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Fusobacterium nucleatum is a Gram-negative, anaerobic bacterium that plays an
important role in dental plaque biofilm formation. In this study, we evaluate the effect of
resveratrol, a phytoalexin compound, on F. nucleatum biofilm formation. The effects of
different concentrations of resveratrol on biofilms formed on 96-well microtiter plates at
different time points were determined by the MTT assay. The structures and thicknesses
of the biofilm were observed by confocal laser scanning microscopy (CLSM), and gene
expression was investigated by real-time PCR. The results showed that resveratrol at
sub-MIC levels can significantly decrease biofilm formation, whereas it does not affect
the bacterial growth rate. It was observed by CLSM images that the biofilm was visually
decreased with increasing concentrations of resveratrol. Gene expression was down
regulated in the biofilm in the presence of resveratrol. Our results revealed that resveratrol
can effectively inhibit biofilm formation.
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INTRODUCTION

In natural and industrial environments, bacteria mostly grow as biofilms attached to surfaces or
are associated with interfaces, where bacterial cells are encased in a self-produced extracellular
polymeric matrix. Biofilm formation is a complex and multifactorial process that involves
at least two steps. The first step involves the adherence of the bacterial cells to the host
surface; subsequently, adherent cells form a multilayer biofilm covered by an extracellular
matrix (Flemming and Wingender, 2010; Trappetti et al., 2011; Srinandan et al., 2015). The
microorganisms in the biofilm undergo profound changes during the shift from a planktonic
lifestyle. After incorporation into the biofilm, microorganisms are resistant not only to host defense
mechanisms, such as phagocytosis, but also to antimicrobial agents. This change has been suggested
to be involved in the persistence of infection by such microorganisms (Costerton et al., 1999;
Jacqueline and Caillon, 2014).

Dental plaque biofilms are composed of a very complex mixture of species of bacteria, and
their formation is highly ordered, starting with the initial colonizing bacteria attaching to the
tooth surface with the acquired pellicle and subsequent coaggregation of late colonizers. More than
700 bacterial species have been detected in the human oral cavity. Among them, Fusobacterium
nucleatum is frequently isolated from both supra- and sub-gingival dental plaque biofilms in
humans. F. nucleatum is a Gram-negative, anaerobic, non-motile, non-spore-forming, spindle-
shaped, or fusiform rod bacterium. It plays an important role in the development of complex dental
plaque biofilms as a bridge bacterium interaction with early and late colonizing bacteria in the oral
cavity (Kolenbrander et al., 2006; Sasaki-Imamura et al., 2010; Tian et al., 2010; Ali Mohammed
et al., 2013).
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The worldwide practice of indiscriminate and continuous
use of antibiotics for the control and prophylaxis of bacterial
pathogens has led to the development of bacterial resistance
to most available antimicrobials. Antibiotics used as antibiotic
growth promoters by adding continuously to animal feeds in
very low amounts also play a significant role in the emergence
of resistant bacteria. The rising number of infections caused by
bacterial isolates resistant to conventional antibiotics has led to an
intense search for novel antimicrobials and chemotherapeutics,
including natural chemicals and natural plant products, which
have generated increased interest with regard to their potential
for use in treating infectious diseases (van den Bogaard and
Stobberingh, 2000; Molhoek et al., 2011; de Lima Pimenta et al.,
2013). Resveratrol (trans- 3,5,4′-trihydroxystilbene) is a naturally
derived polyphenol natural product that is mainly found in the
skin of grapes, berries, and so on and is also a component of red
wine. Resveratrol has a broad range of biological effects, which
include antimicrobial, antioxidant, antiinflammatory, antiaging,
anticarcinogenic, and neuroprotective effects (Augustine et al.,
2014; Lee K. et al., 2014). As a natural product, resveratrol
may be an effective biofilm inhibitor. Recent studies have
indicated that resveratrol inhibits the biofilm formation of some
bacterial pathogens, including Vibrio cholerae, Staphylococcus
aureus, Escherichia coli O157:H7, and Pseudomonas aeruginosa
(Augustine et al., 2014; Lee J.H. et al., 2014; Qin et al., 2014).

