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Abstract. Periodontitis affects oral tissues and induces 
systemic inflammation, which increases the risk of cardio-
vascular disease and metabolic syndrome. Subgingival plaque 
accumulation is a trigger of periodontitis. Fusobacterium 
nucleatum (FN) contributes to subgingival biofilm complexity 
by intercalating with early and late bacterial colonizers on 
tooth surfaces. In addition, inflammatory responses to FN are 
associated with the progression of periodontitis. Nigella sativa 
Lin. seed, which is known as black cumin (BC), has been used 
as a herbal medicine to treat ailments such as asthma and 
infectious diseases. The current study examined the inhibitory 
effect of BC oil and its active constituents, thymol (TM) and 
thymoquinone (TQ), on FN‑associated biofilm and inflamma-
tion. FN‑containing biofilms were prepared by co‑cultivation 
with an early dental colonizer, Actinomyces naeslundii (AN). 
The stability and biomass of FN/AN dual species biofilms 
were significantly higher compared with FN alone. This effect 
was retained even with prefixed cells, indicating that FN/AN 
co‑aggregation is mediated by physicochemical interactions 
with cell surface molecules. FN/AN biofilm formation was 
significantly inhibited by 0.1% TM or TQ. Confocal laser 
scanning microscopy indicated that treatment of preformed 
FN/AN biofilm with 0.01% of BC, TM or TQ significantly 
reduced biofilm thickness, and TQ demonstrated a cleansing 
effect equivalent to that of isopropyl methylphenol. TQ 
dose‑dependently suppressed TNF‑α production from a 
human monocytic cell line, THP‑1 exposed to FN, yet showed 
no toxicity to THP‑1 cells. These results indicated that oral 

hygiene care using TQ could reduce FN‑associated biofilm 
and inflammation in gingival tissue.

Introduction

The human oral cavity is estimated to harbor nearly 700 
bacterial species (1). Some oral bacteria form biofilms called 
dental plaque on tooth surfaces. Dental plaque accumulation 
is responsible for dental caries or periodontal diseases. Oral 
biofilm formation is initiated by early colonizing bacteria such 
as Streptococcus and Actinomyces that adhere to the pellicle 
layer on tooth surfaces (2).

Fusobacterium nucleatum (FN) is a Gram‑negative oral 
anaerobe that plays an important role in subgingival plaque 
maturation by bridging early and late colonizers (2,3). FN 
colonizes the oral cavity of patients with periodontal diseases 
but is also found in healthy subjects (4). Since the number of 
FN increases as periodontal disease progresses, this anaerobe 
is recognized as a periodontal pathogen (4). Inflammation 
evoked by lipopolysaccharide of FN is reported to result in 
chronic periodontitis and alveolar bone absorption (5‑7). In 
addition, FN produces methyl mercaptan and hydrogen sulfate 
that are responsible for oral malodor (8,9). The FadA adhesion 
protein of FN was recently shown to activate Wnt/β‑catenin 
signaling by binding to E‑cadherin, which induces colon 
epithelial proliferation and colon cancer (10). Thus, FN has 
attracted attention as an etiologic agent not only for periodontal 
diseases but also for other systemic diseases (11).

Chronic inflammation due to periodontitis is implicated 
in various systemic conditions such as those associated 
with diabetes mellitus, cardiovascular diseases, pulmonary 
diseases, obesity, low‑weight birth and preterm birth  (12). 
Oral hygiene is an effective prophylactic measure for various 
systemic diseases. Accordingly, antimicrobial chemicals such 
as cetylpyridinium chloride (CPC), chlorhexidine gluconate 
and isopropyl methylphenol are used as additives in commer-
cially available oral hygiene care products such as toothpaste 
and mouth rinse solution. However, some of these chemicals 
are associated with cytotoxicity or side effects (13,14).

