beef heart medium alone was
injected into the same site as the microbes. Animals were monitored for 24 h for
signs of TSS with necrotizing fasciitis (evidenced by the flanks of the animals
turning black in color and sloughing).

Statistics. The Fisher exact test was used to determine differences in live
versus dead animals in the in vivo challenge experiments. Student t test analysis
of unpaired, normally distributed data was used for other statistical analyses.

RESULTS

Chitosan inhibits bacterial growth and SAg production in
vitro. Broth cultures of S. aureus MN8 were tested for inhibi-
tion of bacterial growth by chitosan malate (final concentra-
tions in 25-ml broths ranged from 0 to 7.0 mg/ml). The cultures
of S. aureus MN8 (Fig. 1A) exhibited delayed growth in cul-
tures containing chitosan malate at concentrations of 1.0 and
3.5 mg/ml compared to growth of the organism in the absence
of chitosan malate or in the presence of chitosan malate at 0.1
and 0.5 mg/ml. However, the organism grew to the same
CFU/ml in the absence of chitosan malate or in the presence of
0.1-, 0.5-, 1.0-, and 3.5-mg/ml final concentrations by 24 h.
Chitosan malate (7.0 mg/ml, final concentration) was bacteri-
cidal for S. aureus MN8 by 4 h (3 log decrease in CFU/ml), with
continued killing across the entire 24-h period (�6 log CFU/ml
decrease after 24 h). Similar effects of chitosan malate on
S. aureus growth were seen with the use of two additional
TSST-1-positive S. aureus (strains 587 and MN Pa); the two
strains grew to the same extent as their respective untreated
cultures by 24 h in the presence of 0.1 to 3.5 mg of chitosan
malate/ml, with chitosan malate at 7.0 mg/ml being bactericidal
(Table 1). In addition, similar effects were observed with a
strain that produces SEB (MN Ho) and a strain that produces
SEC1 (MN Don); both strains grew to the same extent as their
respective controls by 24 h in the presence of 0.1 to 3.5 mg of
chitosan malate/ml, with 7.0 mg/ml being bactericidal (Table 1).

In the same broth cultures, the production of TSST-1 by S.
aureus MN8 was also significantly altered by chitosan malate

(Fig. 1B). Cultures of strain MN8 contained approximately 25
�g of TSST-1/ml after 4 h or more of culture in the absence of
chitosan malate or in the presence of 0.1 mg of chitosan malate
(the P value being not significantly different from cultures with
no chitosan malate)/ml. In contrast, chitosan malate at 0.5, 1.0,
and 3.5 mg/ml significantly inhibited the production of TSST-1
at 4, 8, and 24 h (P � 0.001), even if there was no inhibition of
bacterial growth (for example, 24 h). As expected, chitosan
malate (7.0 mg/ml) completely inhibited the production of
TSST-1, concurrent with the inhibition of bacterial growth.
The production of TSST-1 by S. aureus strains 587 and MN Pa
was comparably inhibited by chitosan malate concentrations of
0.5 mg/ml (72 and 50% reductions at 24 h), 1.0 mg/ml (86 and
73% reductions), and 3.5 mg/ml (97 and 98% reductions),
despite not interfering with staphylococcal growth at 24 h (Ta-
ble 1). The production of SEB by strain MN Ho and of SEC1
by strain MN Don were also inhibited by chitosan malate
concentrations of 0.5 mg/ml (34 and 56% reductions), 1.0
mg/ml (87 and 83% reductions), and 3.5 mg/ml (99 and 95%
reductions) (Table 1). For all organisms, chitosan malate at 7.0
mg/ml inhibited the production of these exotoxins to levels
below detection by the respective strains, concurrent with the
inhibition of bacterial growth. The production of delta-hemolysin
by S. aureus MN8 was comparably significantly inhibited by
chitosan malate concentrations of 0.5 to 7.0 mg/ml compared
to controls lacking chitosan malate or containing a 0.1-mg/ml
concentration of chitosan malate (Fig. 1C) (for example, P �
0.001 for chitosan malate concentrations of 0.5, 1.0, 3.5, and 7.0
mg/ml at 24 h compared to control without added chitosan
malate). The production of delta-hemolysin by strains 587, MN