There has been increasing interest in natural products
as agents for preventing oral diseases, particularly dental
biofilm-related diseases (Sintim and Gursoy, 2016). Millhouse
et al. (2014) have already studied the effect of resveratrol
on multi-species biofilm containing Streptococcus mitis,
F. nucleatum, Porphyromonas gingivalis, and Aggregatibacter
actinomycetemcomitans. Their results showed that resveratrol did
not appear to have bactericidal properties against multi-species
biofilms (Millhouse et al., 2014).

Therefore, in this study, we investigated the effect of
resveratrol on biofilm formation by F. nucleatum. We mainly
focused on the effects of resveratrol on the aggregation of
bacteria, different stages of biofilm formation, biofilm structure
and gene expression. To our knowledge, this is the first report
describing the effect of resveratrol on F. nucleatum aggregation,
biofilm formation and structure. This research would offer the
possibility of the use of natural product resveratrol to prevent
F. nucleatum biofilm infections. It may useful in the development
of natural product as novel antimicrobial agents to treat and
prevent of dental diseases.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions
The F. nucleatum ATCC10953 strain was provided by the
State Key Laboratory of Oral diseases, West China Hospital of
Stomatology, Sichuan University. Planktonic and biofilm forms
of the F. nucleatum ATCC10953 strain were grown in Brain Heart
Infusion Broth (BHI; Difco Laboratories, Sparks, MD, USA) at
37◦C under anaerobic conditions (80% N2, 10% CO2, and 10%
H2).

Effects of Resveratrol on Planktonic Cell
Growth
The F. nucleatum ATCC10953 strain was used to anaerobically
inoculate a fresh BHI culture with different concentrations of
resveratrol (0, 12.5, 25, 50, 100 µg ml−1) at 37◦C without
agitation. The optical density at 600 nm was measured using
a spectrophotometer (UV1601, Shimadzu, Japan) at different
time intervals. The experiment was replicated three times with
triplicate samples at each time point.

Effects of Resveratrol on Biofilm
Formation
To quantify F. nucleatum biofilm growth, we applied the MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide]
assay in 96-well polystyrene plates (He et al., 2012). An overnight
culture at a final concentration of 106 CFU/ml was added to
200 µl of fresh BHI liquid medium in each flat-bottom well
with different concentrations of resveratrol (0, 1.5625, 3.125, 6.25,
12.5, 25 µg ml−1). The plates were then incubated at 37◦C for
different times (24, 36, 48 h) without agitation. The culture was
then removed, and the wells carefully washed three times with
sterile phosphate-buffered saline (PBS) to remove non-adherent
cells. The cultures were stained with 100 µl of MTT (5 mg ml−1)
for 3 h in a dark place and washed three times with PBS. Next,
100 µl of lysing solution [10% (v/v) sodium dodecyl sulfate and
50% (v/v) dimethylformamide in distilled water] was added to
dissolve the biofilm for 3 h at room temperature before reading
the OD590 nm values. All of the experiments were performed in
triplicate with at least three replicates, and wells without cells
were used as blank controls.

Aggregation Assays
Aggregation experiments were performed as previously described
with minor modifications (He et al., 2015). Briefly, F. nucleatum
was grown overnight in BHI broth with different concentration
of resveratrol (0, 1.5625, 3.125, 6.25, 12.5, 25 µg ml−1). The
bacteria were harvested by centrifugation at 13,400 g for 30 s,
washed twice with PBS, and resuspended in PBS to an optical
density of approximately 0.6 at 600 nm, as determined by
using a spectrophotometer. All of the samples were incubated
at 37◦C for 150 min, and the OD600 nm was recorded at
different time intervals (0, 20, 40, 60, 90, 120, and 150 min).
Before measurement, the samples were equilibrated at room
temperature for 5 min. The percentage of aggregation was
calculated as follows: (OD600 nm at time zero – OD600 nm at time
x min)/(OD600 nm at time zero) × 100%. All of the experiments
were performed in triplicate.

Effects of Resveratrol on the Biofilm
Structure
Fusobacterium nucleatum biofilms were formed on glass-bottom
chamber slides with different concentrations of resveratrol (0,
1.5625, 3.125, 6.25, 12.5, 25 µg ml−1) for 24 h at 37◦C. The
biofilms formed on each sheet were washed twice with saline to
remove unbound cells and stained for 30 min in the dark with L-
7012 LIVE/DEAD BacLight TM bacterial cells containing SYTO
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9 dye and propidium iodide (Molecular Probes, Inc., Eugene, OR,
USA). A confocal laser scanning microscope (CLSM; Leica TCS
SP2, Leica microsystems, Germany) was used to record confocal
image stacks in five random locations near the center of each
slide. Five confocal data sets were recorded at 40×magnification
with a numerical aperture of 1.25 and Leica confocal software
was analyzed for the thicknesses of the biofilms and bacterial
vitality, and the average and standard deviation were calculated.
In each experiment, the exciting laser intensity, background level,
contrast, and electronic zoom were maintained at the same level.

