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In Vitro Efficacy of Diallyl Sulfides against the Periodontopathogen
Aggregatibacter actinomycetemcomitans
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The in vitro antibacterial effects of diallyl sulfide (DAS) against the Gram-negative periodontopathogen Aggregatibacter actino-
mycetemcomitans, the key etiologic agent of the severe form of localized aggressive periodontitis and other nonoral infections,
were studied. A. actinomycetemcomitans was treated with garlic extract, allicin, or DAS, and the anti-A. actinomycetemcomitans
effects of the treatment were evaluated. Garlic extract, allicin, and DAS significantly inhibited the growth of A. actinomycetem-
comitans (greater than 3 log; P < 0.01) compared to control cells. Heat inactivation of the garlic extracts significantly reduced the
protein concentration; however, the antimicrobial effect was retained. Purified proteins from garlic extract did not exhibit anti-
microbial activity. Allicin lost all its antimicrobial effect when it was subjected to heat treatment, whereas DAS demonstrated an
antimicrobial effect similar to that of the garlic extract, suggesting that the antimicrobial activity of garlic extract is mainly due
to DAS. An A. actinomycetemcomitans biofilm-killing assay performed with DAS showed a significant reduction in biofilm cell
numbers, as evidenced by both confocal microscopy and culture. Scanning electron microscopy (SEM) analysis of DAS-treated
A. actinomycetemcomitans biofilms showed alterations of colony architecture indicating severe stress. Flow cytometry analysis
of OBAY cells did not demonstrate apoptosis or cell cycle arrest at therapeutic concentrations of DAS (0.01 and 0.1 pg/ml). DAS-
treated A. actinomycetemcomitans cells demonstrated complete inhibition of glutathione (GSH) S-transferase (GST) activity.
However, OBA9 cells, when exposed to DAS at similar concentrations, showed no significant differences in GST activity, suggest-
ing that DAS-induced GST inhibition might be involved in A. actinomycetemcomitans cell death. These findings demonstrate
that DAS exhibits significant antibacterial activity against A. actinomycetemcomitans and that this property might be utilized for

exploring its therapeutic potential in treatment of A. actinomycetemcomitans-associated oral and nonoral infections.

ggregatibacter actinomycetemcomitans is a Gram-negative bac-

terium that has been implicated as the primary etiologic agent
of a particularly severe form of periodontal disease, localized ag-
gressive periodontitis (LAP) (81). Recent studies showed that A.
actinomycetemcomitans has been associated with an increased risk
of atherosclerosis (22, 67) and other cardiovascular diseases
(CVD) (82). Other infections caused by A. actinomycetemcomi-
tans include urinary tract infections, osteomyelitis, and brain ab-
scesses (39, 64). A. actinomycetemcomitans can potentially be a
very destructive pathogen due to its many virulence factors, in-
cluding catalase, IgA protease, cytolethal distending toxin, leuko-
toxin, bone resorption-inducing toxin, fibroblast-inhibiting fac-
tor, collagenase, and epitheliotoxin (29, 32, 81). These factors
further assist in colonization and survival of A. actinomycetem-
comitans in the oral cavity. A. actinomycetemcomitans exhibits ex-
tremely tenacious adherence to inert surfaces in vitro (27) and is
capable of binding to and invading epithelial cells (56).

Many different antimicrobial agents and antibiotics have been
used to treat LAP; however, the ability of this organism to invade
tissues and cells makes it very difficult to eradicate the organism
from the oral cavity. Also, the constant emergence of resistant
strains makes it difficult to treat A. actinomycetemcomitans infec-
tions, resulting in a greater number of cases that recur following
treatment. Various chemical agents have been evaluated over the
years for their antimicrobial effects in the oral cavity; however, all
are associated with side effects that prohibit regular long-term use
(6, 20, 36, 41, 55, 57, 61, 75). Therefore, an alternative therapy is
essential to prevent the disease. With the rise in bacterial resistance
to antibiotics, there is considerable interest in the development of
other classes of antimicrobials for the control of infection. Garlic
has been used as a medicine since ancient times and has long been
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known to have antibacterial, antiviral, antifungal, antialgal, anti-
proteolytic, anticancer, antithrombotic, antiatherosclerotic, anti-
oxidant, and immune modulation properties (4, 5, 12, 16, 45, 58,
59, 60, 66, 69, 70, 77). Recently, garlic extract was shown to have
effective broad-spectrum antimicrobial activity (11, 15, 21, 44, 62,
74), including activity against oral bacteria (8). The main antimi-
crobial constituent of garlic has been identified as the oxygenated
sulfur compound allicin. It is not present in raw garlic and is
formed rapidly by the action of an enzyme, alliinase, when garlic is
crushed. Although allicin has been shown to be an effective anti-
microbial agent in vitro, its effects in vivo are obscure and ques-
tionable (47). Another study showed that alliinase is inactivated by
heat, thus preventing allicin formation (9). Garlic oils contain
major organosulfur compounds, including diallyl sulfide (DAS;
112 ug/g), diallyl disulfide (DADS; 1,183 ug/g), and diallyl trisul-
fide (DATS; 751 pug/g), and minor amounts of many other volatile
compounds (49). These compounds possess potent anticancer,
antioxidant, and anti-inflammatory immune modulation activi-
ties and antimicrobial properties (2, 30, 71, 72, 79, 83). The inhib-
itory effect of DASs against Bacillus cereus, Salmonella sp., and
Vibrio cholerae (7, 62, 63), Staphylococcus aureus and Candida al-
bicans (42, 51), Helicobacter pylori (52, 58), and Klebsiella pneu-
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moniae and Pseudomonas aeruginosa (17,37, 53, 73) were studied,
and a recent report has shown that DASs were synergistically ef-
fective when combined with antibiotics against antibiotic-resis-
tant strains of Escherichia coli, Enterobacter cloacae, E. faecalis, and
Citrobacter freundii (80). On the basis of the results of previous
studies, we hypothesize that DAS is effective against A. actinomy-
cetemcomitans and that it retains its activity even after heat treat-
ment. We address the following questions. (i) Does garlic kill A.
actinomycetemcomitans, and is the effect retained after heat treat-
ment? (ii) Does allicin demonstrate anti-A. actinomycetemcomi-
tans activity, and does heat treatment reduce its effect? (iii) Does
DAS demonstrate anti-A. actinomycetemcomitans activity, and is it
heat stable? (iv) Does DAS retain its activity in the presence of
saliva? (v) Do proteins of garlic extract demonstrate anti-A. acti-
nomycetemcomitans activity? (vi) Does DAS demonstrate any cy-
totoxic effect against oral epithelial cells?

