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Group A streptococcus (GAS) is an important human pathogen that causes a wide spectrum of diseases,
ranging from mild throat and skin infections to severe invasive diseases such as necrotizing fasciitis and
streptococcal toxic shock syndrome. Dextromethorphan (DM), a dextrorotatory morphinan and a widely used
antitussive drug, has recently been reported to possess anti-inflammatory properties. In this study, we
investigated the potential protective effect of DM in GAS infection using an air pouch infection mouse model.
Our results showed that DM treatment increased the survival rate of GAS-infected mice. Bacterial numbers in
the air pouch were lower in mice treated with DM than in those infected with GAS alone. The bacterial
elimination efficacy was associated with increased cell viability and bactericidal activity of air-pouch-infiltrat-
ing cells. Moreover, DM treatment prevented bacterial dissemination in the blood and reduced serum levels of
the proinflammatory cytokines interleukin-6 (IL-6), tumor necrosis factor alpha (TNF-�), and IL-1� and the
chemokines monocyte chemotactic protein 1 (MCP-1), macrophage inflammatory protein 2 (MIP-2), and
RANTES. In addition, GAS-induced mouse liver injury was reduced by DM treatment. Taken together, DM can
increase bacterial killing and reduce inflammatory responses to prevent sepsis in GAS infection. The consid-
eration of DM as an adjunct treatment in combination with antibiotics against bacterial infection warrants
further study.

Group A streptococcus (GAS) is an important human patho-
gen that causes a wide spectrum of diseases, ranging from non-
invasive infections such as pharyngitis, impetigo, and scarlet
fever to invasive infections such as streptococcal toxic shock
syndrome and necrotizing fasciitis. Immune-mediated postin-
fectious sequelae may also occur (2, 5, 6, 21, 27, 36–38). An
epidemiological survey revealed that GAS causes high rates
of morbidity and mortality in severe infections (3). Although
there have been major advances in our understanding of the
molecular mechanisms of host and GAS interactions, limited
therapeutic progress has been made, and no vaccine is avail-
able (7, 21, 43).

Despite the availability of effective antimicrobial agents, an
increase in the incidence of severe, invasive GAS infection has
been noted worldwide in recent years. One of the possible
reasons that GAS can persist in human populations is because
it produces a number of virulence factors to either escape from

host immunity or trigger hyperactive responses of the immune
system (14, 34). Each virulence factor has a unique character-
istic interaction with the host immune system and can facilitate
colonization, invasion, immune evasion, and/or the long-term
survival of GAS within the host (23, 28). GAS invasion may
trigger apoptotic cell death in epithelial cells (22, 39), which is
mediated by reactive oxygen species (ROS) production (1).
Clinical studies indicate that patients suffering from severe
invasive infection have higher levels of inflammatory cytokines
than do those suffering from noninvasive infection (24–26, 29,
30). In addition to conventional antibacterial treatment, en-
hancing bacterial clearance and reducing excessive inflamma-
tory responses may be of therapeutic benefit in invasive GAS
infection.

Dextromethorphan (DM), an over-the-counter antitussive
drug, is the D-isomer of the codeine analog levorphanol, a
dextrorotatory morphinan. DM has been reported to be neu-
roprotective through acting as an N-methyl-D-aspartic acid
(NMDA) receptor antagonist to prevent glutamate excitatory
toxicity (4, 9). In addition, recent studies indicated that DM
has an anti-inflammatory property. DM was shown to reduce
the overactivation of microglia induced by lipopolysaccharide
(LPS) to protect the degeneration of dopaminergic neurons
(18, 44). Moreover, DM can improve endothelial function and
attenuate vascular oxidative stress and inflammation markers

* Corresponding author. Mailing address: Department of Microbi-
ology and Immunology, National Cheng Kung University Medical Col-
lege, 1 University Road, Tainan 701, Taiwan. Phone: 886-6-2353535,
ext. 5646. Fax: 886-6-2082705. E-mail: yslin1@mail.ncku.edu.tw.