RNA Extraction, Reverse Transcription,
and qPCR
The biofilms that formed with different concentrations of
resveratrol (0, 12.5, 25 µg ml−1) at 24 h were harvested
by centrifugation, resuspended in Trizol reagent (Takara) and
transferred to an RNase-free 1.5 ml microcentrifuge tube. Total
RNA extractions were performed according to the manufacturer’s
instructions. Purified RNA was dissolved in 20 µl of DEPC-
treated water and stored at −80◦C until required for cDNA
labeling. A cDNA synthesis kit (Takara) was used to generate
cDNA. The reverse transcription reaction mixture (20 µl)
containing 4 µl of 5× buffer (containing dNTP and Mg2+), 1 µl
of PrimeScript RT Enzyme Mix I, 1 µl of Oligo dT primer, 1 µl of
random hexamers, and 1 µg of an RNA sample, was incubated at
37◦C for 15 min and the reaction was terminated at 85◦C for 5 s
according to the manufacturer’s instructions. The cDNA samples
were stored at−20◦C until use.

The qPCR reaction mixture (20 µl) contained 1× SYBR Green
PCR master mix, 5 µl of template cDNA, and 0.5 µM of the
appropriate forward and reverse PCR primers. qPCR conditions
included an initial denaturation at 98◦C for 5 min, followed
by a 40-cycle amplification consisting of denaturation at 98◦C
for 15 s, annealing at 50◦C for 15 s, and extension at 72◦C for
30 s. The resulting cDNA and negative control were amplified
using an Applied Biosystems 7900HT Fast Real Time PCR System
(Applied Biosystems). The expression levels of all of the tested
genes (Table 1) as determined by qPCR were normalized using

TABLE 1 | Nucleotide sequences of primers used in this study.

Primer Primer sequence (5′–3′) Target

Fn 16S F AAGCGCGTCTAGGTGGTTATGT 16S rRNA

Fn 16S R TGTAGTTCCGCTTACCTCTCCAG 16S rRNA

Fn 0116 RT-F GTATCCCTGCTGCTCCAA FN0116

Fn 0116 RT-R GTGCTTCTGCTTCCTTAGTC FN0116

Fn 0132 RT-F CCAATGCCACTGATGAACCT FN0132

Fn 0132 RT-R CAGCAGCTGAGACAGCATTG FN0132

Fn 0503 RT-F TCACCCTTGAGATTTCCTTT FN0503

Fn 0503 RT-R GAAGTTGCAAAGGCTAAAAGC FN0503

Fn 0659 RT-F GTTGGAGCAACACCAGTTCC FN0659

Fn 0659 RT-R CCAAGTGGTTCAACATGCAC FN0659

Fn 0675 RT-F ATTGACCCAGCAAAAGTTAC FN0675

Fn 0675 RT-R GGCATCATTCCACCAGCA FN0675

Fn 1856 RT-F TCTGCTGCTGTTGTTGCTTT FN1856

Fn 1856 RT-R GGGTGGAGCAATGGACTTAG FN1856

the 16S rRNA gene of F. nucleatum as an internal standard (Lee
et al., 2011). Each assay was performed with three independent
RNA samples in triplicate. The fold changes of the expression
levels were using the 11Cq method.

Statistical Analysis
Analysis of variance (ANOVA) with post hoc test was used to
calculate the significance of the difference between the biofilms
formed by F. nucleatum with or without resveratrol under the
tested conditions (SPSS 15.0 software, USA). P < 0.05 was
considered statistically significant.

RESULTS

Effects of Resveratrol on Planktonic Cell
Growth
The growth of F. nucleatum with different concentrations of
resveratrol over a time course showed the bacteriostatic effect of
resveratrol. It was observed that in comparison to the control,
the bacterial growth was significantly inhibited with 50 µg ml−1

resveratrol treatment (Figure 1). The MIC for F. nucleatum
using resveratrol was recorded as 100 µg ml−1. However, there
was no obvious difference in the growth curve with resveratrol
concentrations below 25 µg ml−1.