To our knowledge, there have been no reports to date on the
effects of these sulfides against A. actinomycetemcomitans. The
aims of this study were to evaluate the antimicrobial effects of
diallyl sulfide (DAS) treatment on A. actinomycetemcomitans and
to understand their potential as therapeutic agents for treatment
of periodontal disease.

MATERIALS AND METHODS

Allicin and DAS (LKT Laboratories Inc.) were mixed with 0.1% dimethyl
sulfoxide (DMSO), which was used as the solvent (72). Garlic bulbs were
obtained from a supermarket and homogenized with sterile distilled wa-
ter. The homogenized extract was then filtered through Whatman filter
paper (number 1), centrifuged at 3,400 X g for 30 min, and stored at
—20°C until use according to a previously published method (16). The
extract was purified (see below) and tested for anti-A. actinomycetemcomi-
tans activity.

Isolation of proteins from garlic extract. To study the independent
effects of proteins in the garlic extract, we removed the low-molecular-
weight organosulfur compounds by the use of a Centriprep system with a
3-kDa-cutoff membrane disc filter (Millipore 3K; Millipore Corporation,
Bedford, MA) and performed dialysis using 3.5-kDa-cutoff dialysis mem-
branes (16). Fractionation of proteins from the extract was carried out by
SP Sepharose column chromatography according to a previously pub-
lished method (76).

Partial purification of garlic proteins by SP Sepharose column chro-
matography. Partial purification of proteins in garlic extract was carried
out as described earlier (16, 76). Briefly, 100 ml of garlic extract was sub-
jected to SP Sepharose column chromatography (Bio-Rad). The column
had been preequilibrated with 10 mM Tris-HCI buffer, pH 8.0. After
adsorption of the sample and washing with 150 ml of the buffer described
above, the bound proteins were eluted by stepwise elution using the same
buffer containing different concentrations of NaCl (0.2 to 1 M). The pres-
ence of protein in different step-eluate fractions was monitored by absor-
bance at 280 nm (Shimadzu Corp.). The major components were then
dialyzed and lyophilized and stored at —20°C until use.

Estimation of protein concentration in garlic extract. The concen-
tration of total proteins in garlic extract was measured by spectrophoto-
metric analysis using a Benchmark Microplate reader (Bio-Rad) at 595
nm according to Bradford’s assay (13). Equal amounts of total proteins
from garlic extract and eluted fractions from SP Sepharose beads were
denatured in 5X sample buffer (0.31 M Tris-HCI [pH 6.8], 20% sodium
dodecyl sulfate [SDS], 25% glycerol, 0.01% bromophenol blue, 25% 2- -
mercaptoethanol) by heating at 100°C for 8 min. Proteins were separated
on 4% to 20% gradient gels according to the instructions of the manufac-
turer (Thermo Scientific). The gels were stained with Coomassie brilliant
blue R250 and photographed (43).

Anti-A. actinomycetemcomitans assay. We tested 5 different sero-
types of A. actinomycetemcomitans, including the following clinical iso-
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lates: DF2200 (serotype a), NJ 1000 (serotype b), and CU1000 (serotype f)
(38), NJ9500 (serotype e) (28), and IDH781 (serotype d) (35) and found
similar results with all of them. Therefore, for all the remaining experi-
ments, we chose to use IDH781 as the representative strain. IDH781 is a
rough strain of A. actinomycetemcomitans that belongs to serotype d and
had been isolated clinically from a patient. A. actinomycetemcomitans
(IDH781) was grown in Trypticase soy broth (BD Biosciences) supple-
mented with 6 g of yeast extract and 8 g of glucose per liter at 37°C in 10%
CO,; this medium was designated AAGM (A. actinomycetemcomitans
growth medium). The A. actinomycetemcomitans killing assay was carried
out in 1.5-ml microcentrifuge tubes containing 1 ml of a single-cell bac-
terial suspension of A. actinomycetemcomitans (37) (10® CFU/ml) with
different concentrations of the agents described below (8). Briefly, after
gentle agitation, cell suspensions were incubated at 37°C for 2 h. The cells
were then harvested by brief centrifugation, washed three times with
phosphate-buffered saline (PBS), serially diluted, and plated on Trypti-
case soy agar plates (AAGM plates). The plates were then incubated for 2
days at 37°C in 10% CO,, and colonies were enumerated. The anti-A.
actinomycetemcomitans assay was carried out for the following agents:
garlic extract, purified garlic proteins, allicin, and DAS. To compare the
efficacies of DAS on planktonic cells and preformed biofilms, the A. acti-
nomycetemcomitans biofilms were grown as described elsewhere in Mate-
rials and Methods.

Garlic extract-A. actinomycetemcomitans killing assay. The effect of
temperature on the efficacy of garlic extract for A. actinomycetemcomitans
inhibition was determined by heating the extract at 100°C for different
time intervals (15, 30, 45, and 60 min) and subjecting the extract to dif-
ferent temperatures (40, 60, 80, and 100°C) for 20 min in a water bath. The
samples were cooled to room temperature before use. The effect of heat
treatment on allicin or DAS against A. actinomycetemcomitans was deter-
mined by heating the compounds for 20 min at 100°C and then cooling
the compounds. The anti-A. actinomycetemcomitans activity was deter-
mined as mentioned above. Also, the garlic extract was subjected to pro-
teinase K treatment by incubating it with either proteinase K or PBS at
55°C for 2 h followed by incubation at 65°C for 10 min to stop proteinase
K activity if present (26).

Anti-A. actinomycetemcomitans activity of purified garlic proteins.
After purification of the garlic proteins as described above, A. actinomy-
cetemcomitans was treated with the purified protein fractions (100 pg/ml)
to investigate their anti-A. actinomycetemcomitans activity.

Anti-A. actinomycetemcomitans activity of allicin and DAS. A. acti-
nomycetemcomitans cells were incubated with different concentrations
(10, 1,0.1,and 0.01 pg/ml) of allicin or DAS in an anti-A. actinomycetem-
comitans assay as described above.

A. actinomycetemcomitans biofilm preparation. A. actinomycetem-
comitans cells were grown on a Fisher brand coverslip (Fisher Scientific
Inc.) for 48 h in 6-well cell culture plates (Cellstar; Greiner Bio One,
Germany) to allow mature biofilm formation. After the biofilm was rinsed
with PBS, it was treated with either PBS or DAS (0.01 pg/ml) for 2 h at
37°C. After the DAS was removed and washed with PBS, the biofilms were
used for confocal microscopy. The biofilm also scraped, resuspended in
the AAGM, serially diluted, and plated for enumeration.