† Supplemental material for this article may be found at http://aac
.asm.org/.

‡ M.-H.L. and Y.-H.L. contributed equally to this work.
� Published ahead of print on 3 January 2011.

967



in habitual smokers (16). DM can also reduce cytokine and
superoxide production in macrophages via the inhibition of
NADPH oxidase, leading to a decrease of atherosclerosis and
neointima formation in mice (17). In an LPS-induced endo-
toxic shock mouse model, DM protected against hepatotoxicity
by reducing the production of tumor necrosis factor alpha
(TNF-�) and ROS (15). However, the effects of DM on Gram-
positive bacterial infections have never been demonstrated.

In the present study, the potential for DM protection against
Gram-positive GAS was evaluated in an air pouch infection
mouse model. Our results showed that DM treatment reduced
the mortality of GAS-infected mice. The protective effect of
DM was correlated with enhancing bacterial clearance and
reducing the systemic inflammatory response and organ injury.

MATERIALS AND METHODS

Mice. BALB/c mice were obtained from Jackson Laboratories, Bar Harbor,
ME, and maintained on standard laboratory food and water in the Laboratory
Animal Center of National Cheng Kung University Medical College. Their
progeny, ranging from 8 to 10 weeks of age, were used for the experiments.
Housing, breeding, and experimental use of the animals were performed in strict
accordance with the Experimental Animal Committee of National Cheng Kung
University.

Bacteria. GAS NZ131 (type M49, T14) was a gift from D. R. Martin, New
Zealand Communicable Disease Center, Porirua, New Zealand. A fresh colony
was inoculated into tryptic soy broth containing 0.5% yeast extract (TSBY)
(Difco Laboratories, Detroit, MI) and cultured for 8 h at 37°C. The bacteria were
harvested by centrifugation and resuspended in sterile phosphate-buffered saline
(PBS). The bacterial density was determined by measuring the absorbance at 600
nm (A600) with a spectrophotometer (Beckmen Instruments, Somerset, NJ). The
bacterial suspension was then diluted with PBS to 109 CFU/ml, using a standard
growth curve to relate the measured A600 to the bacterial concentration.

Air pouch infection model. The air pouch infection model was previously
described (12, 13). Since infections of the skin and soft tissue are common
primary foci of severe GAS disease, and air pouch exudates and cells can be
conveniently collected for assays, we adopted the subcutaneous air pouch model
to mimic skin and soft tissue infections. Mice were anesthetized by ether inha-
lation and then injected subcutaneously with 2 ml of air to form an air pouch.
The bacterial suspension (0.3 ml) was inoculated into the air pouch. DM (12.5
mg/kg of body weight; Sigma, St. Louis, MO) was injected intraperitoneally into
mice 30 min before and 1, 12, and 24 h after GAS inoculation. Multiple admin-
istrations of DM were given to evaluate the protective effects based on previous
studies of endotoxic shock and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) Parkinson’s disease mouse models (15, 44), and the dose of DM was
chosen based on a previous report (15). Mice in the control group received an
equal volume of saline. Mouse survival rates were monitored daily for 14 days.

Bacterial counts in the air pouch and blood. After mice were inoculated with
GAS for various time periods, bacteria in the air pouch were collected by the
injection of 1 ml PBS into the air pouch and aspiration of the exudates. Blood
was collected from the heart. To quantify bacterial numbers, air pouch exudates
and blood samples were diluted 1:10, plated onto TSBY plates, and incubated at
37°C for 48 h.

Infiltrating cell number and viability in the air pouch. After mice were
inoculated with GAS for various time periods, infiltrating cells in the air pouch
were collected by the injection of 1 ml PBS into the air pouch and aspiration of
the exudates. Cell numbers in the air pouch were counted, and cell viability was
determined by trypan blue staining. For apoptotic cell detection, infiltrating cells
were fixed with 70% ethanol for 24 h. The apoptotic cells were detected by using
propidium iodide (PI) staining and analyzed by flow cytometry (FACSCalibur;
BD Biosciences, San Jose, CA).

