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Abstract

Dental caries is a type of oral microbiome dysbiosis and biofilm infection that affects oral and systemic conditions. For
healthy life expectancy, natural bacteriostatic products are ideal for daily and lifetime use as anti-oral infection agents. This
study aimed to evaluate the inhibitory effects of abietic acid, a diterpene derived from pine rosin, on the in vitro growth
of cariogenic bacterial species, Streptococcus mutans. The effective minimum inhibitory concentration of abietic acid was
determined through observation of S. mutans growth, acidification, and biofilm formation. The inhibitory effects of abietic
acid on the bacterial membrane were investigated through the use of in situ viability analysis and scanning electron micro-
scopic analysis. Cytotoxicity of abietic acid was also examined in the context of several human cell lines using tetrazolium
reduction assay. Abietic acid was found to inhibit key bacterial growth hallmarks such as colony forming ability, adenosine
triphosphate activity (both planktonic and biofilm), acid production, and biofilm formation. Abietic acid was identified as
bacteriostatic, and this compound caused minimal damage to the bacterial membrane. This action was different from that of
povidone-iodine or cetylpyridinium chloride. Additionally, abietic acid was significantly less cytotoxic compared to povidone-
iodine, and it exerted lower toxicity towards epithelial cells and fibroblasts compared to that against monocytic cells. These
data suggest that abietic acid may prove useful as an antibacterial and antibiofilm agent for controlling S. mutans infection.
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Introduction bacteria colonize and aggregate with non-pathogenic bac-
teria, causing oral infections such as dental caries [3]. This
Humans coexist with microorganisms such as bacteria, and  disease is defined as an oral microbiome dysbiosis and bio-
commensal bacterial flora exists constitutively on the body  film infection, and it is considered as a worldwide dental
surface and within internal organs. Among these are more  care burden.
than 700 types of oral bacteria that develop into a biofilm Although the microbiome within caries lesions is remark-
called dental plaque [1, 2]. Within this plaque, pathogenic ~ ably diverse, acidogenic bacteria such as Streptococcus
mutans (S. mutans), a Gram-positive facultative anaerobic
bacterium, are responsible for this polymicrobial disease [4].
S. mutans plays the major role in the initial attachment to the
tooth surface and the biofilm assembly by producing abun-
dant insoluble glucan, ultimately exacerbating the physical
D4 Shogo Takashiba and biochemical virulence of dental plaque [5]. Recent evi-
stakashi @okayama-u.ac.jp dence indicates a high prevalence of S. murans within bio-
films where Candida albicans, the most frequently detected
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endocarditis, ulcerative colitis, cerebral hemorrhage, and
cognitive impairment [7-9]. Given these observations,
controlling S. mutans infections is highly important for
the maintenance of oral and systemic health; however, the
increase in the elderly population in Japan has resulted in an
increase in the number of patients who are unable to clean
their teeth without assistance. Additionally, conventional
dental therapy consists mainly of mechanical debridement
to remove oral biofilms, a process that is time-consuming,
requires special instruments, and increases physical burden,
particularly for elderly patients.

Antibiotics are occasionally applied after the removal of
oral biofilm; however, long-term usage of antibiotics may
result in other problems, such as acquired microbial resist-
ance (AMR) and increased microbial virulence to the body
[10, 11]. Long-term usage of antibiotics disrupts the balance
of the oral bacterial flora, causing microbial substitution that
may result in oral candidiasis and infection by methicillin-
resistant Staphylococcus aureus (MRSA) [12, 13]. A number
of mouthwashes are commercially available, and povidone-
iodine and chlorhexidine are popular for use as antibacterial
agents [14]. Povidone-iodine possesses a wide spectrum of
antimicrobial activity, has the ability to penetrate biofilms,
lacks associated resistance, exhibits anti-inflammatory
properties, and causes low cytotoxicity [15]; however, the
effectiveness of povidone-iodine in the context of oral care
remains unclear [16]. Povidone-iodine, as a mouthwash, may
exert only an immediate antibacterial effect [17]. Chlorhex-
idine is a cationic bisbiguanide possessing broad antibacte-
rial activity, and this compound binds strongly to anionic
bacterial cell surface and damages their inner cytoplasmic
membrane [18]. Chlorhexidine is, however, known to be
inactivated by saliva, pus, and blood [14]. As an increasing
number of side effects such as burning sensations, mucosal
erosion, and anaphylactic shock have been reported after the
use of high concentrations for extended time periods, the use
of low concentrations (0.05%) of this compound is thought
to be safe, but such concentrations provide little antimicro-
bial effects [19].