Penetration of DAS into an A. actinomycetemcomitans biofilm. To
determine the efficacy of DAS treatment using preformed A. actinomyce-
temcomitans biofilms, the biofilms were stained with a LIVE/DEAD
BacLight bacterial viability kit (Invitrogen), which utilizes SYTO9 and
propidium iodide (PI) to differentiate between live and dead cells. After
staining was performed for 45 min, the stain was washed away and the
cells were visualized using an inverted confocal microscope (LSM 5105
Carl Zeiss, Thornwood, NY) on a Zeiss Axiovert 100 M Base at a confocal
imaging facility (University of Medicine and Dentistry of New Jersey
[UMDNY]]) using wavelengths of 543 nm (HeNe laser) and 488 nm (argon
laser) and chroma filters (Ch 1 detector, bp 560 to 615; Ch 2 detector, bp
505 to 550) and a stack size of 225.0 uwm by 225.0 um by 0.0 wm, which
allows simultaneous collection of two fluorescent signals (14, 38).
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Anti-A. actinomycetemcomitans activity of DAS in the presence of
saliva. The protocol was reviewed and approved by the Institutional Re-
view Board (IRB) of the University of Medicine and Dentistry of New
Jersey. All participants were provided with consent forms that they signed
prior to participation in the study. We collected saliva from three subjects
according to a previously published method (26). Subjects were asked to
contribute 5 ml of unstimulated whole saliva, which was collected in a
50-ml wide-mouthed plastic tube and kept on ice. Saliva was centrifuged
at 10,000 X g for 20 min. The supernatant was decanted and used for the
experiments.

SEM. Scanning electron microscopy (SEM) analysis was performed to
examine morphological changes of A. actinomycetemcomitans cells before
and after treatment with DAS (0.01 ug/ml). The bacterial cells were
treated either with PBS or with DAS (0.01 ug/ml) for 2 h as described for
the anti-A. actinomycetemcomitans assay. After washing was performed,
the cells were grown on a plastic coverslip in 6-well cell culture plates for
48 h. The cells were washed with PBS, and the biofilms were fixed with 2%
glutaraldehyde for 2 h, dehydrated, and processed for SEM according to a
previously published method using an accelerating voltage of 30 kV (Hi-
tachi SEM S2500; Hitachi High Technologies America, Inc.) (54).

Cell culture. An immortalized human gingival epithelial cell line
(OBA9) (23) was kindly provided by Gill Diamond (UMDN]). OBA9 cells
were grown in serum-free keratinocyte growth medium (KSFM; Gibco
Life Technologies) containing insulin, epidermal growth factor, and fi-
broblast growth factor (Invitrogen) and supplemented with streptomycin
(100 pg/ml) and penicillin (100 U/ml) (Sigma, St. Louis, MO) and cul-
tured at 37°C in 5% CO,.

Trypan blue exclusion test of OBA9 cell viability. The cells were
seeded into six-well plates and grown to 80% confluence in the growth
medium (KSFM). The cells were then rinsed and incubated with different
concentrations (0.01, 0.1, and 1 pg/ml) of DAS for 12 h. The cells were
washed two times with PBS and suspended in 1 ml of PBS, and the viable
cells were counted by the trypan blue method using a cell counter as stated
in the manufacturer’s instructions (Vi-CELL series; Beckman Coulter).
The proportions of live cells determined in independent triplicate exper-
iments were expressed in percentages (68). The morphological changes
were also observed using an upright Olympus BX50W1 microscope
(Olympus, Tokyo, Japan).

Flow cytometry. Cells exposed to different concentrations (0.01, 0.1,
and 1 pug/ml) of DAS were collected and resuspended in KSFM medium.
The cells were then washed with PBS two times, and the final cell pellet
(1 X 10° cells) was suspended in 0.5 ml of PI-hypotonic lysis buffer and 10
pl of PL. The cells were placed on ice and kept in the dark, and G, apop-
tosis and cell cycle arrest were analyzed by flow cytometry at 488 nm (50).

Nucleotide sequence analysis of A. actinomycetemcomitans gst
gene. Glutathione (GSH) S-transferase (GST) from serotypes a, b, ¢, d, e,
and f of A. actinomycetemcomitans was PCR amplified using genomic
DNA templates (5 ng) from the respective serotype strains and primers gst
F (ATGAAACTATATTTTAAACCG) and gst R (AATCAACCCTTCGG
CTTTTTG) with initial denaturation at 94°C for 5 min followed by 35
cycles of denaturation at 94°C for 30 s, annealing at 59°C for 30 s, exten-
sion at 72°C for 1 min, and an additional final extension step at 72°C for 10
min. The PCR products (600 bp) were purified using a QIAquick gel
extraction kit (Qiagen), and then gst was sequenced with T3 and T7 uni-
versal primers in the UMDN]J MRF (Molecular Resource Facility) using a
DNA sequencer (ABI 3130xl Sequencer). The sequence was analyzed with
BioEdit (http://www.mbio.ncsu.edu/bioedit/page2.html), and the se-
quence for IDH781 was deposited in GenBank and NCBI.

GST colorimetric assay. CDNB-GST (1-chloro-2,4-dinitro-benzene—
GST) assays were performed using 1-cm cuvettes as described previously
(33). The reaction mixture was composed of 2 wmol of CDNB, 1 umol of
GSH, and 0.1 ml of A. actinomycetemcomitans cell extract or OBA9 cell
extract at a final volume of 1 ml. All the assay components were prepared
in PBS (Sigma-Aldrich, St. Louis) (pH 7.9). The reaction was initiated
with addition of GSH and 1 min of equilibration prior to recording ab-
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FIG 1 Antibacterial effect of garlic extract against A. actinomycetemcomitans. (A)
The anti-A. actinomycetemcomitans activity of garlic extract was determined by
incubation of bacterial cells at a concentration of garlic extract of 1:0 for 2h at 37°C.
Subsequently, the cells were serially diluted and plated on AAGM agar plate. The
viable bacteria were enumerated after 48 h. (B) Garlic (G.) extract (1:0) was treated
with proteinase K for 2 h at 55°C and its anti-A. actinomycetemcomitans activity
compared to that of PBS heat-treated extract. Data represent means * SD and
were significantly different from PBS-treated control results (P < 0.01).

sorbance changes. CDNB-GSH conjugation (formation of a 2,4-dinitro-
phenol-glutathione conjugate [DNP-SG] via nucleophilic displacement
of Cl with GSH-thiol) was monitored spectrophotometrically at 340 nm
for 5 min (kinetic mode for 30 s) with a Shimadzu UV160U spectropho-
tometer (Shimadzu Corp.). DNP-SG concentrations were calculated us-
ing an extinction coefficient of 9.6 mM/cm. Enzyme preparations were
assayed in triplicate, and control reactions (without enzyme and without
substrate) were included to determine nonenzymatic CDNB-GSH conju-
gation.