Natural products such as herbal plant extracts can be 
used as alternative oral care reagents that have fewer adverse 
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effects (15). Essential oil from Matricaria chamomilla is known 
to possess antimicrobial activity and oral rinses containing 
this oil reduced oropharynx colonization by Staphylococcus 
aureus and Streptococcus pneumoniae in intensive care unit 
patients (16). Another study reported that the medicinal plant, 
Baccharis dracunculifolia, reduced dental plaque in healthy 
individuals (17), and a combination of herbal essential oils 
promoted chlorhexidine gluconate‑mediated inhibition of 
biofilm formation by Streptococcus mutans or Lactobacillus 
plantarum (18).

Nigella sativa L. (Ranunculaceae), commonly known as 
black cumin (BC), is an annual flowering plant native to South 
and Southeast Asia. N. sativa has a long history as a medicinal 
plant for treatment of various ailments such as metabolic 
syndrome as well as gastrointestinal, neuronal, respiratory, 
urinary, reproductive disorders  (19). BC seeds have been 
shown to possess anti‑diabetic, anti‑cancer, anti‑inflammatory, 
immunomodulatory, antioxidant, antimicrobial, analgesic, 
spasmolytic, bronchodilatory and hepatoprotective proper-
ties  (19,20). Most biological activities of BC are related to 
its essential oil components. Thymoquinone (TQ) is a major 
(30‑48%) component of BC essential oil and contributes to 
its therapeutic effects (19,21). In a rat model of periodontitis, 
Ozdemir et al (22) showed that gastric feeding of TQ (10 mg/kg, 
daily for 11 days) significantly reduced gingival inflammation 
and alveolar bone loss. Based on these findings, TQ is expected 
to have anti‑bacterial and anti‑inflammatory properties that 
could prevent periodontal diseases. However, the effect of TQ 
on FN‑associated biofilms remains to be elucidated.

In this study, we evaluated the inhibitory effect of TQ on 
FN‑associated biofilm formation and discuss the therapeutic 
potential of TQ for periodontal disease.

Materials and methods

Bacterial stains and culture conditions. The bacterial strains 
used in this study were Fusobacterium nucleatum ATCC25586 
(FN), Actinomyces naeslundii X600 (AN) and Streptococcus 
mitis ATCC 903 (SM). These bacterial strains were cultured 
anaerobically in BHIS broth using the AnaeroPack System 
(Mitsubishi Gas Chemical Company, Inc.). BHIS broth is Brain 
Heart Infusion medium (Eiken Chemical Co.) supplemented 
with 5 µg/ml hemin (Sigma‑Aldrich), 0.1% L‑cysteine hydro-
chloride monohydrate (Sigma‑Aldrich), 0.5% yeast extract 
(Becton Dickinson and Company) and 0.375% D‑glucose 
(Nacalai Tesque).

Preparation of biofilm containing FN. Frozen stocks (‑80˚C) 
of FN, AN or SM were streaked onto BHIS agar plates and 
incubated anaerobically for 48‑72 h. Single colonies of each 
strain were used to inoculate 3 ml of BHIS broth that was then 
incubated at 37˚C for 24 h in an anaerobic chamber conditioned 
with 80% N2, 10% CO2, 10% H2. After the incubation, the 
optical density of each culture at 590 nm (OD590) was adjusted 
to 0.1 with BHIS broth. Subsequently, FN culture was mixed 
with equal amounts of cultured AN and/or SM, and 1 ml of the 
culture mixture was dispensed into 24‑well polystyrene tissue 
culture plates. Gram‑staining was performed with the culture 
used for biofilm preparation to exclude contamination by other 
bacteria. Biofilms formed by 4% paraformaldehyde (PFA)‑fixed 