Recently, several reports have suggested the effectiveness
of natural products against pathogens responsible for hos-
pital-acquired infection such as Pseudomonas aeruginosa,
MRSA, and biofilm-forming bacteria such as Streptococcus
mutans [20-23]. Terpenoid compounds have been found to
act as effective biofilm inhibitory agents. Terpene is a carbo-
hydrate refined from plants, insects, and fungi. A constitu-
ent of terpene is isoprene, and terpenes are referred to as
monoterpene, diterpene, sesquiterpene, and so on according
to the number isoprene units [24, 25]. Some types of terpe-
nes, such as paclitaxel, a mitotic inhibitor used in chemo-
therapy [26], and the analgesic agent menthol [27], have
been reported to possess pharmacological effects, antibac-
terial effects [28, 29], anti-inflammatory effects, anti-viral
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effects, and anti-tumor effects [26]. In this study, we focused
on abietic acid, a diterpene derived from pine rosin (Sup-
plementary Fig. 1) [30]. Abietic acid is a natural compound
that is easily obtained and that has several industrial applica-
tions, which include glue, ink, varnish, and base material of
adhesive plaster. In dental fields, abietic acid is included in
products that are already commercially available (temporary
sealer; Plast Seal Quick®: Nippon Shika Yakuhin, Yamagu-
chi, Japan). The pharmacological effects of abietic acid, such
as anti-inflammatory effects [31, 32], anti-tumor effects [33,
34], and anti-virus effects [35], have already been reported;
however, few reports exist regarding its inhibitory effects on
biofilm formation. Ganewatta et al. reported that a polymer
containing abietic acid exhibited inhibitory effects on the
formation of E. coli and S. aureus biofilms, but the effects on
oral biofilms and infections remain unclear [36]. Therefore,
we aimed to investigate the antibacterial and antibiofilm
effects of abietic acid against cariogenic S. mutans, and we
assessed its functionality as an oral agent by examining the
cytotoxic effects.

Materials and methods
Reagents

Abietic acid (Sigma-Aldrich, St. Louis, MO, USA) was dis-
solved to a stock concentration of 25.6 mg/mL in dimethyl
sulfoxide (DMSO, Sigma-Aldrich) and used at varying con-
centrations ranging from 4 to 512 ug/mL. Each solution was
diluted using either culture medium or phosphate-buffered
saline (PBS). Negative control samples without abietic acid
were supplemented with DMSO to a level equivalent to the
maximum concentration of DMSO in the abietic acid solu-
tion (2.5-20 uL/mL) in each assay. Povidone-iodine (10%
Negmin®: Mylan, Tokyo, Japan) and cetylpyridinium chlo-
ride (CPC: Merck KGaADarmstadt, Germany) were used
as positive controls. Povidone-iodine was diluted to a final
concentration of 0.01%, 0.1%, and 1% (1%; the clinical in-
use dose). Cetylpyridinium chloride was diluted to a stock
concentration of 0.5% using sterilized water and was further
diluted to a working concentration of 0.05% (the clinical in-
use dose) using the culture medium.

Bacteria

The S. mutans ATCC25175 strain was cultured in tryptic soy
broth with yeast extract (TSBY: Becton, Dickinson and Com-
pany, Sparks, MD, USA) until logarithmic growth phase.
Bacterial suspensions were diluted to 1 x 10° or 1 x 10° with
TSBY by measuring the optical density at 660 nm using a
photometer (Miniphoto 518R: Taitec, Saitama, Japan), and
they were incubated at 37 °C for subsequent assays.
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Human cells

A human monocytic cell line (THP-1) and a human epithelial
cell line (HeLa) were obtained from ATCC (Manassas, VA,
USA). Primary cultured human gingival fibroblasts (HGFs)
were isolated from non-inflammatory gingiva of clinically
healthy humans after informed consent was obtained as
previously described [37]. The study was approved by the
Ethics Committee at Okayama University Graduate School
of Medicine, Dentistry and Pharmaceutical Sciences and
Okayama University Hospital (No. 661). HeLa and HGF
cells were cultured in Dulbecco’s modified Eagle’s medium
containing 10% fetal bovine serum (FBS) and 1 X 10? units/
mL penicillin—streptomycin solution (Life Technologies).
THP-1 cells were incubated in RPMI 1640 medium con-
taining 10% inactivated FBS, 2 mM vL-glutamic acid, 1 mM
pyruvate sodium, 1x 10? unit/mL penicillin—streptomycin
solution (Life Technologies), and 10 mM HEPES (Sigma-
Aldrich). The cells were cultured for 24 h to ensure that the
cells were attached prior to subsequent assays.