Statistical analyses. All experiments were performed in duplicate on
at least three different occasions. The results for the antibacterial assays
were tested for statistical significance using a Student’s paired ¢ test and
one-way analysis of variance (ANOVA) wherever applicable. Data repre-
sent means * standard errors of the means (SE).

Nucleotide sequence accession number. The gst gene sequence of
IDH781 was deposited in GenBank and NCBI under accession number
JN625753.

RESULTS

Garlic extract demonstrates an antibacterial effect against A. ac-
tinomycetemcomitans. A 2-h cell-killing assay was performed as
described in Materials and Methods to examine the anti-A. acti-
nomycetemcomitans activity of garlic extract. Garlic extract
showed a dose-dependent killing effect against A. actinomycetem-
comitans, with the highest concentration showing complete killing
(Fig. 1A; P < 0.01). In an attempt to elucidate whether proteins in
garlic extract contributed to the anti-A. actinomycetemcomitans
effect, garlic proteins were treated with proteinase K or PBS for 2 h
at 55°C, cooled, and incubated with A. actinomycetemcomitans
cells for 2 h to determine the anti-A. actinomycetemcomitans ac-
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FIG 2 Effect of heat on the antibacterial effect of garlic extract. (A) Garlic extract was incubated at 100°C for different time intervals (0, 15, 30, 45, and 60 min).
A. actinomycetemcomitans cells were then incubated with the extract for 2 h at 37°C. After serial dilution, the samples were plated on AAGM agar plates and
incubated at 37°C and viable bacteria were enumerated after 48 h. R/T, room temperature. (B) Estimation of total garlic protein after incubation at 100°C for
different time intervals. (C) SDS-PAGE analysis of garlic proteins incubated at 100°C for different time intervals. Arrows indicate degradation of proteins in lanes
2,3,4,and 5 compared to lane 1. Lanes: M, marker; 1, untreated garlic extract; 2, 3, 4, and 5, heat treatment of garlic extract for 15, 30, 45, and 60 min, respectively.
(D) Garlic extract demonstrates significant antibacterial effect against A. actinomycetemcomitans after incubation at different temperatures (40, 60, 80, and
100°C) for 20 min. (E) Estimation of total garlic protein after incubation at different temperatures for 20 min. (F) SDS-PAGE analysis of garlic proteins after
incubation at different temperatures for 20 min. Lanes: M, marker; 1, room temperature garlic extract; 2, 3, 4, and 5, heat treatment of garlic extract at 40, 60, 80,
and 100 min, respectively. Arrows indicate degradation of proteins in lanes 2, 3, 4, and 5 compared to lane 1.

tivity of the extract. The treatment of garlic extract with proteinase
K did reduce the antimicrobial efficacy of DAS (approximately 1
log) compared to control heated garlic extract, but the difference
was not statistically significant (Fig. 1B). The heat treatment of
garlic extract with PBS also resulted in some loss of anti-A. actino-
mycetemcomitans activity (Fig. 1B) compared to non-heat-treated
garlic extract (Fig. 1A).

Effect of heat treatment on garlic extract. The effect of heat
treatment on the anti-A. actinomycetemcomitans activity of garlic
extract was determined. The antimicrobial activity was reduced
when garlic extract was heat treated at 100°C for 15 min but still
resulted in a statistically significant (3 logs; P << 0.01) reduction in
bacterial counts (Fig. 2A). Heat treatment of garlic extract for up
to 60 min at 100°C did not show any further negation of anti-A.
actinomycetemcomitans efficacy. Cell-killing experiments at room
temperature and at 40°C demonstrated no bacterial growth,
whereas higher temperatures reduced the antimicrobial efficacy
against A. actinomycetemcomitans (Fig. 2D). However, even at
100°C, the reduction was approximately 3 logs (P < 0.01), sug-
gesting that the heat-stable components of garlic extract play a
major role in the antimicrobial activity of garlic extract.

Garlic proteins do not demonstrate anti-A. actinomycetem-
comitans activity. Protein concentrations of garlic extract were
tested after heat treatment. The heat treatment of the garlic extract
at 100°C for different time periods (15, 30, 45, and 60 min) re-
sulted in a decrease in the total protein concentration, with a min-
imal amount persistent after 60 min. The total protein concentra-
tion at room temperature was 1.5 mg/ml, and the concentration
declined to 0.3 mg/ml after heating at 100°C for 15 min; prolonged
heating did not result in any further decrease (Fig. 2B). Heating
garlic extract at increasing temperatures (40, 60, 80, and 100°C)
for a fixed period of 20 min showed concomitant decreases in
protein concentrations (Fig. 2E). SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE) analyses of the garlic extract after heat
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treatment showed that two prominent bands of 59 and 13.5 kDa
were completely degraded (Fig. 2C and F).

Purification of garlic protein by SP Sepharose column chro-
matography. Garlic proteins were purified using SP Sepharose
affinity column chromatography (Fig. 3A). Fractions 3, 4, 11, and
13 were dialyzed using 3-kDa-cutoff Slide-A-Lyzer dialysis cas-
settes. The fractions were tested for their anti-A. actinomycetem-
comitans activity, and the results showed that there was no signif-
icant anti-A. actinomycetemcomitans activity in any of the
fractions (Fig. 3B). These results were further corroborated by the
results of the proteinase K treatment performed as described
above. This could suggest that proteins are not involved in the
majority of the antibacterial effect.

Allicin exhibits antibacterial activity against A. actinomyce-
temcomitans. Allicin exhibited highly significantly antibacterial
activity against A. actinomycetemcomitans, with concentrations of
10, 1, and 0.1 pg/ml showing complete killing. However, treat-
ment with a concentration of allicin of 0.01 ug/ml resulted in a
5-log reduction, a result that was also highly statistically signifi-
cant (P < 0.01). Allicin is, however, a thermolabile compound,
and heat treatment of allicin at 100°C for 20 min resulted in com-
plete loss of activity, even at 10 ug/ml (Fig. 4). These results sug-
gest that allicin, although extremely effective against A. actinomy-
cetermcomitans, is unstable at higher temperatures.