TABLE 1. Chitosan malate inhibits growth of S. aureus and,
independently, SAg and delta-hemolysin production

in broth cultures

S. aureus strain
(SAg)

Chitosan
malate concn

(mg/ml)

Log
CFU/ml
at 24 h

Mean concn (�g/ml) � SDa

SAg Delta-hemolysin

587 (TSST-1) 0 9.9 5.8 � 0.7 58 � 12
0.5 9.9 1.6 � 0.9 22 � 3.6
1.0 9.8 0.8 � 0.2 2.0 � 1.3
3.5 9.3 0.2 � 0.1 0.5 � 0.3
7.0 �1.0 �0.06 �0.01

MN PA (TSST-1) 0 9.4 36 � 5.7 41 � 5.3
0.5 9.4 18 � 3.1 24 � 1.7
1.0 9.4 9.7 � 1.0 4.0 � 1.5
3.5 8.9 0.6 � 0.2 0.05 � 0
7.0 �1.0 �0.06 �0.01

MN Ho (SEB) 0 9.7 79 � 5.5 61 � 4.4
0.5 9.7 52 � 3.5 45 � 3.5
1.0 9.7 10 � 5.7 5.0 � 1.5
3.5 9.6 0.6 � 0.2 0.6 � 0.4
7.0 �1.0 �0.06 �0.01

MN Don (SEC) 0 9.8 50 � 6.0 54 � 7.2
0.5 9.8 22 � 2.3 23 � 7.5
1.0 9.8 8.7 � 1.2 5.0 � 2.1
3.5 9.8 2.3 � 1.2 2.0 � 1.0
7.0 �1.0 �0.06 �0.01

a The P values for all chitosan malate cultures were �0.01 compared to
untreated controls. The SAg and delta-hemolysin concentrations were deter-
mined by ELISA.

3058 SCHLIEVERT ANTIMICROB. AGENTS CHEMOTHER.



PA, MN Ho, and MN Don was also significantly inhibited by
chitosan malate concentrations of 0.5 to 7.0 mg/ml (Table 1).
For example, chitosan malate at 1.0 and 3.5 mg/ml did not
inhibit bacterial growth by 24 h compared to untreated con-
trols but caused a �90% reduction in delta-hemolysin produc-
tion by strains 587, MN PA, MN Ho, and MN Don.

In broth cultures, group A streptococcal strain 594 exhibited
delayed growth in the presence of chitosan malate at 0.5 and
1.0 mg/ml (final concentrations) compared to cultures that
either contained no chitosan malate or contained chitosan
malate at 0.1 mg/ml, but the cultures recovered to control
levels by 24 h (Fig. 2A). Chitosan malate (3.5 mg/ml, final
concentration) was bactericidal for strain 594 by 4 h with con-
tinued killing for the entire 24-h period. Two other group A
streptococcal strains were comparably delayed or inhibited in
growth by chitosan malate [strains T253cured(T12) and
MNBi]. The two strains grew to the same extent as their re-
spective untreated cultures by 24 h in the presence of chitosan
malate at 0.1 to 1.0 mg/ml (final concentration), with chitosan
malate at 3.5 mg/ml being bactericidal (data not shown).

In these same broth cultures, chitosan malate at 0.5 and 1.0
mg/ml (final concentrations) inhibited the production of SPE
A by group A streptococcal strain 594, even when growth
inhibition was not observed (Fig. 2B) (P � 0.001). Chitosan
malate (3.5 mg/ml) inhibited SPE A production, concurrent
with the inhibition of bacterial growth. Chitosan malate (0.1
mg/ml) did not affect SPE A production compared to the

control lacking chitosan malate (the P value not being signif-
icantly different). Similar effects on SPE A production by chi-
tosan malate were seen with group A streptococcal strains
T253cured(T12) and MNBi. For example, the production of
SPE A by strains T253cured(T12) and MNBi was comparably
inhibited by chitosan malate concentrations of 0.5 mg/ml (97
and 98% reductions at 24 h) and 1.0 mg/ml (98 and 99%
reductions), despite not interfering with streptococcal growth
at 24 h (P � 0.001).