Bacterial colony-forming ability

To examine planktonic S. mutans, the bacterial culture
(1x10° CFU/mL) was inoculated in abietic acid or TSBY
solution for 1 h at 37 °C. The suspension was serially
diluted with PBS, and the 50 pL aliquot was inoculated on
Mitis-Salivarius agar plates. The plates were incubated for
48 h at 37 °C, and the number of colonies was counted.
To examine biofilm-forming S. mutans, the bacterial cul-
ture (1x 10° CFU/mL) was inoculated into TSBY with
1% sucrose in uncoated glass tubes. The slant culture was
allowed to form biofilms for 18 h. Next, the medium was
discarded, and the resulting biofilm was immersed in several
concentrations of abietic acid or PBS and then incubated
aerobically on a horizontal shaker (NR-3: Taitec, Saitama,
Japan) at 120 rpm for 1 h at 37 °C. The abietic acid solution
was discarded and then washed with PBS three times. The
biofilm was then sonicated at 15 kHz for 10 s in PBS on
ice using an ultrasonic disruptor (UR21-P: Tomy, Tokyo,
Japan) as previously reported [38]. The colony counting on
the agar plates was performed as described above. Adeno-
sine triphosphate (ATP) activity of the sonicated biofilm
was also measured to evaluate the number of viable bacteria
inside the biofilm. The ATP activity was measured using
Lucifel-HS (Kikkoman, Tokyo, Japan).

Bacterial growth activity

Turbidity and ATP activity were examined to determine the
growth rate of S. mutans (1 X 10° CFU/mL) in abietic acid or
TSBY solution. The optical density was measured at 660 nm
using an absorption spectrometer (Miniphoto 518R: Taitec)

following incubation of the bacterial culture in sterilized
glass tubes at 37 °C for up to 18 h. ATP activity of S. mutans
was measured using Lucifel-HS (Kikkoman, Tokyo, Japan)
after incubation in 96-well plates (Corning, New York, NY,
USA) at 37 °C for up to 18 h. Crystal violet staining was
performed to quantify the amount of S. mutans biofilm. Bac-
terial cultures (1 x 10° CFU/mL) were inoculated into abietic
acid or TSBY solution with 1% sucrose in 96-well plates
and incubated for 12 h. Next, the plates were washed twice
with PBS, fixed with 99.8% methanol, and stained with 0.1%
crystal violet (Sigma-Aldrich)/PBS solution. Plates were
carefully washed with distilled water until the color could
no longer be removed, and the remaining stain was eluted by
99.5% ethanol. Absorbance was measured at a wavelength of
595 nm (SH-1000 Lab: Colona Electric Co., Ibaraki, Japan).

Extracellular acidification of bacteria

Acid production by S. mutans was evaluated by measuring
the pH of bacterial suspensions as previously reported [39]
with some modifications. S. mutans was inoculated into
abietic acid or TSBY solution (1 x 10> CFU/mL) and incu-
bated up to 18 h. At each time point, the bacterial culture
was centrifuged at 3000 rpm for 10 min, and the pH of the
supernatant was measured using a pH meter (Twin pH meter
B-212; HORIBA, Kyoto, Japan) at 25 °C.