DAS exhibits antibacterial activity against A. actinomyce-
temcomitans. Six different serotypes of A. actinomycetemcomitans
have been previously identified (40). While the majority of bacte-
ria had a rough-looking phenotype, some had a smooth pheno-
type, which may have occurred as a result of several passages in the
laboratory. We tested the effects of DAS on five different serotypes
of A. actinomycetemcomitans and found equal effects, with similar
levels of anti-A. actinomycetemcomitans activity across all sero-
types (data not shown). As no differences were observed between
the different serotypes, we decided to perform all experiments
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FIG 3 Garlic protein purification and characterization using SP Sepharose
column chromatography. (A) The garlic proteins were purified using SP Sep-
harose column chromatography by elution with NaCl (0.2 to 1.0 M). The
eluted fractions were processed on an SDS-PAGE gel and stained with Coo-
massie R250 to visualize the proteins. (B) To determine the anti-A. actinomy-
cetemcomitans activity of partially purified protein, fractions (Frac.) 3, 4, 11,
and 13 (indicated with arrows; 100 pg/ml each) were incubated with A. acti-
nomycetemcomitans for 2 h at 37°C. The cells were then serially diluted and
plated on an AAGM agar plate to enumerate the viable CFU of bacteria/ml.
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using IDH781 as a representative strain. DAS exhibits significant
antibacterial activity against A. actinomycetemcomitans at differ-
ent concentrations. While a concentration of 10 wg/ml completely
eliminated A. actinomycetemcomitans, the effect of DAS treatment
diminished with decreasing concentrations. However, even at
concentrations of 0.01 ug/ml, DAS treatment resulted in a 3-log
reduction in bacterial levels compared to PBS treatment, a result
that was statistically significant (Fig. 4; P < 0.01). To determine
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FIG 4 Anti-A. actinomycetemcomitans activity of allicin and DAS in a 2-h
cell-killing assay. To determine the anti-A. actinomycetemcomitans activity of
allicin and DAS, the cells were incubated with different concentrations (10, 1,
0.1, and 0.01 pg/ml) of allicin or DAS for 2 h at 37°C. The compounds were
also subjected to heat treatment (h) at 100°C for 20 min in a water bath to
determine whether they retained their anti-A. actinomycetemcomitans activity.
The cells were serially diluted and plated on an AAGM agar plate. The viable
bacteria were enumerated after 48 h. Data represent means * SE and signifi-
cantly differ from control results (P < 0.01).
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FIG 5 Comparative cell-killing assay in planktonic cells and biofilms of A.
actinomycetemcomitans. To determine the efficacy of DAS treatment of both
planktonic cells and A. actinomycetemcomitans biofilms, the cells were grown
on a plastic coverslip for 48 h at 37°C. The biofilms were washed with PBS and
then treated with DAS (0.01 pg/ml) for 2 h. To determine the efficacy of DAS
treatment of A. actinomycetemcomitans biofilms, cells were scraped from the
coverslip after treatment with DAS, serially diluted, and plated on an AAGM
agar plate. For the planktonic cell-killing assay, the biofilms were scraped from
the coverslip, treated with DAS for 2 h in a 1.5-ml microcentrifuge tube, seri-
ally diluted, and plated on AAGM agar for enumeration after 48 h. Data rep-
resent means = SE and significantly differ from control results (P < 0.01).

whether DAS is a heat-stable antimicrobial compound, DAS was
subjected to heat treatment at 100°C for 20 min and then cooled,
and its antibacterial effect was compared to that of untreated DAS.
The results showed that heat treatment of DAS did not result in a
loss of antimicrobial function even at the lowest concentration
(0.01 pg/ml; Fig. 4).

Biofilm penetration assay. To determine the effect of DAS on
pregrown A. actinomycetemcomitans biofilms, A. actinomycetem-
comitans was grown on coverslips and exposed to DAS at 0.01
pg/ml for 2 h. The results show that, compared to PBS treatment,
treatment with DAS at 0.01 ug/ml resulted in a 2-log reduction in
the number of cells, a result that was found to be statistically sig-
nificant (P < 0.01; Fig. 5). However, there was a difference ob-
served between the results of treatment of planktonic cells and
treatment of biofilm; treatment of planktonic cells resulted in a
3-log reduction in cell numbers. Although the presence of a bio-
film reduced the amount of killing, the reduction in A. actinomy-
cetemcomitans numbers was still 2 logs, and the data were statisti-
cally significant in comparison to control results (Fig. 5).

To determine whether DAS penetrated biofilms of A. actino-
mycetemcomitans, the cells were grown on coverslips and treated
with DAS as described in Materials and Methods. The biofilms
were strained (LIVE/DEAD BacLight bacterial viability assay) and
observed under confocal laser scanning microscopy. The results of
this experiment revealed that most of biofilm bacteria treated with
DAS were dead, as demonstrated by red fluorescence (Fig. 6D). In
combined channels, dead cells (red fluorescence) were predomi-
nantly present (Fig. 6F). The images from confocal microscopy of
the biofilm assay corroborate the culture results, as evidenced by
greater areas of cell death among DAS-treated cells (Fig. 6D to F)
compared to PBS-treated controls (Fig. 6A to C).

Scanning electron microscopy analyses. To visualize the ef-
fect of DAS on A. actinomycetemcomitans in terms of colony mor-
phology, the cells were treated with DAS for 2 h and then serially
diluted and added to plastic coverslips in a 6-well cell culture plate
and incubated for 48 h. The biofilm were processed for SEM. The
scanning electron microscopy analysis results shown in Fig. 7 re-
vealed that A. actinomycetemcomitans grew as multilayered bacte-
ria of rod-shaped, tubular morphology, a characteristic feature of
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FIG 6 Confocal microscopy (450-um field with X60 magnification using
Zeiss objective lens) of DAS-treated (D to E) A. actinomycetemcomitans com-
pared to PBS-treated (A to C [Control]) A. actinomycetemcomitans IDH781.
Panel D shows cells visualized using an HeNe laser focused at a wavelength of
543 nm, which is specific for propidium iodide. Panels B and E show cells
visualized using an HeNe laser at a wavelength of 488 nm, which is specific for
SYTOY, while panels C and F are merged images showing comparisons of live
to dead cells. The PBS-treated cells are greener than the DAS-treated cells,
which are yellow (panel F versus panel C; combination of red and green),
indicating that the number of dead cells was higher in the DAS-treated sample
than in the control sample.