Viable phagocytosed bacterial cell counts in mouse air pouch infiltrating cells
and human neutrophils. The numbers of viable phagocytosed bacteria in the
infiltrating cells from air pouch exudates of GAS-infected mice or in neutrophils
from human peripheral blood were determined. The infiltrating cells collected
from air pouch exudates were treated with 5 �g/ml of penicillin and 50 �g/ml of
gentamicin to remove extracellular GAS and then centrifuged with PBS twice.
Ice-cold distilled water was added for 15 min for the lysis of infiltrating cells. To
measure the total number of intracellular GAS, the supernatants were plated
onto TSBY plates and incubated at 37°C for 48 h. The neutrophils from human

peripheral blood were prepared by using dextran sedimentation and Ficoll-
Hypaque density gradient separation, followed by the hypotonic lysis of eryth-
rocytes. The neutrophils were infected with GAS (multiplicity of infection of 10)
for 1 h with or without 1.5 h of DM pretreatment. In order to remove extracel-
lular GAS, penicillin (5 �g/ml) and gentamicin (50 �g/ml) were added at 37°C for
1 h. The neutrophil lysate was plated onto TSBY plates to count the total number
of intracellular GAS.

Phagocytosis. Freshly harvested viable GAS was labeled by using the PKH67
green fluorescent cell linker minikit (Sigma-Aldrich, St. Louis, MO). Briefly, 5 �
108 bacteria were stained and washed according to the manufacturer’s instruc-
tions and resuspended in 0.5 ml of PBS. Staining with this dye has no detrimental
effect on bacterial viability and growth. Purified human neutrophils were pre-
treated with or without DM at 37°C for 1.5 h and then infected with fluorescein
isothiocyanate (FITC)-labeled GAS at 37°C for 1 h. The phagocytic activity of
neutrophils was determined by using flow cytometry.

Determination of cytokine and chemokine levels in sera. Mouse sera were
collected, and the concentrations of TNF-�, interleukin-1� (IL-1�), IL-6, mono-
cyte chemotactic protein 1 (MCP-1), macrophage inflammatory protein 2 (MIP-
2), and regulated upon activation in normal T cells expressed and secreted
(RANTES) were measured by using enzyme-linked immunosorbent assay
(ELISA) kits (R&D Systems, Minneapolis, MN) according to the manufacturer’s
instructions.

Histopathology. Mouse liver tissues were fixed in 10% neutral-buffered for-
malin solution and then dehydrated in graded alcohol. The fixed tissues were
embedded in paraffin and sliced into 4-mm-thick sections. The tissue sections
were mounted onto glass slides and stained with hematoxylin and eosin.

Determination of AST levels in the sera. Mouse sera were collected, and the
concentrations of aspartate aminotransferase (AST) were detected by using the
Vitros 950 chemistry analyzer at the Department of Pathology, National Cheng
Kung University Hospital.

Statistical analysis. The statistical analysis was done with Prism 4.0 software
(GraphPad Software, San Diego, CA). A comparison of the survival curves was
performed by the Mantel-Haenszel log rank test. Significant differences be-
tween treatment groups were determined by using the unpaired t test. a P
value of �0.05 was considered significant.

RESULTS

DM increases survival of GAS-infected mice. To evaluate
the protective effect of DM in GAS infection, BALB/c mice
were inoculated in the air pouch with a lethal dose of NZ131
(3 � 108 CFU) with or without DM treatment (12.5 mg/kg) 30
min before and 1, 12, and 24 h after bacterial infection. After
14 days, the survival rate of GAS-infected mice was only 10%.
In contrast, the DM-treated, GAS-infected mice showed ap-
proximately 72% survival (Fig. 1).