In situ viability analysis of bacteria

The LIVE/DEAD® BacLight™ Bacterial Viability Kit (Life
Technologies, Carlsbad, CA, USA) (Appl Environ Micro-
biol. 1998) was used to estimate both viable and dead counts
of bacteria in the abietic acid solution. The kit is composed
of two nucleic acid-binding dyes, including SYTO 9™,
which is a green fluorescence pigment that penetrates intact
bacterial membranes freely, and propidium iodide, a red flu-
orescence pigment, which is highly charged and penetrates
only damaged membranes. Therefore, simultaneous applica-
tion of both dyes results in green coloration of viable cells
and red coloration of dead cells. The 100 pL aliquots of
S. mutans (1 x 10° CFU/mL) in abietic acid or TSBY solu-
tion were dispensed into 96-well plates (Corning) and incu-
bated at 37 °C for up to 18 h. For microscopic analysis, S.
mutans (1 x 10° CFU/mL) in abietic acid or TSBY solution
were incubated at 37 °C for 1 h. The subsequent reactions
with dyes were performed following the manufacturer’s
protocol. Fluorescence intensity of the stained samples at
530 nm and 630 nm was measured using a fluorophotometer
(Gemini XPS: Molecular Devices, Sunnyvale, CA, USA)
at an excitation wavelength of 485 nm. The ratio of fluo-
rescence observed at 530 nm to the fluorescence at 630 nm
was measured to determine the ratio of the number viable
cells to the number of dead cells. Microscopic analysis of the
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stained samples was performed using a fluorescence micro-
scope (Olympus BX50: Olympus, Tokyo, Japan).

Scanning electron microscopy analysis

Bacterial morphology was observed using a field emission-
type scanning electron microscope (FE-SEM DS-720, Top-
con, Kyoto, Japan). S. mutans cultures (1 X 10° CFU/mL) in
abietic acid/TSBY were incubated in sterilized tubes for 1 h
at 37 °C, and 1 mL aliquots of the bacterial suspension were
filtered with percolators (SEM pore: JEOL, Tokyo, Japan).
Bacteria collected from the filters were fixed with 0.25%
formaldehyde/PBS solution, and they were washed with PBS
three times. Samples were then evaporated using a vacuum
vapor deposition with platinum palladium (Eiko IB-3 Ion
Coater:Eiko engineering, Ibaraki, Japan) and observed with
SEM at 10.0 kV of accelerating voltage.

Cell cytotoxicity assay

Cytotoxicity was assessed using a reagent containing a
tetrazolium compound [3-(4,5-dimethylthiazol-2-yI)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H tetrazolium,
inner salt; MTS] (CellTiter 96® Non-Radioactive Cell Pro-
liferation Assay: Promega, Madison, WI, USA). HeLa cells,
HGF (2 x 10° cells/well) and THP-1 cells (1 x 10° cells/well)
were treated with several concentrations of abietic acid.
After 24 and 48 h of incubation, color development was
observed according to the manufacturer’s technical bulle-
tin. The absorbance was then measured at a wavelength of
490 nm (SH-1000 Lab: Colona Electric Co., Ibaraki, Japan).

Statistical analysis

All results were confirmed with at least three independent
experiments, each of which was performed in triplicate.
The data are presented as the mean + standard deviation
(SD) from at least three independent experiments. One-way
analysis of variance (ANOVA) was used to test the differ-
ence between three or more groups, and a multiple compari-
son test was further conducted by the Tukey—Kramer test.
Statistical analysis was performed using the JMP Statistics
Software Package (SAS Institute, Cary, NC), and p <0.05
indicates statistical significance.

Results

Effects of abietic acid on colony-forming ability of S.
mutans

To examine the effects of abietic acid on the colony-forming
ability of planktonic S. mutans, the bacteria were treated
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with abietic acid at varying concentrations in the growth
medium, and this was followed by bacterial colony counting
(Fig. 1a). The number of S. mutans decreased in a dose-
dependent manner, and 50% minimum inhibitory concen-
tration (MICs,) was determined to be 16 pg/mL of abietic
acid and 0.1% of povidone-iodine. The effects of abietic acid
were significant at a concentration of 64 ug/mL (7 +5%,
p<0.001 vs. no drug). We also examined viable cell count
by sonicating the S. mutans biofilms treated with abietic
acid (Fig. 1b). A 16 pg/mL concentration of abietic acid
did not have any effect on S. mutans in the biofilm; how-
ever, above this concentration, the cell number decreased in
a dose-dependent manner, and the effects were significant at
a concentration of 64 ug/mL abietic acid (11+7%, p<0.001
vs. no drug). ATP activity of S. mutans in biofilm exhibited
a pattern similar to that of colony-forming ability (Fig. 1c).
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Fig. 1 Antibacterial effects of abietic acid on colony-forming abil-
ity. The y-axis shows the relative change in viable cell count (vs. no
drug) for a Colony number of planktonic S. mutans treated with the
stimulus for 1 h and b Colony number of S. mutans recovered from
sonic-disrupted biofilms treated with the stimulus for 1 h, and the
ATP activity for ¢ ATP activity of S. mutans recovered from sonic-
disrupted biofilms treated with the stimulus for 1 h. The x-axis shows
the concentration of abietic acid and povidone-iodine. DMSO (5 uL/
mL) was used as the solvent for abietic acid. Stimulation with povi-
done-iodine served as a positive control. The dotted line shows 50%
inhibition. n=3 *p <0.01, **p <0.001 (vs. no drug)
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The 16 pg/mL and 32 pg/mL concentrations of abietic acid
did not have any effect on ATP activity; however, 64 ug/mL
and 128 pg/mL concentrations of abietic acid decreased the
ATP activity, and the inhibitory effects caused by 128 pg/mL
abietic acid were approximated at 80% (83 +7%, p <0.01
vs. no drug).