Effects of Resveratrol on the Biofilms
The effect of resveratrol on biofilm formation was evaluated when
F. nucleatum was grown in 96-well plates of polystyrene. Sub-
MIC levels of resveratrol (0–25 µg ml−1) were supplemented
in the media from the onset of incubation with F. nucleatum
(Figure 2). After 24 h, F. nucleatum exhibited OD 590 nm values of
0.474 ± 0.028. With increasing concentrations of resveratrol, the
biofilms formed by F. nucleatum exhibited OD590 nm values that
decreased from 0.347± 0.038 at 1.5625 µg ml−1 to 0.136± 0.018
at 25 µg ml−1 after a 24 h incubation. Similar trends were

FIGURE 1 | Planktonic Cell Growth of Fusobacterium nucleatum with
different concentrations of resveratrol.
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FIGURE 2 | Biofilm formation of F. nucleatum with different concentrations of resveratrol at different time points. Statistically significant differences
(∗P < 0.05) between with or without resveratrol at different time points.

observed after 36 and 48 h. The biofilms formed by F. nucleatum
exhibited OD 590 nm values of 0.645± 0.038 and 0.730± 0.010 at
36 and 48 h, respectively, whereas in the presence of resveratrol,
the values decreased from 0.449 ± 0.043 at 1.5625 µg ml−1 to
0.203± 0.020 at 25 µg ml−1 after a 36 h incubation and decreased
from 0.548 ± 0.012 at 1.5625 µg ml−1 to 0.217 ± 0.005 at
25 µg−ml−1 after a 48 h incubation, respectively. It was shown
that resveratrol could effectively inhibit biofilm formation at
different time points.

Effects of Resveratrol on Aggregation
The aggregation of F. nucleatum is shown in Figure 3. In
general, the extents of aggregation increased with the increasing
time, but the extents of aggregation mildly increased after
90 min. As shown in Figure 3, the extents of aggregation of
F. nucleatum without resveratrol reached 21.75% after 150 min.
The extents of aggregation with 1.5625 and 3.125 µg ml−1

resveratrol was slightly increased compared to bacteria grown
without resveratrol. However, the extents of aggregation
noticeably increased when the concentration of resveratrol
reached 6.25 µg ml−1. F. nucleatum quickly aggregated with
25 µg ml−1 resveratrol, and cell aggregation was apparent by
visual inspection. The maximum extents of aggregation for
F. nucleatum reached 59.31% with 25 µg ml−1 resveratrol after
150 min.

Effects of Resveratrol on the Biofilm
Structure
The surface area of glass-bottom chamber slides that were
covered with a F. nucleatum biofilm was characterized using
CLSM after 24 h of incubation (Figure 4). In the absence of

FIGURE 3 | The extents of aggregation of F. nucleatum with different
concentrations of resveratrol. Representative data are shown, and the
experiment was repeated three times with similar results.

resveratrol, the biofilm formed by F. nucleatum had a uniform
distribution with complete coverage of the attached surface.
The biofilm appeared loose and tended to gather into relatively
small aggregates that were easily discernible in accordance with
resveratrol added to the culture. The biofilm thickness after
24 h of cultivation without resveratrol was observed to be up
to 46.171 ± 3.369 µm. The biofilm thickness became thinner
with increasing concentrations of resveratrol, and it was only
approximately 16.811± 1.626 µm at a 25 µg ml−1 concentration
of resveratrol (P < 0.05). We also calculated that the proportion
of viable (green) cells among all cells was 84.15 ± 1.69%,
82.19 ± 3.88%, 84.53 ± 1.56%, 85.48 ± 1.77%, 85.25 ± 2.47%,
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FIGURE 4 | Confocal laser scanning micrographs of the biofilm formed
with different concentrations of resveratrol. Top sections represent the
X–Y panels, and bottom sections represent the Z-scales, respectively.
(A) 0 µg ml−1; (B) 1.5625 µg ml−1; (C) 3.125 µg ml−1; (D) 6.25 µg ml−1;
(E) 12.5 µg ml−1; (F) 25 µg ml−1. Bar = 50 µm.