DM reduces bacterial counts in the air pouch and prevents
bacteremia. Bacterial numbers in the air pouch were deter-
mined to verify the protective effect of DM on GAS infection.
Bacterial numbers in the air pouch were not significantly dif-
ferent between DM-treated and untreated mice 24 h after
infection. By 48 h, the DM-treated group had lower bacterial
numbers in the air pouch than did the untreated group (Fig. 2).
Bacterial dissemination was further determined by the pres-
ence of bacteria in the blood. The percentage of positive blood
cultures from untreated mice was 33% after 48 h of infection,
and there was no positive blood culture from live DM-treated
mice (Table 1). In addition, four of the untreated mice and two
of the DM-treated mice died by 48 h. These results suggested
that DM administration reduced the bacterial load in the local
infection site and prevented bacterial dissemination to the
circulation.

DM increases infiltrating cell viability, which is associated
with reduced cell apoptosis. The mechanism of the DM-me-
diated antibacterial effect was then studied. When DM was
added to bacterial cultures, no bactericidal effect on or inhibi-
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tion of bacterial growth was observed, which indicated that the
protection was not due to a direct antibacterial activity of DM
(data not shown). Furthermore, DM had no effect on strepto-
coccal pyrogenic exotoxin B (SPE B) production, which is an
important virulence factor of GAS (data not shown). We pre-
viously observed the recruitment of phagocytes into mouse air
pouches infected with NZ131 (13). We herein detected the
effect of DM on infiltrating cell numbers, which is related to
bacterial clearance. The results showed that DM treatment
did not influence the numbers of infiltrating cells after 24 or

48 h of infection with NZ131 (Fig. 3A). We further checked for
the viability of these infiltrating cells. Although the viability of
infiltrating cells continually dropped (at 24 h, 81.4% � 1.7%
and 87.4% � 1.0% for the untreated and DM-treated groups,
respectively; at 48 h, 17.8% � 11.1% and 47.5% � 7.5% for the
untreated and DM-treated groups, respectively), the cell via-
bility remained higher in DM-treated mice than in untreated
mice by 48 h after infection (Fig. 3B). At 24 h, there was also
a statistically significant difference between untreated and
DM-treated groups (P � 0.0061). In this infection model, neu-
trophils were the predominant cell type of infiltrating cells
detected in air pouch exudates (13; data not shown). A previ-
ously reported study indicated that GAS infection rapidly in-
duced the apoptosis of neutrophils (11). We found that DM
treatment reduced the percentages of apoptosis of infiltrating
cells (Fig. 3C and D).

DM reduces viable bacterial numbers in infiltrating cells.
We next determined the numbers of viable bacteria in air
pouch-infiltrating cells. At 36 h after NZ131 infection, the infil-
trating cell numbers and viabilities were similar in the groups
with and those without DM treatment (Fig. 4A and B). Nev-
ertheless, counts of viable phagocytosed bacteria at 36 h
postinfection were lower for the DM-treated group than for
the untreated group (Fig. 4C). Low bacterial numbers in air
pouches of DM-treated mice were observed at 36 h after in-
fection compared with untreated mice (with averages of 1.25 �
109 � 0.44 � 109 bacteria for the untreated group versus
0.49 � 109 � 0.19 � 109 bacteria for the DM-treated group)
(see Table S1 in the supplemental material). At 36 h after
NZ131 inoculation, the number of positive blood cultures was
4 of 5 live untreated mice (80%) and 0 of 7 live DM-treated
mice. Two of the untreated mice and one of DM-treated mice
died by 36 h after NZ131 infection (see Table S1 in the sup-
plemental material). Bacterial counts in various organs were
determined, and the results showed that all except one mouse
in the untreated mouse group had detectable bacteria present
in the kidney, and only one DM-treated mouse had a low
bacterial count present in the kidney. For the liver and spleen,
all untreated mice but not DM-treated mice had detectable
bacteria in these organs (see Table S1 in the supplemental
material). This suggested a more effective bacterial clearance
ability at the local infection site with DM treatment than with-
out DM treatment.