Effects of abietic acid on S. mutans growth, acid
production, and biofilm formation

Bacterial growth was examined by measuring bacterial
turbidity following serial dilution of abietic acid based on
the data described as shown in Fig. 1 (Fig. 2a). Although
4 ng/mL abietic exerted no effect on growth, 16 pug/mL
abietic acid was effective in decreasing the turbidity, and
the inhibitory effects were approximated at 80% after 12 h
(79 +8%, p <0.001 vs. no drug). Both, abietic acid at 64 pg/
mL concentration and the positive control (1% povidone-
iodine), inhibited bacterial viability by nearly 100%, and
the effects of abietic acid on ATP activity of S. mutans were
also evaluated (Fig. 2b). Abietic acid at a concentration of
4 pg/mL was still found to exert no effect on ATP activity.
In the presence of 16 ng/mL of abietic acid, the curve of
ATP activity exhibited a low inclination compared to that of
the negative controls after 12 h. The ATP activity, however,
continuously increased and reached high levels similar to
those of the negative controls after 18 h. The ATP activity
remained unchanged in the presence of 64 ug/mL of abietic
acid, indicating bacteriostatic effects of abietic acid on bac-
terial growth. Abietic acid concentrations of 4 pg/mL and
16 ug/mL caused acidification of S. mutans to approximately
pH 4.5 after 12 h and 18 h, respectively. In the presence of
64 ug/mL abietic acid, however, the pH remained stable (pH
6.7+ 0.05), demonstrating the inhibitory effect of abietic
acid on S. mutans acidification (Fig. 2¢). Biofilm formation
was examined by a crystal violet staining assay after a 12-h
treatment with abietic acid. The low concentrations of abi-
etic acid (4 pg/mL and 16 pg/mL) did not exert any effect on
S. mutans biofilm formation; however, the inhibitory effect
was significant in the presence of 64 pug/mL abietic acid
(99+0.4%, p<0.001 vs. no drug) (Fig. 2d).

Effects of abietic acid on S. mutans viability

Fluorometric viability was determined using two nucleic
acid-binding dyes, SYTO 9™ and propidium iodide
(Fig. 3a). After 18 h, the intensity of the red fluorescence
was significantly high in the presence of 16 pg/mL of abietic
acid (1.7-fold, p<0.001 vs. no drug; 1.6-fold, p <0.001 vs.
4 ug/mL abietic acid), indicating that the bacterial membrane
was disrupted by 16 pg/mL of abietic acid. Both 64 ug/mL
of abietic acid and the positive control (1% povidone-iodine)
induced similar patterns of intensity to those observed in
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Fig.2 Antibacterial effects of abietic acid on growth, acidifica-
tion, and biofilm. The effects of abietic acid on bacterial growth,
acid production, and biofilm formation were examined using S.
mutans treated with several concentrations of abietic acid for up to
18 h. DMSO (2.5 pL/mL) was used as the solvent for abietic acid.
Stimulation with povidone-iodine (1%) served as a positive control.
a The y-axis shows the turbidity of the bacterial culture measured by
spectrometry. A660: absorbance at 660 nm. n=3 **p <0.001 (vs. no
drug). b Luciferase was measured as a reporter of ATP concentration
in growing S. mutans. The y-axis shows luciferase activity (relative
light units; RLU). n=3 **p<0.001 (vs. no drug). ¢ The alteration
of pH of the bacterial culture by abietic acid was measured by a pH
meter. n=3 **p<0.001 (vs. no drug). d S. mutans biofilms were
formed by incubating with 1% sucrose for 12 h. After crystal violet
staining, the absorbance of the staining was measured to quantify bio-
film formation. The y-axis shows the absorbance at 595 nm (A595).
n=3 **p<0.001 (vs. no drug)