FIG 7 Scanning electron micrographs of A. actinomycetemcomitans cells treated with
DAS. A. actinomycetemcomitans cells were incubated with DAS at 0.01 ug/ml for 2 h,
and then the cells were serially diluted and added onto a plastic coverslip in a 6-well cell
culture plate and processed for SEM. (A and B) PBS-treated cells; (C and D) DAS-
treated cells (magnification in panels A and C, X 35; magnification in panels B and D,
X1,000). (A) The control (PBS) cells after 24 h of incubation. The colonies were
densely attached to the coverslip. (B) A biofilm is seen as multiple layers of bacteria
having a rod-shaped and tubular morphology, characteristic of well-established A.
actinomycetemcomitans biofilms. (C and D) A. actinomycetemcomitans cells were
treated with DAS. (C) Very few colonies were observed in DAS-treated cells, and the
remaining viable cells were unable to form a complete biofilm. (D) DAS-treated A.
actinomycetemcomitans cells were unable to form a viable biofilm, and the biofilms that
did form were deformed and lacked the normal structure and colony morphology.
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FIG 8 Anti-A. actinomycetemcomitans activity of DAS in the presence of sa-
liva. Saliva was collected from periodontally healthy subjects and clarified by
centrifugation (10,000 X g for 20 min). A. actinomycetemcomitans (Aa) cells
were incubated with DAS and either saliva or saliva with DAS for 2 h at 37°C.
The cells were then serially diluted and plated on an AAGM agar plate. The
viable bacterial cells were enumerated after 48 h, and the results showed a
statistically significant difference with the addition of DAS. Data represent
means * SE, and error bars indicate ranges (P < 0.01).

well-established rough strains of A. actinomycetemcomitans bio-
film (7A and B). However, when the bacteria were treated with
DAS, the colony appeared flat, with complete loss of colony archi-
tecture apart from the drastic reduction in the number of colonies,
indicating the presence of severe stress. The cells that survived in
the DAS were not able to form a biofilm with a typical architec-
ture. It was also difficult to locate the colonies, as they were far
fewer than those seen in untreated controls (Fig. 7C and D).

Efficacy of DAS in the presence of saliva. For an agent to be
effective in the oral cavity, it must demonstrate activity in the
presence of saliva. To test the possibility of its use as a therapeutic
agent, the efficacy of DAS against A. actinomycetemcomitans in the
presence of saliva was tested and compared to that of DAS without
saliva treatment. DAS was dissolved in whole saliva at the lowest
concentration (0.01 pg/ml) and incubated with A. actinomyce-
temcomitans in a 2-h cell-killing assay. The results showed that,
while PBS or saliva alone does not demonstrate antimicrobial ef-
fect, saliva mixed with DAS at 0.01 ug/ml resulted in a 3-log re-
duction of A. actinomycetemcomitans cell numbers, indicating
that DAS retains its antimicrobial activity in the presence of saliva
(Fig. 8). The antimicrobial effect was comparable to that exhibited
by DAS without the addition of saliva, indicating that the addition
of saliva to DAS does not affect its antimicrobial activity.

DAS treatment reduces A. actinomycetemcomitans GST ac-
tivity. Previous reports have shown that the antimicrobial activity
of DAS could be related to its inhibitory effect on arylamine trans-
ferase and/or GST (45). GSTs are members of a large supergene
family of detoxifying enzymes in nature. When we searched the A.
actinomycetemcomitans genome in the ORALGEN database (http:
/lwww.oralgen.lanl.gov/_index.html) for genes encoding aryl-
amine transferase and GST, only the latter was found (accession
no. AA02492). We analyzed the gst DNA sequences from different
serotypes of A. actinomycetemcomitans and found no significant
differences between them. The effect of DAS on GST activity in
DAS-treated A. actinomycetemcomitans cells was tested at different
time intervals according to a previously published method (34).
The data revealed that exposure to DAS inhibits GST-specific ac-
tivity (<0.001 nmol/h/mg) compared to control results (4.58
nmol/h/mg protein).

DAS does not exhibit cell cytotoxicity against oral epithelial
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FIG 9 DAS does not exhibit cell cytotoxicity against OBA9 cells. OBA9 cells were treated for 12 h with different concentrations of DAS (1, 0.1, and 0.01 pg/ml)
and analyzed using a cell viability assay. (A) Trypan blue exclusion test of OBA9 cell viability. The total cell volumes were washed two times with PBS and
suspended in 1 ml of PBS, and the viable cells were counted by the trypan blue method using a cell counter. The numbers of live cells from independent triplicate
experiments are expressed in percentages. (B) Light microscopy using an Olympus microscope at X 1,000 magnification to examine DAS-treated cells for changes
in morphology. (C) Cells were collected in a hypotonic buffer with propidium iodide, and cell numbers were analyzed by flow cytometry. There was no evidence
of cell death observed after treatment with DAS at 0.01 pg/ml, but higher concentrations of DAS (0.1 and 1 ug/ml) resulted in increasing evidence of cell death.

cell lines. (i) Cell viability. A Trypan blue exclusion assay was
carried out to determine whether DAS affects the viability of
OBAQ9. The cells were treated with different concentrations (0.01,
0.1, and 1 ug/ml) of DAS in 96-well plates for 12 h. As shown in
Fig. 9A, there was no inhibition of growth of cells at a concentra-
tion of 0.01 whereas at a higher concentration (1 pg/ml) the inhi-
bition was reduced to 30%.

(ii) Cell morphology in OBA9 cells treated with DAS. Micro-
scopic analysis of DAS-treated gingival keratinocyte OBA9 cells
revealed starkly distinct morphological features (Fig. 9B). The
control (PBS-treated) cells and the cell treated with DAS at a con-
centration of 0.01 ug/ml revealed no evident cytopathic changes,
whereas cells treated with higher concentrations (0.1 and 1.0 g/
ml) of DAS showed alterations in cell morphology. This effect was
mild at a concentration of 0.1 ug/ml but was significantly greater
at a concentration of 1 ug/ml, perhaps due to a cytotoxic effect.
The cells appeared flattened and rounded, and most of the cells
lost attachment to the substrate.