FN and/or AN were also examined. For fixation, FN and/or AN 
cells collected from overnight culture were suspended in 4% 
PFA in phosphate‑buffered saline (PBS, pH 7.4) and incubated 
30 min at room temperature. After the fixed cells were washed 
with PBS three times, the cells were resuspended in BHIS to 0.1 
OD590 and transferred to multi‑titer wells. Dual species biofilms 
was prepared on the bottom of wells in 24‑well plates following 
anaerobic incubation at 37˚C for 24 h. To prepare biofilms 
containing FN alone, 1 ml of FN culture (OD590 adjusted to 
0.1) was applied to the wells and incubated as described 
above. Scanning electron microscopy was used to assess the 
prevalence of FN in biofilms. To prepare the biofilms, steril-
ized plastic discs (Sensi‑Disc, 13.5 mm, Sumitomo Bakelite, 
Co., Ltd.) were inserted into wells before applying bacterial 
mixtures. Biofilms that formed on the discs were fixed with 2% 
glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2). After fixa-
tion, the biofilms were dehydrated in a graded ethanol series 
and dried in a Hitachi PCP‑2 critical point drying apparatus. 
The discs were coated with platinum/palladium in a Hitachi 
E‑102 sputter coater and examined with a JEOL JCM‑6000 
scanning electron microscope.

Chemicals. Test reagents used in this study were thymol (TM, 
>98%), TQ (>99%), isopropyl methylphenol (IPMP, >99%) 
and CPC (>99%). TQ, IPMP and CPC were purchased from 
Sigma‑Aldrich Co.). TM was obtained from Kanto Chemical 
Co., Inc. BC was prepared from 500 g of BC seed as described 
previously (23), and 3.6 g of the oil was obtained (recovery 
rate, 0.72%).

Inhibitory effect of TM or TQ on FN‑containing biofilm 
formation. Equal volumes of FN and AN cultures adjusted to 
OD590 0.1 were mixed and dispensed into 24‑well polystyrene 
tissue culture plates. Before incubation, TM or TQ was added 
to the culture at a final concentration of 0.1%. After anaerobic 
incubation at 37˚C for 24 h, the amount of biofilm mass formed 
on the bottom of the wells was assessed using crystal violet 
(Wako Pure Chemical) staining. After removing the test media, 
the biofilms were gently washed three times with 1 ml saline 
and then stained with 0.4 ml crystal violet solution (0.01%) at 
room temperature for 1 h. Excess crystal violet solution was 
removed and the stained biofilm was washed with 1 ml saline 
before eluting the remaining dye with 1 ml acetic acid (33%, 
Wako Pure Chemical) and gentle agitation for 30 min at room 
temperature. The eluent was transferred to a 96‑well plate for 
measurement at OD550 or OD600 to compare the biofilm mass.

Effect of TQ pretreatment on FN/AN biofilm formation. After 
anaerobic culture of FN and AN in BHIS at 37˚C overnight, 
the cells were collected by centrifugation (6,000 g, 5 min, 
4 C), suspended in PBS (pH 7.4) containing 0.05% TQ and 
incubated for 30 min at room temperature in the dark. The 
cells were again collected by centrifugation and washed three 
times with PBS before resuspension in BHIS to OD590 to 0.1. 
FN/AN biofilms were prepared using prefixed and unfixed cell 
combinations. Biofilm mass was compared by crystal violet 
staining as described above.

Cleansing effect on FN‑containing biofilms. Mixed FN and 
AN biofilms were washed by gentle agitation with 0.5 ml 
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0.01 or 0.05% BC, TM, TQ, IPMP or CPC at 37˚C for 30 min. 
After removing the test reagents, crystal violet staining was 
performed to compare the biofilm mass that remained after 
treatment as described above. Confocal laser scanning micros-
copy (CLSM) was also used to evaluate biofilm thickness and 
bacterial viability after treatment. The remaining biofilm was 
stained using a LIVE/DEAD® Biofilm Viability kit (Thermo 
Fisher Scientific, Inc.) according to the manufacturer's instruc-
tions. Stained biofilms were observed by CLSM (model 
LSM700; Carl Zeiss) at 400x magnification and a 488 nm 
emission wavelength (15% laser power). Signal/noise ratio, 
digital offset and digital gain settings were optimized using 
untreated biofilm and biofilm treated with 70% ethanol. The 
thickness of the remaining biofilm was calculated using ZEN 
imaging software (ZEN 2012). The live/dead ratio of bacteria 
in the biofilm was estimated from output data for the arithmetic 
average luminance using ZEN imaging software.