Because neutrophils were the predominant type of infiltrat-
ing cells, we therefore used human neutrophils to check for the
effects of DM. Purified human neutrophils were pretreated
with or without DM for 1.5 h and then incubated with FITC-

FIG. 1. Dextromethorphan increases the survival rate of GAS-in-
fected mice. Dextromethorphan (12.5 mg/kg) was intraperitoneally
administrated to mice 30 min before and 1, 12, and 24 h after NZ131
inoculation (3 � 108 CFU) in the air pouch. The mouse survival rate
was determined for 14 days (***, P � 0.001).

FIG. 2. Bacterial numbers in the air pouch exudates from GAS-
infected mice with or without dextromethorphan treatment. Dextro-
methorphan (12.5 mg/kg) was intraperitoneally administrated to mice
30 min before and 1, 12, and 24 h after NZ131 inoculation (3 � 108

CFU) in the air pouch. Mice were sacrificed 24 h (n � 10 per group of
GAS with saline and n � 9 per group of GAS with DM) and 48 h (n �
11 per group of GAS alone and n � 12 per group of GAS with DM)
after NZ131 infection, and the air pouch exudates were collected. The
bacterial numbers were determined by plate counting (*, P � 0.05).

TABLE 1. Bacterial dissemination in the blood 48 h after GAS
infection with or without dextromethorphan treatment

Treatment

No. of mice
with bacteria

in blood
culture

No. of mice
without bacteria
in blood culture

No. of dead
mice

No. of mice
with bacteria

in blood
culture/total
no. of mice

Saline 4a 8 4 4/12
DM 0 14 2 0/14

a Bacterial numbers in the blood of these four mice were 2.1 � 103, 1.0 � 103,
2.0 � 102, and 6.0 � 101 CFU/ml, respectively.
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labeled NZ131 for 1 h, followed by flow cytometric analysis.
The results showed that DM increased the phagocytic capabil-
ity of neutrophils (Fig. 5A). In a bactericidal assay, human
neutrophils were infected with NZ131 for 1 h with or without
1.5 h of DM pretreatment, followed by an additional 1 h of
incubation with antibiotics to remove unengulfed bacteria, and
the numbers of viable intracellular bacteria were determined.
The results showed that DM actually increased the bactericidal
activity of human neutrophils (Fig. 5B). This is consistent with
our findings with the mouse model showing more efficient
bacterial clearance by neutrophils with DM treatment.

DM reduces GAS-induced systemic inflammation and organ
damage. A systemic inflammatory response and liver injury
were determined to confirm the protection of DM on GAS
infection. Previous studies reported that invasive GAS infec-
tion caused an excess production of inflammatory cytokines,
which correlated with disease severity and organ failure (24,
25). We compared the serum levels of inflammatory cytokines
in GAS-infected mice with and those without DM treatment at
48 h after bacterial inoculation. By that time, GAS dissem-
ination to the systemic organs was observed. Lower levels of
proinflammatory cytokines (i.e., IL-6, TNF-�, and IL-1�) (Fig.
6A) and chemokines (i.e., MCP-1, MIP-2, and RANTES) (Fig.
6B) were detected in the sera of DM-treated mice than in the

sera of untreated mice following GAS infection. In our previ-
ous study, liver histopathological changes occurred in GAS-
infected mice (12). The pathology of hepatocytes was fatty
degeneration in which the cytoplasm was filled with foamy
vacuoles of fat. Histological examination of liver tissue ob-
tained 48 h after GAS infection showed hepatocyte damage
after GAS infection (see Fig. S1B and S1E in the supplemental
material), which was inhibited by DM treatment (see Fig. S1C
and S1F in the supplemental material). To further confirm the
protective effect of DM against liver injury, we found that the
serum levels of AST were lower in DM-treated mice than in
mice treated with GAS alone (Fig. 7).