(iii) Flow cytometry. To determine whether DAS induces cell
apoptosis in the OBA9 oral cell line, cells were analyzed by flow
cytometry. The results showed that there was no evidence of apop-
tosis at any concentration of DAS at 12 h (Fig. 9C). However,
treatment with DAS at 0.1 and 1 ug/ml resulted in an increase in
cell death due to cell arrest in the G,/M phase compared to the
control cell treatment.
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We also determined the effect of DAS treatment on levels of
GST, and the results revealed that there were no changes in GST
activity when cells are treated with different concentrations of
DAS. The range of GST activities showed a mean of 7.07 £ 0.126
nmol/min/mg for PBS treatment, whereas treatment with DAS at
1 pg/ml (the highest concentration) showed activity at 7.69 =
0.105 nmol/min/mg, a result that was found to be statistically
insignificant (Fig. 10).
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FIG 10 Effect of DAS on OBA9 GST activity. OBA9 cells were incubated with
various concentrations of DAS for 12 h and then washed with PBS. The cells
were lysed and centrifuged, and the supernatant was used as the enzyme source
to measure GST-specific activity at 340 nm.
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DISCUSSION

With the rise in bacterial resistance to antibiotics, there is consid-
erable interest in the development of antimicrobial chemotherapy
and other classes of antimicrobials for the control of infection.
Alternative therapeutic agents such as DASs that are known for
their antimicrobial activities provide a novel method of antimi-
crobial treatment with no known resistance or side effects. A. ac-
tinomycetemcomitans-associated LAP is a severe form of peri-
odontal disease, affecting more than 70,000 adolescents in the
United States annually, with 15- and 5-fold-higher prevalences in
African-American and Hispanic populations, respectively (81).
The loss of teeth in young adolescents results in significant func-
tional, esthetic, economical, and psychological impacts on the
lives of the adolescents and their families. The significance of this
study was to explore the therapeutic efficacy of DAS that could
make the treatment of LAP more effective and reliable. The pres-
ence of many virulence factors in A. actinomycetemcomitans and
its ability to invade tissues, in addition to the emergence of differ-
ent antibiotic-resistant strains, has resulted in increased recur-
rence of LAP.

A recent study (8) has shown that both garlic extract and allicin
inhibit the growth of oral bacteria. The results of the present study
also demonstrate that garlic extract significantly reduces the via-
bility of A. actinomycetemcomitans cells, indicating that the extract
has potent antimicrobial compounds. Our results suggest that the
garlic extract exhibits significant anti-A. actinomycetemcomitans
activity and that the activity is retained even after heat treatment.

To investigate whether proteins in garlic exhibited any antimi-
crobial effect, garlic proteins were purified using Sepharose col-
umn chromatography. The protein fractions were tested for their
antimicrobial activity, and they did not show antimicrobial activ-
ity. However, it is possible that some proteins may need to interact
with each other to demonstrate activity. Hence, the garlic extract
was subjected to proteinase K treatment to completely eliminate
proteins in the extract, and the results from this experiment
showed that the garlic extract retains most of its activity even after
proteinase K treatment. These results suggest that the ingredient
in garlic extract that is active against A. actinomycetemcomitans
may not be protein.

Among other compounds in garlic extract, allicin is a major
compound with known antibacterial activity (8, 48, 46). We tested
the effect of allicin against A. actinomycetemcomitans in a 2-h cell-
killing assay. These results show that allicin is extremely effective
against A. actinomycetemcomitans and results in a 5-log reduction
of A. actinomycetemcomitans cell numbers. However, allicin is a
thermolabile compound and is extremely unstable at higher tem-
peratures. When allicin was subjected to heat treatment at 100°C
for 20 min, the antibacterial activity was completely abolished.
Previous studies have shown that allicin is formed after garlic is
crushed and is immediately converted to organosulfur com-
pounds. The results of our experiments positively correlate with
those of previous studies (48).

Among the other compounds in garlic, the organosulfur com-
pounds have gained significance with respect to treatment of in-
fections over the last decade. The organosulfur compounds diallyl
sulfide (DAS), diallyl disulfide (DADS), and diallyl trisulfide
(DATS) have been shown to possess significant antibacterial
properties. Unlike allicin, DASs are thermostable compounds and
can be hypothesized to function effectively in the oral cavity. The
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inhibitory effect of DASs on several pathogens has been studied
extensively (1, 7, 17, 37, 42, 51, 52, 53, 58, 62, 63), and recent
reports have shown that DASs were synergistically effective
against antibiotic-resistant strains when the DASs were combined
with antibiotics (80). Our results also suggest that the anti-A. ac-
tinomycetemcomitans activity is from the thermostable com-
pounds present in the garlic extracts. DAS treatment resulted in
statistically significant reductions of A. actinomycetemcomitans
cell numbers in the 2-h cell-killing assay. The results were similar
for all the DASs, including DADS and DATS (data not shown),
with no statistically significant differences. While a concentration
of 1 pug/ml resulted in complete elimination of A. actinomycetem-
comitans, treatment with 0.01 pg/ml resulted in a 3-log reduction
of cell numbers, a result that was found to be statistically signifi-
cant.

Bacteria in the oral cavity exist in a complex biofilm called
dental plaque, and one of the ideal requisites of an effective anti-
microbial agent is to be effective in biofilm. We decided to inves-
tigate the efficacy of DAS in pregrown A. actinomycetemcomitans
biofilms, and the assay showed that, while DAS showed statisti-
cally significant killing of A. actinomycetemcomitans biofilm cells,
the effect was less than that seen with planktonic cells. Confocal
images show red areas on the surface of the biofilm, with the
central core of the biofilm remaining yellow (representing a mix-
ture of live and dead cells). Moreover, image analyses of the z axis
also show incomplete penetration of DAS to the bottom of the
biofilm (data not shown). Similarly, the SEM images also demon-
strate that, while PBS-treated cells show a globular and rough
morphology, treatment with DAS results in alteration of colony
morphology and leads to cell destruction. Although most of the
biofilm appears to have been destroyed, the bottom layer of the
colony still appears to have been viable. These data suggest that,
while DAS is extremely efficient at killing A. actinomycetermcomi-
tans in the planktonic state, its effect on biofilm warrants further
investigation. It is possible that DAS may not completely penetrate
the biofilm or that higher concentrations may be required to
achieve the desired effect.