Anti‑inflammatory effect of TM and TQ. The human mono-
cytic leukemia cell line THP‑1 (JCRB0112.1) was cultured in 
RPMI1640 medium (Wako Pure Chemical) containing 10% 
fetal bovine serum, 100 U/ml penicillin and 100 µg/ml strep-
tomycin (Pen Strep; Gibco; Thermo Fisher Scientific, Inc.) at 
37˚C and 5% CO2. After seeding in 24‑well plates at an initial 
cell density of 5x105 cells/well, the THP‑1 cells were treated 
with a 5‑50 µM TM or TQ for 1 h at 37˚C under 5% CO2. 
Subsequently, FN suspension (OD590=1.0) in PBS was added 
to the media at 10% (v/v) and incubated for 3 h. The culture 
supernatants were collected by centrifugation at 600 x g for 
2 min at 4˚C. TNF‑α secreted from THP‑1 cells after stimula-
tion by FN was quantified with a Human TNF‑α ELISA Ready 
Set‑Go® assay (Thermo Fisher Scientific, Inc.).

Toxicity of TM and TQ toward THP‑1 cells. THP‑1 cells 
were treated with TM and TQ as described above. Cell 
viability was assessed by adding 8 µg/ml 3‑(4,5‑dimethylthi-
azol‑2‑yl)‑2,5‑diphenyltetrazolium bromide (MTT; Dojindo 
Laboratories) to the media. Zinc dibutyldithiocarbamate 
(ZDBC, 1 µg/ml, Wako Pure Chemical Corporation) was used 
as a positive control.

Statistical analysis. Data are expressed as mean ± standard 
deviation. Statistical analyses were performed with StatFlex 
ver.  6.0 (Artech Co., Ltd.) wherein analysis of variance 
(ANOVA) was used to compare the means of all groups, 
followed by Tukey's test (for all combinations) or Dunnett's 
test (for comparison to control). Statistically significant differ-
ences of the live/dead cell ratio in biofilms were assessed by 
Chi‑square test. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Preparation of FN‑containing biofilm. To examine the effect 
of BC and its components on FN‑containing biofilm, we 
first prepared single species biofilms containing only FN in 
microtiter wells. Although FN grew well, it formed thin and 
fragile biofilms (Fig. 1A). To increase the biofilm stability, FN 
was co‑cultivated with early colonizers in dental plaque, SM 
and/or AN. Co‑cultivation of FN with AN resulted in thick 

and firm biofilms whereas SM and FN co‑cultivation inhib-
ited biofilm formation as revealed by crystal violet staining 
(Fig. 1A and B). Gram‑staining of the dual species biofilm 
showed co‑agglutination of FN (Gram‑negative rods) and AN 
(Gram‑positive rods) (Fig. 1C). Scanning electron microscopy 
also showed that this dual species biofilm contained substan-
tial amounts of needle‑shaped FN cells (Fig. 1D). These dual 
species FN/AN biofilms were used in subsequent experiments.

Inhibitory effect of BC components on FN‑containing biofilm. 
We examined whether the BC components TM and TQ inhib-
ited FN‑associated biofilm formation. Upon addition of either 
0.1% TM or TQ, dual species biofilm formation of FN and 
AN was significantly inhibited as indicated by crystal violet 
staining that showed decreased biofilm mass (Fig. 2). This 
effect was likely due to growth inhibition since FN and AN 
co‑cultures were only slightly turbid after anaerobic incubation 
for 24 h in the presence of 0.1% TM or TQ (data not shown).