The major use of chitosan malate in preventing or treating
bacterial infections may be as an agent incorporated into
wound dressings, for example, in the management of trauma,
bed sores, or burn-associated infections. In such uses, chitosan
malate will most likely have to exert its effects on bacteria
growing as thin films in or on human tissues. The ability of
chitosan malate to affect growth and the production of exotox-
ins of S. aureus MN8 and group A streptococcal strain 594 as
cultured in vitro as thin films was assessed after 24 h.

Chitosan malate at 3.5 and 7.0 mg/ml (final concentrations)
was bactericidal for S. aureus MN8 (Fig. 3A) when the organ-
ism was grown in thin films for 24 h. Similarly, the compound
at 3.5 mg/ml (final concentration) was bactericidal for group A
streptococcal strain 594 (Fig. 4A) when cultured in thin films
for 24 h. Chitosan malate at 0, 0.1, 0.5, and 1.0 mg/ml (final
concentrations) did not inhibit the growth of S. aureus MN8
(Fig. 3A); concentrations of 0, 0.1, 0.5, and 1.0 mg/ml also did
not inhibit the growth of group A streptococcal strain 594 (Fig.

FIG. 3. Chitosan malate inhibits growth (A) and TSST-1 production (B) of S. aureus MN8 at 24 h when cultured in thin films. The inoculum
size was 107 CFU/ml.

FIG. 2. Chitosan malate inhibits growth of group A streptococcal strain 594 (A) and SPE A production (B) in broth cultures. The group A
streptococcal inoculum size was 107 CFU/ml. Cultures were incubated at 37°C, with shaking (200 rpm), in beef heart medium. Symbols: }, chitosan
malate at 0 mg/ml; f, chitosan malate at 0.1 mg/ml; Œ, chitosan malate at 0.5 mg/ml; �, chitosan malate at 1.0 mg/ml; �, chitosan malate at 3.5
mg/ml.
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4A). Chitosan malate inhibited the production of TSST-1 at
final concentrations of 0.5 and 1.0 mg/ml (Fig. 3B) and the
production of SPE A (Fig. 4B) at final concentrations of 0.5
and 1.0 mg/ml, despite not inhibiting bacterial growth. Chi-
tosan malate at 3.5 and 7.0 mg/ml also inhibited TSST-1 pro-
duction and at 3.5 mg/ml inhibited SPE A production by the
organisms, a finding consistent with the bactericidal activity of
the compound at these concentrations. Chitosan 0.1 mg/ml did
not inhibit exotoxin production by either S. aureus MN8 or
group A streptococcus 594.

Chitosan inhibition of TSS and necrotizing fasciitis in rab-
bits. Chitosan malate at concentrations as high as 7.0 mg/kg,
given as 1 ml/kg dissolved in PBS, was not pyrogenic (the
average change in temperature of three rabbits was �0.5°C
over 4 h) and not lethal in rabbits (three animals/group) after
intravenous challenge. In addition, the rabbits showed no vis-
ible signs of illness as a result of the challenge when observed
for 1 week postinjection, and the animals’ organs appeared
normal upon completion of experimentation.

Groups of rabbits received subcutaneously implanted Wiffle
golf balls. The animals were allowed to heal and encapsulate
the Wiffle balls for 8 weeks postimplantation. At that time, 6
ml of serous fluid were removed from each Wiffle ball. The
rabbits were subsequently challenged with S. aureus MN8 (109/
2-ml volume of fresh beef heart medium) and subsequently
with either 4 ml of chitosan malate (28 mg total) in fresh beef
heart medium or beef heart medium alone. Chitosan malate
provided significant protection to the animals treated with S.
aureus MN8 (12 of 13 surviving) compared to only 2 of 10
non-chitosan malate-treated control animals surviving (Table
2) (P � 0.001). All animals showed fevers on day 2 after
injection, whether chitosan malate treated (the average change
in temperature was 1.1°C) or not (the average change in tem-
perature was 2.3°C), but the fevers were significantly lower in
the chitosan malate-treated rabbits (P � 0.001 [Student t test]).
Except for one animal, the chitosan malate-treated rabbits did
not develop other signs of TSS; all control, non-chitosan
malate-treated animals developed signs of TSS.