Our results show that DAS retains its antibacterial effect after
heat treatment at 100°C for over 60 min. It has been previously
reported that heat treatment of garlic extract resulted in the high-
est antibacterial activity and that this positively correlates with
increases in DAS content as evidenced by GC and mass spectro-
metric analyses (11, 15, 42, 65). Recently, the inhibitory mecha-
nism of DAS against Listeria monocytogenes and E. coli O157:H7
was demonstrated by Fourier transform infrared (FT-IR) and Ra-
man spectroscopy (54). Further, the results of that study demon-
strated that DAS contributed more to the antimicrobial effect than
phenolic compounds isolated from garlic extract. Another study
has also shown that heat treatment of these compounds results in
significant inhibition of different antibiotic-resistant strains of H.
pylori and mosquito (47). The results of previous studies on heat
treatment of DAS correlate positively with the results from our
studies. An in vivo model showed that two DASs significantly de-
creased methicillin-resistant S. aureus (MRSA) viability in blood
and kidney and reduced the plasma levels of fibronectin and in-
flammatory cytokines such as interleukin-6 (IL-6) and tumor ne-
crosis factor alpha (TNF-a) in diabetic mice (71, 72). In addition
to the bactericidal effect, DASs enhance antioxidant activities by
scavenging superoxide ions and enhancing glutathione peroxi-
dase levels (24, 78, 80).

Antimicrobial Agents and Chemotherapy


http://aac.asm.org

A critical factor for the successful use of an agent in the oral
cavity is to bind and demonstrate efficacy in the presence of saliva.
We decided to investigate whether DAS can work when mixed
with saliva. The results confirmed that DAS retained its anti-A.
actinomycetemcomitans activity even in the presence of saliva. The
bactericidal activity of these sulfides correlates with the number of
sulfur atoms contained within them (73). It has also been indi-
cated that the bactericidal effects of DAS and DADS on H. pylori,
K. pneumoniae, and P. aeruginosa were due to their activity with
respect to inhibition of arylamine N-acetyltransferase, an enzyme
found in these pathogens (18, 19, 37, 53, 73). In another study, a
30-min exposure of C. albicans to DADS (0.5 mM) induced 70%
cell death within 2 h. The early intracellular events associated with
DADS-induced cell death corresponded to increased oxidative
stress mediated through decreased GSH levels, resulting in the
drastic death of C. albicans organisms (51). In this context, we
searched the whole-genome sequence database of A. actinomyce-
temcomitans for the genes encoding arylamine N-acetyltransferase
and GST, but only the latter was found (bphH gsf; accession num-
ber AA02492). Based on these studies, we hypothesized that A.
actinomycetemcomitans cell death is associated with altered A. ac-
tinomycetemcomitans-GST levels and that this mediates the drastic
death response induced by DAS as previously reported (51). Our
kinetic enzyme assay revealed that when A. actinomycetemcomi-
tans is treated with DAS, the activity of GST is completely inhib-
ited compared to the activity seen with PBS-treated controls, as
evidenced by the colorimetric assay. Whether the inhibition of
GST leads to severe oxidative stress and subsequent cell death
needs to be further investigated by analyzing DAS-GST interac-
tions. The effects of DAS on GST activity can be different for
prokaryotic and eukaryotic systems. In prokaryotic systems, GST
is one of the most common mechanisms that bacteria use to deal
with oxidative stresses. While this might kill the cells, it is possible
to argue that a similar effect of GST can be seen in eukaryotic cell
lines. A previous report has also demonstrated that diallyl disul-
fide (DADS), another organosulfur compound, causes cell apop-
tosis in MCF-7 breast cancer cell lines (50). We also decided to
investigate GST activity and cell apoptosis in an oral gingival cell
line (OBAY) in the presence of different concentrations of DAS.
The results showed that there were no statistically significant dif-
ferences in GST activity even upon exposure to a DAS concentra-
tion of 1 wg/ml. These results suggest that DAS seems to function
differently in eukaryotic and prokaryotic systems.

The cytotoxic effects of DAS have been reported to occur at
concentrations ranging from 150 to 500 ug/ml, and several other
studies have shown that lower concentrations (5 to 100 uM) of the
compounds have no cytotoxic effect (3, 10, 25, 31). The antimi-
crobial effects observed in our study were found at a concentration
0f0.01 ug/ml. To date, however, there have been no reports on the
cytotoxic effects of DASs on oral cell lines. The cells showed no
evidence of apoptosis at any of the concentrations tested, as evi-
denced by the results of flow cytometry analysis and trypan blue
analysis. However, flow cytometry analysis revealed that treat-
ment with DAS at increasing concentrations, and especially at 1
pg/ml, resulted in increased number of cells in the G, phase com-
pared to the numbers seen with PBS-treated controls. It is, there-
fore, possible that treatment with DAS at higher concentrations
causes cell death by G,/M arrest. However, the effects are seen at
concentrations 100 times higher than the therapeutic concentra-
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tions. Further studies need to be carried out to understand the
interactions of DAS with different cell cycle proteins.

There are several alternative products from plants that exhibit
therapeutic properties, including antimicrobial effects. However,
their use in conventional treatment has not well received, because
certain doubts linger over the multiplicity of compounds present
in them and their potential cytotoxic effects. In our experiments,
DAS has shown significant antimicrobial properties against A. ac-
tinomycetemcomitans, with no cytotoxicity at therapeutic concen-
trations. Consequently, use of DASs seems to be safe. However, for
use of DAS under in vivo conditions, there are many other aspects
of the compound that need to be understood. Investigation of the
bioavailability of DAS following consumption is critical to under-
standing the dosing of DAS for therapeutic benefit. Our in vitro
antimicrobial concentrations were very low, but if the agent shows
poor bioavailability, then higher concentrations of DAS may need
to be administered to achieve a local therapeutic concentration.
Similarly, systemic cytotoxicity following oral administration of
DAS needs to be evaluated under in vivo conditions. Further stud-
ies analyzing these aspects and experiments aimed at understand-
ing the exact mechanism behind the antibacterial action are re-
quired prior to the use of this agent for therapeutic benefit.

We conclude that DAS exhibits a significant antimicrobial ef-
fect against the periodontopathogen A. actinomycetemcomitans,
with no cytotoxic effect at its therapeutic concentration in vitro.
Importantly, the DASs are heat stable and their antibacterial prop-
erties are unaffected by the presence of saliva. All these properties
of DAS make them attractive candidates for use as therapeutic
agents for treating oral diseases. Further studies are needed to
understand and define the mechanisms of action of the DASs
against A. actinomycetemcomitans and other systemic pathogens
in animal models to establish the safety of these agents in regular
use.
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