Effect of TQ pretreatment on FN/AN biofilm formation. 
Biofilms were prepared with untreated or TQ‑treated FN and 
AN (Fig. 3). FN pretreated with 0.01% TQ showed significantly 
decreased biofilm formation whereas AN pretreated with TQ 
formed biofilms with efficiencies similar to those seen for 
untreated AN. For dual species biofilms, biofilm mass was 
significantly reduced when FN was pretreated with TQ. These 
results indicate that FN is more sensitive to TQ than AN.

Cleansing effect of BC components on FN‑containing biofilm. 
After co‑cultivation of FN and AN, the dual species biofilms 
were washed with 0.01% or 0.05% BC, TM, TQ, IPMP or 
CPC. Ethyl alcohol (0.05%) was also tested as an antimicro-
bial agent. IPMP, BC, and TQ all significantly reduced biofilm 
mass (Fig. 4). CLSM analysis was also conducted to examine 
the biofilm structure after treatment with the test reagents 
(Fig. 5). Nearly 80% of bacteria were viable in untreated 
biofilms, but upon treatment with TQ, IPMP and CPC the 
percentage of dead cells in the biofilms significantly increased 
(Fig. 5A and B). Among these agents, CPC had the highest 
bactericidal activity with over 70% of bacteria inactivated in 
the biofilm. All of the test reagents reduced the biofilm thick-
ness (Fig. 5C). Of these, TQ and IPMP were the most effective 
for dislodging biofilms and decreased the average biofilm 
thickness to nearly half that achieved with saline.

Effect of TQ on surface interaction between FN and AN. We 
performed a biofilm assay using prefixed FN and AN cells to 
evaluate the effect of TQ on surface interactions between FN 
and AN. Interestingly, co‑incubation of FN and AN increased 
cell attachment to microtiter wells even after fixation with 4% 
PFA (Fig. 6). Washing with 0.01% TQ, but not TM, signifi-
cantly reduced the number of attached cells compared to that 
seen with saline.

Effect of TM and TQ on proinflammaotry response of THP‑1 
cells to FN. We examined the anti‑inflammatory activity of 
TM and TQ in the human monocytic cell line THP‑1. Since 
FN is well known to have proinflammatory potential, we used 
FN sonicate as immune sensitizer to assess anti‑inflammatory 
effect of TM or TQ. Before stimulation with FN, THP‑1 



TADA et al:  EFFECT OF THYMOQUINONE ON Fusobacterium nucleatum-ASSOCIATED BIOFILM AND INFLAMMATION646

cells were treated with 5‑50 µM TM or TQ. The pretreated 
THP‑1 cells were then exposed to FN, and the amount of 
TNF‑α secreted from the cells was quantified by ELISA. 
TM or TQ itself did not induce TNF‑α production (data not 
shown). Pretreatment with TM or TQ significantly decreased 
the amount of TNF‑α secretion from THP‑1 cells in response 
to FN (Fig. 7A). However, the anti‑inflammatory activity of 
TQ was higher than that of TM, and the inhibitory effect on 
TNF‑α secretion by TQ was dose‑dependent. Pretreatment of 
cells with 50 µM TQ prior to FN exposure decreased TNF‑α 
levels to one‑eighth that seen for untreated cells.

We performed a MTT assay to determine whether the 
inhibitory effects of TM and TQ on TNF‑α secretion were 
cytotoxic effects on THP‑1 cells. TM and TQ did not affect 

THP‑1 cell viability whereas the cytotoxic compound ZDBC 
did show a toxic effect, as did 50 µM CPC (Fig. 7B).