Similar in vivo studies were performed with use group A
streptococcal strain T253cured(T12) administered in the pres-
ence or absence of chitosan malate. Rabbits were administered
the group A streptococcal strain in Wiffle balls (109 CFU/2-ml
volume) and then 4 ml of chitosan malate (28 mg) in beef heart
medium or beef heart medium alone and subsequently moni-

tored for TSS and lethality (Table 2). Animals that received
streptococci and chitosan malate survived the challenge (0 of
10 succumbed), whereas 7 of 10 rabbits receiving streptococci
in the absence of chitosan malate succumbed (P � 0.005). All
rabbits developed fevers on day 2 postinjection, whether chi-
tosan malate treated (the average temperature was 1.4°C) or
not (the average temperature was 2.4°C), but rabbits that re-
ceived chitosan malate showed significantly lower fever re-
sponses than animals not receiving chitosan malate (P � 0.001
[Student t test]). The rabbits that received chitosan malate did
not show other signs of TSS, whereas all non-chitosan malate-
treated rabbits showed signs of TSS, whether or not they suc-
cumbed.

In a final set of studies, rabbits were inoculated subcutane-
ously with group A streptococcal strain MNBi, an M3 isolate
from a case of streptococcal TSS, followed by chitosan malate
(21 mg in 3 ml of beef heart medium) or 3 ml of beef heart
medium alone (Table 2). Rabbits that received streptococci
with chitosan malate survived the subcutaneous challenge and
did not develop necrotizing fasciitis (0 of 5 succumbed). In
contrast, rabbits that received streptococci but not chitosan
malate developed streptococcal TSS with necrotizing tissue
damage (necrotizing fasciitis) and succumbed in less than 24 h
(5 of 5) (P � 0.01 compared to chitosan malate-treated rab-
bits).

FIG. 4. Chitosan malate inhibits the growth (A) and SPE A production (B) of group A streptococcus 594 at 24 h when cultured in thin films.
The inoculum size was approximately 107 CFU/ml.

TABLE 2. Chitosan malate inhibits TSS in Wiffle ball models of
staphylococcal (S. aureus strain MN8) and streptococcal TSS

�streptococcal strain T253cured(T12)	 and necrotizing
fasciitis (streptococcal strain MNBi) in a rabbit

subcutaneous injection model

Model
Presence (�) or
absence (
) of
chitosan malate

Bacterium
No. of rabbits
alive/total no.

tested
Pa

Wiffle ball – S. aureus 2/10
� S. aureus 12/13 �0.001
– Streptococcus sp. 3/10
� Streptococcus sp. 10/10 �0.005

Necrotizing – Streptococcus sp. 0/5
fasciitis � Streptococcus sp. 5/5 �0.01

a Compared to animals not treated with chitosan malate.
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DISCUSSION

Several studies have shown previously that physical and
chemical factors significantly affect the production of pyro-
genic toxin SAgs by S. aureus and group A streptococci (20, 21,
40, 42). For example, anaerobic conditions and pHs below 6 to
6.5 significantly inhibit the production of TSST-1 (29). Simi-
larly, the antibiotic clindamycin inhibits the production of
TSST-1 at concentrations well below those necessary to inhibit
bacterial growth (32). Finally, it has been shown that compo-
nents of tampons, such as surfactants and lubricants, have
significant effects both on bacterial growth and on toxin pro-
duction. For example, cetiol strongly inhibits the production of
several SAgs (30). Similarly, glycerol monolaurate, proposed
for the addition to tampons, inhibits the production of TSST-1,
other staphylococcal exotoxins, and exotoxins of group A
streptococci (31). In contrast, Pluronic L-92 at high concentra-
tions appears to stimulate the production of exotoxins (25).