the presence of 16 ug/mL of abietic acid. The fluorescence
microscopy image indicated that red fluorescence was spo-
radically observed in the presence of 16 pug/mL abietic acid
and more frequently in samples treated with 64 pg/mL of
abietic acid and positive controls (1% povidone-iodine and
0.05% CPC). Little red fluorescence was observed in the
presence of 4 ug/mL abietic acid (Fig. 3b).

Effect of abietic acid on S. mutans morphology
Morphology of S. mutans was observed by SEM after 1 h

of treatment with abietic acid at 37 °C (Fig. 4). In S. mutans
treated with a serial dose of abietic acid, a structural change
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Fig.3 Antibacterial effects of abietic acid on bacterial viability.
In situ fluorescence viability analysis of S. mutans was performed.
DMSO (2.5 uL/mL) was used as the solvent for abietic acid. Stimula-
tion with povidone-iodine (1%) and CPC (0.05%) served as a positive
control for bactericidal action. SYTO 9 (green: viable cells); propid-
ium iodide (red: dead cells). a Fluorophotometric measurement was
performed using S. mutans treated with several concentrations of abi-
etic acid for 18 h. The y-axis shows ratio of green/red fluorescence as
indicated by the intensity at the wavelength of 530 nm divided by that
of 630 nm, and the horizontal axis shows the culture periods. n=3
**p <0.001 (vs. no drug). b Fluorescence microscopic analysis was
performed using S. mutans incubated in abietic acid/TSBY solution
for 1 h. Scale bar 100 pm. Three independent experiments were per-
formed, and representative images are shown (color figure online)

was visible, where the bacterial surfaces became rough and
irregular. There was no significant difference in the surfaces
between samples of varying abietic acid concentrations. In
contrast, bacterial surfaces were partially disrupted, and the
bacterial extracellular matrixes were visible in the S. mutans
treated with povidone-iodine or CPC.

Cell toxicity of abietic acid on human cell lines

Cytotoxicity of abietic acid on HeLa cells, THP-1 cells, and
HGF was examined by MTS assay. Varying concentrations
of abietic acid were used, including effective antibacte-
rial concentrations up to 128 pg/mL. No cell toxicity was
observed, but rather, proliferative effects on HeLa cells and
HGF were observed after 24 and 48 h of stimulation (Fig. 5a
and b). The higher concentrations of abietic acid (512 ug/
mL) showed toxicities similar to those induced by 1% pov-
idone-iodine (data not shown). Toxicities of abietic acid on
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4 ug/mL Abietic acid

Fig.4 Effect of abietic acid on S. mutans morphology. S. mutans
was treated with several concentrations of abietic acid for 1 h, and
bacterial morphologies were examined by SEM. Stimulation with
povidone-iodine and CPC served as a positive control for bactericidal
action. Three independent experiments were performed, and repre-
sentative images are shown. Scale bar 1 um

THP-1 cells were more significant, at a moderate concen-
tration of abietic acid compared to cytotoxicity observed in
other cell types, and 64 ug/mL concentrations or higher were
toxic after 24 and 48 h (Fig. 5¢).

Discussion

Extensive antibiotic use over the past decades has led to
the emergence and spread of antibiotic-resistant bacteria
[40, 41]. The medical society is now facing the necessity
to establish new approaches for controlling bacterial infec-
tions, including bacterial biofilm-related oral diseases. Bac-
tericidal agents, such as povidone-iodine, are effective for
preventing oral bacteremia; however, these treatments are
occasionally harmful for the normal mouth flora, especially
in elderly patients. Therefore, bacteriostatic natural products
are ideal for daily and continued use as anti-oral infection
agents. Povidone-iodine is a complex of iodine and polyvi-
nylpyrrolidone. lodine is slowly released from the complex,
and it can penetrate the biofilms and bacterial membranes
[42]. In the presence of abietic acid (> 64 pug/mL), bacte-
rial colony number and ATP activity were significantly
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Fig.5 Cytotoxicity of abietic acid in human cells. Cytotoxicity of
abietic acid on a HGF, b HelLa cells, and ¢ THP-1 cells was examined
using MTS assay for 24 (closed square) and 48 h (square). DMSO
(5 uL/mL) was used as the solvent for abietic acid. Stimulation with
povidone-iodine (1%) served as a positive control for bactericidal
action. The y-axis shows the relative ratio to A490 (absorbance at
490 nm) of negative control (no drug added) after 24 h and 48 h. n=3
#7p<0.01, **77p <0.001 (vs. no drug)