Discussion

Although apparent virulence factors such as exotoxins have 
not yet been identified in FN, the anaerobe is considered to be 
a periodontal pathogen based on its crucial role in the develop-
ment of dental plaque that involves bridging diverse types of 
oral bacteria during biofilm formation (3). The abundance of 
FN in the oral microbiome is also known to increase in indi-
viduals with periodontitis (24,25). Eradication of FN, which 
is expected to reduce subgingival biofilm mass and inflam-
matory responses to this anaerobe, is one therapeutic strategy 
for periodontitis. Compounds having both antimicrobial and 

Figure 2. Inhibitory effect of TM and TQ on dual species biofilm formation 
by FN and AN. Data are expressed as mean ± standard deviation from three 
repeats. Differences were analyzed by ANOVA followed by Dunnett's test. 
**P<0.01 vs. non‑treated sample indicated by (‑). TM, thymol; TQ, thymoqui-
none; FN, Fusobacterium nucleatum; AN, Actinomyces naeslundii.

Figure 3. Effect of TQ pretreatment on biofilm formation by FN and/or AN. 
After FN and/or AN were pretreated with 0.01% TQ, biofilm formation was 
compared with the non‑treated counterparts. *P<0.01 vs. samples indicated 
by horizontal lines. TQ, thymoquinone; FN, Fusobacterium nucleatum; AN, 
Actinomyces naeslundii.

Figure 1. Preparation of FN‑containing biofilm. (A) Crystal violet staining assay of single or multi‑species biofilm. Triplicate wells are presented. (B) OD550 
measurement of bacterial elution from wells shown in Panel A. Data are expressed as mean ± standard deviation from three repeats. Differences were analyzed 
using ANOVA followed by Dunnett's test. *P<0.05 or **P<0.01. (C) Gram‑staining of biofilm scraped from the wells. (D) Scanning electron microscopy of dual 
species biofilms formed by FN and AN. Scale bar, 10 µm. FN, Fusobacterium nucleatum; SM, Streptococcus mitis; AN, Actinomyces naeslundii.
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anti‑inflammatory activity are ideal therapeutics for peri-
odontal diseases. TQ, a main component of BC essential oil, 
exhibits antimicrobial activity as well as anti‑inflammatory 
effects (26‑29). In this study we examined the potential of 
this herbal quinone as a therapeutic to treat FN‑associated 
periodontitis. To the best of our knowledge, this is the first 
report demonstrating that TQ shows suppressive effects on 
FN‑associated biofilm and inflammation.

Although we attempted to prepare FN biofilm in multi‑titer 
plates to examine the antibiofilm effect of TQ, FN did not form 
stable biofilm. We hypothesized that FN requires cooperation 
from other members of the oral microbiota to establish intimate 
adherence to material surfaces. To test this hypothesis, we 
co‑cultivated FN with well‑known early dental colonizers, AN 
or SM. Co‑cultivation of FN and AN significantly increased 
biofilm mass, and microscopic analysis of biofilm suspensions 

Figure 4. Biofilm assay with crystal violet after washing with indicated test reagents. Data are expressed as mean ± standard deviation from three repeats. 
Differences were analyzed by ANOVA followed by Dunnett's test. *P<0.05 or **P<0.01 vs. Saline.

Figure 5. Confocal laser scanning microscopy analysis of dual species biofilms of FN and AN after treatment with indicated test reagents. (A) Merged images 
of biofilms stained with SYTO‑9 (green) and propidium iodide (PI, red), which indicate live and dead cells, respectively. (B) Arithmetic average luminance of 
SYTO‑9 (Ch1) and PI (Ch2) in the tested biofilm. Difference was analyzed by Chi‑squared test. *P<0.05 or **P<0.01 vs. Saline. (C) Average thickness of biofilm 
retained after treatment. Data are expressed as mean ± standard deviation from three repeats. Differences were analyzed by ANOVA followed by Dunnett's 
test. **P<0.01 vs. Saline. FN, Fusobacterium nucleatum; AN, Actinomyces naeslundii; TM, thymol; TQ, thymoquinone; IPMP, isopropyl methylphenol; BC, 
black cumin; CPC, cetylpyridinium chloride.
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showed co‑aggregation of these species. Multispecies biofilms 
having FN/AN as the core components could serve as an 

in vitro subgingival plaque model. Here, increases in FN/AN 
biofilm mass appeared to be mainly attributable to FN since 
inactivation of FN with TQ pretreatment abolished this 
increase (Fig. 3).