The studies described above suggest that it may be possible
to identify agents particularly for use in wound dressings that
inhibit the production of staphylococcal and streptococcal exo-
toxins, including SAgs, or other virulence factors and thus
reduce the risk of TSS and other types of infections, even if
microbial growth is not inhibited. Such agents have become
increasingly important for addition to medical devices since
microorganisms, such as S. aureus, are becoming increasingly
antibiotic resistant. In the present study, chitosan malate was
evaluated for the ability to inhibit both bacterial growth and,
independently, exotoxin production. This compound is well
characterized to inhibit bacterial growth (3, 23, 37). The
present study confirmed these findings but also showed that
chitosan malate is able to inhibit exotoxin production by S.
aureus and group A streptococci at sub-growth-inhibitory con-
centrations.

There has been an increase in the use of occlusive wound
dressings, presumably due to the increased speed of healing
and reduced pain and scarring associated with their use (3, 16,
18, 43). The use of these dressings raises concern over their
effect on bacterial colonization or infection at the wound site.
For example, Mertz et al. noted that S. aureus, the pathogen
most often isolated from skin infections, was able to survive
and proliferate well in occlusive dressing-covered wounds (18).
This raises the possibility that staphylococcal TSS, related
streptococcal illnesses, or other infections may occur in asso-
ciation with the use of such dressings (7, 38). In light of these
findings, studies have begun evaluating the ability of agents,
such as silver, added to dressings to interfere with microbial
growth (3, 4, 24). Such wound dressings have large numbers of
possible applications, including the management of postsurgi-
cal infections, infections associated with pressure sores and
burns, war trauma infections, and infections associated with
diabetes, severe invasive streptococci, and skin infections due
to community-associated MRSA.

In the present study, it was shown that chitosan malate, an
agent that could be added to wound dressings, inhibited both
bacterial growth and exotoxin production in vitro and pre-
vented TSS and necrotizing fasciitis in rabbit models. It has
long been known that chitosan inhibits the growth of gram-
positive and gram-negative bacteria, with greater antimicrobial
activity against gram-positive agents (3, 23, 37). This observa-

tion was confirmed here. However, the present study extends
these findings by demonstrating that sub-growth-inhibitory
concentrations of chitosan malate also interfere with exotoxin
production, much the same as has previously been noted for
clindamycin and glycerol monolaurate (31, 32). In addition, the
present study clearly shows that chitosan malate at sub-growth-
inhibitory concentrations prevents the development of both
staphylococcal and streptococcal TSS in a Wiffle ball abscess
model and the development of streptococcal TSS with necro-
tizing fasciitis in a direct subcutaneous injection model.

Chitosan malate is a polysaccharide comprised of repeating
units of glucosamine. The mechanism underlying its growth-
and toxin-inhibitory effects remains unknown but may be
related to its strong charge. The polymeric size and charge
suggest the agent may inhibit exotoxin production by effects on
the microbial surface and thus by interfering with signal trans-
duction. A similar mechanism of action has been proposed for
glycerol monolaurate’s inhibition of exotoxin production at
sub-bacterial-growth-inhibitory concentrations (22). Both S.
aureus and group A streptococci have large numbers of two-
component systems that allow them to sense and respond to
the external environment through signal transduction. One of
the staphylococcal two-component systems is AgrA-AgrC,
which senses small peptides in the external environment (20).
When AgrA-AgrC is activated, a regulatory RNA, termed
RNA III, is made that leads to exotoxin production. RNA III
also encodes delta-hemolysin. The present study shows that
delta-hemolysin production was inhibited by the same concen-
trations of chitosan malate that prevented the production of
TSST-1 and staphylococcal enterotoxins. It is thus possible that
chitosan malate exerts its exotoxin-inhibitory effects by altering
two-component systems, such as AgrA-AgrC. However, fur-
ther studies are needed to test this hypothesis thoroughly.

The present study has shown that chitosan malate has the
ability to inhibit exotoxin production by gram-positive bacteria
at chitosan malate concentrations that are not overtly toxic to
rabbits, and in vivo the compound has the ability to prevent
serious staphylococcal and streptococcal illnesses. Further
studies are required to assess the human safety of chitosan
malate use, but these studies suggest the compound may be
useful as an additive to wound dressings for the management
of infections.
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