decreased, although the antimicrobial effect on S. mutans
was found to be less for the biofilm form than the plank-
tonic form. Although the underlying mechanism for penetra-
tion into biofilms remains unclear, abietic acid is certainly
capable of antibiofilm effects similar to those induced by
povidone-iodine.

The time-course analysis of S. mutans growth indicated
that effective concentrations of abietic acid (64 ug/mL)
inhibited bacterial growth and acid production, but they did
not decrease ATP activity. This suggests that abietic acid
does not annihilate bacteria, and instead inhibits their aci-
dogenic ability and growth (bacteriostatic). As 64 ug/mL of
abietic acid significantly inhibited S. mutans biofilm forma-
tion, long-term use of this bacteriostatic agent may be useful
to prevent S. mutans biofilm infection with less side effects,
such as microbial substitution.

As described above, iodine can penetrate the bacterial
membrane, enter into the cytosol, and inhibit protein syn-
thesis [42]. In the presence of abietic acid, bacterial surfaces
observed by SEM were rough despite the absence of bac-
teriolysis. Therefore, the effect of abietic acid on bacterial
membranes was examined by fluorometric viability using
two nucleic acid-binding dyes, SYTO 9 and propidium
iodide. The green fluorescence pigment (SYTO 9) recog-
nizes all bacteria, and the red fluorescence pigment (pro-
pidium iodide) recognizes nucleic acids through injured cell
walls, and thus a large ratio of red fluorescence intensity
indicates that bacterial cell walls were damaged functionally
despite no significant morphological injury. In the presence
of 64 pg/mL abietic acid, bacterial nucleic acid was stained
strongly with propidium iodide, while the bacterial ATP syn-
thesis activities were maintained. Therefore, high concentra-
tion of abietic acid may damage cell walls to some degree,
but the functional damage may be minimal. Further investi-
gation is required to determine the underlying mechanism.

In vitro analysis indicated that abietic acid exhibited no
cytotoxicity to epithelial cells and mesenchymal fibroblasts
under 128 ug/mL and caused cytotoxicity to monocytic cells
at concentrations over 64 pg/mL. For future clinical use,
the antibacterial effects on other bacterium, such as obli-
gate anaerobes, should be further examined, and the opti-
mum concentration for abietic acid-induced growth inhibi-
tion should be determined. Abietic acid could be used in
the production of oral rinse products for the control of oral
infections while lessening the toxicity to epithelial cells and
fibroblasts. Additionally, further studies will support the
development of an antimicrobial filling material that con-
tains abietic acid for dental caries treatment.

This study assessed the effects of abietic acid using only
a single strain of S. mutans ATCC25175. As S. mutans has
been subclassified into several types based on different
immunological, biological, and genetic properties [43], it
is necessary to investigate the effects of abietic acid using
other types of S. mutans. Additionally, it is already evident
that oral bacteria, including both cariogenic and periodontal
pathogenic bacteria, are involved in systemic diseases both
directly and indirectly [44]. The influence of Porphyromonas
gingivalis on gut microflora [45] and the influence of the
genus Fusobacterium on colorectal cancer [46] are particu-
larly focused. Therefore, it is important to investigate the
effects of abietic acid using oral biofilms consisting of many
bacterial species, including both commensal and pathogenic
bacteria. Further studies, including clinical trials, should be
performed to establish an ideal system for preventing oral
biofilm infections without cytotoxicity and excessive disrup-
tion of normal bacterial flora.

In conclusion, this study highlighted the observation
that abietic acid inhibited S. mutans ATCC25175 growth in
both planktonic and biofilm, acid production, and biofilm
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formation. Abietic acid exerted its effects with no significant
damage to cell walls, and the antibacterial effects appear to
be bacteriostatic. Although further research is required to
clarify the underlying mechanism, abietic acid could provide
a useful tool for controlling oral infections by inhibiting oral
bacterial growth and biofilm formation.
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