Microbial biofilm typically contains extracellular polysac-
charides (3), but SEM examination of FN/AN‑mixed biofilms 
showed no mucous matrices within co‑aggregates. Although 
aggregation factors that might mediate FN/AN binding await 
elucidation, these interactions likely involve physicochemical 
interactions of surface molecules, since FN/AN co‑aggrega-
tion was observed even after fixation with PFA. Interestingly, 
co‑cultivation of FN and SM reduced biofilm mass over 
that seen for cultures containing FN alone. In addition, SM 
inhibited FN/AN biofilm formation. This result suggests that 
some resident Streptococci in the oral environment could have 
inhibitory effects on FN‑associated biofilms by competing 
with binding receptors. Use of broad‑spectrum antimicrobials 
for oral hygiene care can compromise such indigenous anti‑FN 
biofilm activity of oral microbiome. Natural compounds such 
as herbal extracts have mild and diverse pharmacological 
actions, and thus are becoming attractive targets to develop 
oral hygiene care products that have lower toxicity toward 
both beneficial components of the oral microbiota as well as 
to human cells (15).

The BC essential oil components TM and TQ signifi-
cantly inhibited formation of FN/AN dual species biofilms. 
This effect was due to growth inhibition of both species 
because the optical density of the culture was not increased 
during incubation. The bactericidal effect of TM or TQ 
appeared to be weak as evidenced by CLSM results showing 
that after treatment with 0.01% TM or TQ over 70% of the 
bacteria within the biofilms survived whereas treatment with 
0.01% CPC killed over 70% of the bacteria. Previous reports 
indicated that TQ has more pronounced antimicrobial 
activity against Gram‑positive bacteria than Gram‑negative 
bacteria (26,27). However, in this study FN seemed to be 
more sensitive to TQ than AN since biofilm mass was 
reduced with TQ pretreatment of FN but not AN (Fig. 3). 
Thus, oral hygiene care using BC oil and its components 
might inhibit dental plaque formation by affecting a rela-
tively narrow spectrum of bacteria and minimizing damage 
to the healthy oral microbiome.

The most notable finding in this study was that TQ reduced 
the mass of established FN/AN biofilms. This cleansing effect 
was equivalent to that for IPMP and greater than that seen for 
CPC. A similar trend was observed by CLSM, in which the 
thickness of FN/AN biofilms was decreased by treatment with 
TQ or IPMP to a greater degree than that seen for TM and 
CPC. TM and CPC treatment resulted in a significant reduc-
tion in FN/AN biofilm thickness, but did not decrease biofilm 
mass as evaluated by crystal violet staining (Figs. 4 and 5). 
These results might indicate that TQ and IPMP compromise 
FN/AN aggregation whereas TM and CPC condense biofilm 
structures.

The biofilm assay using prefixed FN and AN (Fig. 6) indi-
cated that the cleansing effect of TQ on FN/AN biofilms likely 
involves interference with cell surface interactions. Since TQ 
is hydrophobic and localizes to the membrane fraction of 
BC seeds, TQ may be able to penetrate the outer membrane 
of bacteria to affect membrane integrity, which in turn can 

Figure 6. Cleansing effect of TM and TQ on prefixed FN/AN biofilm. 
After FN and AN were fixed with 4% PFA, a dual species biofilm was 
prepared by incubating the fixed bacteria for 24 h. The biofilm mass of 
untreated or samples washed with saline, TM (0.01%) or TQ (0.01%) was 
compared. Statistical differences among the samples in non‑treated and 
treated experiments were separately evaluated ANOVA followed by Turkey's 
test. Significant difference is indicated by **P<0.01 or *P<0.05 vs. samples 
indicated by lines. TM, thymol; TQ, thymoquinone; FN, Fusobacterium 
nucleatum; AN, Actinomyces naeslundii; PFA, paraformaldehyde.