DISCUSSION

Although sepsis is a major cause of death for severely in-
fected patients, efficient treatment has been lacking. We there-
fore aimed to develop therapeutic interventions using small
molecules for this disease. DM is a dextrorotatory morphinan
and a widely used antitussive drug, which was recently found to
possess anti-inflammatory properties and to provide protection
in an LPS-induced endotoxic shock mouse model (15). This
study further demonstrates the efficacy and novel mechanisms
of DM in protecting mice against Gram-positive GAS-elicited

FIG. 3. Dextromethorphan increases the viability and reduces the apoptosis of infiltrating cells in the air pouch of GAS-infected mice. Mice
were inoculated with 3 � 108 CFU of NZ131 with or without the administration of DM 30 min before and 1, 12, and 24 h after NZ131 infection.
The air pouch exudates were collected 24 and 48 h (A and B) or 48 h (C and D) after NZ131 infection. The infiltrating cell numbers (A), cell
viability determined by trypan blue staining (B) (at 24 h, n � 9 per group without or with DM treatment; at 48 h, n � 5 per group of GAS with
saline and n � 7 per group of GAS with DM), and apoptosis determined by PI staining (C and D) were determined. A set of representative
histograms is shown (C), and means � standard deviations (SD) of air pouch exudates from six mice per group are shown (D) (*, P � 0.05; **,
P � 0.01).
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sepsis. We believe that this live bacterial infection model repre-
sents a useful system for studying the clinical septic syndrome.

A previously reported study showed that the administration
of carboxyfullerene was able to protect mice from GAS-in-
duced death. Surveys of exudates of the air pouch of carboxy-
fullerene-treated mice revealed that the survival of infiltrating
neutrophils was prolonged and that the bacteria were elim-
inated as a result of the enhanced bactericidal activity of
neutrophils (41). We have also found a prolonged survival of
neutrophils, which correlated with a DM-mediated inhibition
of neutrophil apoptosis. In addition, DM also enhanced the
bacterial clearance ability of neutrophils. However, unlike the
effect of carboxyfullerene, which directly inhibits the in vitro
growth of GAS, DM does not cause a direct effect on bacterial
growth.

For the detection of DM effects on innate immunity, we
found that DM inhibits cytokine and chemokine expression
while increasing the phagocytic activity of neutrophils. At 36 h
after GAS infection, infiltrating neutrophil numbers and via-
bilities were similar between DM-treated and untreated groups
of mice. However, there were reduced bacterial counts in in-
filtrating neutrophils in the DM-treated group at that time.
Because lower bacterial counts in the air pouches of DM-
treated mice were observed after 36 h of infection with NZ131,
we cannot exclude the possibility that the lower bacterial num-
bers in the air pouch at least partially accounted for the re-
duced bacterial counts in infiltrating neutrophils. Nevertheless,
in vitro studies showed that DM increased the bacterial clear-
ance activity of human neutrophils. This, taken together with
the fact that no or few bacteria were detected in the blood
and organs of DM-treated mice, supports the notion of a
DM-enhanced bacterial killing efficacy.

At 48 h, the neutrophil viability was markedly decreased,
which correlated with apoptotic cell death, whereas DM inhib-
ited this effect. These results indicate that the enhanced bac-
terial clearance of neutrophils by DM is associated with at least
two factors: one is the prolonged survival of infiltrating neu-
trophils, and the other is the increased phagocytic activity of
neutrophils. Neutrophils undergo apoptosis after phagocy-

FIG. 4. Dextromethorphan reduces viable bacterial numbers in in-
filtrating cells in the air pouch of GAS-infected mice. Mice were
inoculated with 3 � 108 CFU of NZ131 with or without the adminis-
tration of DM 30 min before and 1, 12, and 24 h after NZ131 infection
(n � 5 per group of GAS with saline and n � 7 per group of GAS with
DM). The air pouch exudates were collected 36 h after NZ131 infec-
tion. The infiltrating cell numbers (A), cell viability (B), and bacterial
numbers in infiltrating cells (C) were determined (*, P � 0.05). The
experiments were performed three times, and one set of representative
data is shown.