Figure 7. Effect of TQ and TM on FN‑mediated proinflammatory response 
in the human monocytic cell line THP‑1. (A) TNF‑α secreted from THP‑1 
after stimulation of FN strain ATCC25586 (Fn). THP‑1 pretreatment 
before Fn‑stimulation is indicated below the panel. Data are expressed as 
mean ± standard deviation from three repeats. Differences were analyzed 
by ANOVA followed by Dunnett's test. Significant difference from 
FN‑stimulation alone is shown by *P<0.05 or **P<0.01. (B) MTT assay of 
THP‑1 with or without TQ treatment (1, 2.5, 5, 10, 25 or 50 µM), TM (5, 10, 
25 or 50 µM), 1 mg/ml ZDBC or 50 µM CPC under FN‑stimulation. Data are 
expressed as mean ± standard deviation of three repeats. Differences were 
analyzed by ANOVA followed by Dunnett's test. Significant differences from 
FN‑stimulation alone (indicated by ‑) are indicated by **P<0.01. TQ, thymo-
quinone; TM, thymol; FN, Fusobacterium nucleatum; TNF, tumor necrosis 
factor; CPC, cetylpyridinium chloride; ZDBC, zinc dibutyldithiocarbamate.
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compromise FN/AN binding. In fact, TQ is reported to induce 
membrane damage in pathogenic fungi (30).

Subgingival inflammation is one of the pathologies of 
chronic periodontitis. Prolonged inflammation results in 
gingival tissue damage and alveolar bone destruction. FN 
lipopolysaccharides are known to induce extensive inflam-
matory responses mediated through TLR2 and TLR4 
signaling  (5). TQ is reported to repress inflammatory 
responses via diverse actions including inhibition of 5‑lipoxy-
genase and leukotriene C4 synthase (26), inducible nitric oxide 
synthase (31), suppression of NF‑κB signaling pathways (32) 
and enhanced production of antioxidants such as catalase or 
glutathione (33,34). Consistent with these findings, here we 
showed that TQ repressed TNF‑α production from a human 
monocytic cell line in response to FN (Fig. 7). This effect was 
not due to TQ cytotoxicity to THP‑1 cells since cell viability 
was not affected at TQ concentrations of up to 50 uM, indi-
cating that TQ does not compromise immunological clearance 
of oral pathogens. Surprisingly, CPC, which is widely used 
as an active component of oral care products, showed greater 
cytotoxicity to THP‑1 cells than did ZDBC. Meanwhile, with 
an estimated LD50 of around 2.4 g/kg (range 1.52‑3.77), TQ 
is considered to have a low level of toxicity (19,35) and only 
two cases of contact dermatitis have been reported in clinical 
studies involving BC oil (36,37).

A limitation of this study is that all experiments were 
performed in vitro. Dental plaque is more complex and diverse 
among individuals and under in vivo conditions. Although 
a suppressive effect of TQ on alveolar bone loss and dental 
plaque accumulation has been demonstrated in a rat periodon-
titis model  (22) and clinical study (38), respectively, these 
studies did not monitor microbiome alterations in saliva or 
dental plaque. Animal and clinical studies that focus on FN, a 
keystone periodontal pathogen, will provide new insights into 
the mechanisms for prophylactic and therapeutic effects of TQ 
on periodontal disease.

In conclusion, the results of this study showed that TQ 
effectively removes established FN/AN biofilms in vitro by 
compromising FN binding to other dental plaque colonizers. 
TQ effectively inactivated FN and suppressed inflammatory 
response to this periodontal pathogen. Based on the crucial 
role of FN in dental plaque maturation, agents that target FN, 
such as TQ, are candidates for safe and effective active ingre-
dients in oral hygiene care products.
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