FIG. 5. Phagocytic and bactericidal activities of human neutrophils
are increased when pretreated with dextromethorphan. Human neu-
trophils were cultured with FITC-labeled NZ131 at 37°C for 1 h with-
out or with 5 and 10 �M DM pretreatment. The phagocytic activity
(A) and bacterial numbers in the cells (B) were determined for trip-
licate cultures (*, P � 0.05; ***, P � 0.001). The experiments were
performed twice, and one set of representative data is shown.
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tosis, a process also known as phagocytosis-induced cell
death (PICD) (10). Many bacteria have been shown to trigger
neutrophil apoptosis or PICD, including GAS. To survive and
persist within the host, GAS has developed a number of strat-
egies to circumvent the host immune system, such as virulence
factors directed to prevent phagocytosis or enhance survival
within phagocytic cells and induce neutrophil apoptosis (20, 35,
42). In our study, DM was found to inhibit the apoptosis of
GAS-induced infiltrating neutrophils. However, the precise
mechanisms of the DM-mediated inhibition of GAS-induced
apoptosis and the increase in the phagocytic activity remain to
be determined. Neutrophils destroy pathogens through a com-
bination of mechanisms, such as ROS production and the
accumulation of cytotoxic molecules in the phagosomes (10,
31, 32). However, previous studies showed that DM decreases
ROS at least in part through the inhibition of NADPH oxidase
(15, 17, 44). The neutrophil bacterial clearance ability en-
hanced by DM is therefore less likely to be attributable to ROS
action. Although detailed mechanisms need to be further re-
solved, we speculate that DM-induced prolonged survival and
the decreased apoptosis of neutrophils may be related to its
inhibition of ROS production.

Elevated levels of inflammatory cytokines may be associated
with morbidity in patients with severe invasive GAS infection.
In our model, the results showed that the levels of proin-
flammatory cytokines and chemokines in mouse sera were
increased after GAS infection. The increased levels of inflam-
matory cytokines in the sera of GAS-infected mice most likely
reflect the sustained systemic infection occurring in these an-
imals. DM has an anti-inflammatory effect through reducing

the levels of ROS and proinflammatory cytokines, such as
TNF-� and IL-6 (15, 18). In the present study, we showed that
DM reduced GAS-induced inflammatory cytokines (TNF-�,
IL-1�, and IL-6) and chemokines (MCP-1, MIP-2, and
RANTES) in a mouse model. It was previously reported that
GAS can induce NF-�B activation in epithelial cells (19, 40).
Because ROS may regulate the activation of NF-�B (8), it
remains to be clarified whether the reduced ROS caused by
DM result in the inhibition of GAS-induced NF-�B activation.

A previously reported study used an LPS-induced mouse
model to investigate the DM effect (15). This is the first study
investigate the effect of DM on bacterial infection in an animal
model, using GAS as a Gram-positive bacterium for the study.
The possible protective effect of DM against other bacteria
remains to be investigated. Although infecting bacteria can be
taken care of by antibiotics, the bacterial components released
from dead bacteria, such as peptidoglycans, lipoproteins, lipo-
teichoic acids, and LPS, may be responsible for systemic in-
flammation and cause organ failure and sepsis. Our results
showed that DM reduces the inflammatory response to protect
mice against systemic GAS infection, which suggests that DM
can be considered an adjunct agent for antimicrobial treat-
ment. Combined with antimicrobial agents, the dosage of DM
may be reduced comparably to the recommended doses as a
cough suppressant (33), but this issue needs to be tested.
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