84.71 ± 2.85% with different resveratrol treatment (0, 1.5625,
3.125, 6.25, 12.5, 25 µg ml−1), respectively.

Gene Expression in the Biofilms
To gain insight into gene expression, real-time PCR analysis
was used to quantify the effect of 12.5 and 25 µg ml−1

resveratrol on the biofilms formed by F. nucleatum. The selected
genes including FN0116 and FN0675 encoding stress-induced
proteins, FN0132 encoding hemolysin, FN0503 encoding LysR-
family transcriptional regulator, FN0659 encoding the ABC
transporter substrate binding protein and FN1856 encoding
butyrate-acetoacetate CoA-transferase subunit were considered
to be important virurence factors (Skar et al., 2003; Lee et al.,
2011). In general, six tested genes (Table 1) were down-regulated
in the biofilms grown with resveratrol compared to cells grown
without resveratrol (Figure 5). Additionally, the relative fold
changes of the levels of the gene transcripts decreased with
increasing resveratrol concentration. Transcription of FN0132
in the biofilms formed by F. nucleatum were significantly
downregulated after 12.5 and 25 µg ml−1 resveratrol treatment,

with the relative change being 0.12- and 0.02-fold, respectively.
The expression of other down-regulated genes in the biofilms
with resveratrol, including FN0116, FN0503, FN0659, FN0675
and FN1856, were reduced, ranging from approximately 0.46-
to 0.21-fold at 12.5 µg ml−1 and from approximately 0.28- to
0.08-fold at 25 µg ml−1. We also compared the gene expression
of planktonic cultures and the result showed that there was
no obvious difference in gene expression between planktonic
cultures by F. nucleatum with or without resveratrol (P > 0.05)
(Supplementary Figure S1).

DISCUSSION

Fusobacterium nucleatum is commonly cultivated from the
subgingival plaque of periodontitis patients, and because of its
ability to congregate with many oral bacteria, it functions as a
bridge between early and late colonizers in the dental plaque
biofilm (Ali Mohammed et al., 2013). Biofilm formation regulates
F. nucleatum survival and invasiveness including surviving in an
aerobic environment, invading the epithelium. F. nucleatum also
decrease in membrane permeability to resist antimicrobial stress
(Gursoy et al., 2010; Keskin et al., 2014).

At the start of this study, we investigated the effect of
resveratrol on bacterial growth. Our results demonstrated that
resveratrol did not significantly affect the growth rate of the
bacteria at concentrations up to 50 µg ml−1. Thus, we studied
whether resveratrol can affect biofilm formation at sub-MIC
concentrations through MTT assays. This assay is to convert
the yellow tetrazolium salt MTT to intracellular insoluble purple
formazan by metabolically active cells. The MTT assay has been
used to detect the effect of antibiofilm agents in the biofilm
formation in many previous studies (Chusri et al., 2012; He et al.,
2012; de Lima Pimenta et al., 2013). Therefore, we used this assay
for the quantification of viable biofilm bacteria and the result
was shown that resveratrol attenuated the biofilm formation
more effectively when the concentration increased, ranging from
1.5625 to 25 µg ml−1. No significant planktonic cell growth
rate inhibition was detected at concentrations that inhibited
biofilm formation. Our results suggested that the mechanisms
by which resveratrol exerts its effects on F. nucleatum biofilms
at sub-MICs were distinctly different from the mode of action
of resveratrol for growth inhibition. According to the CLSM
images, the thickness of biofilms after 24 h of cultivation was
thinner with increasing concentrations of resveratrol. We also
found that the proportion of viable (green) cells among all cells
following resveratrol treatment was similar to the proportion
without treatment, as determined through CLSM by staining with
SYTO9/PI (a DNA-binding dye that stains both living and dead
cells). Therefore, unlike antibiotics that are used to inhibit cell
growth, resveratrol may be identified as a biofilm inhibitor that
does not affect bacterial growth.

The ability of bacterial cells to come into contact and
form aggregates, or autoaggregation is considered important
for colonization of host cells in pathogenic bacteria (Lee et al.,
2010; Abdel-Nour et al., 2014). During biofilm development,
autoaggregation is a process through which a strain within
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FIGURE 5 | Gene expression of F. nucleatum strain biofilms. The results represent the means and SDs of at least three independent experiments performed in
triplicate. Statistically significant differences (∗P < 0.05) in gene expression between different concentrations.

the biofilm produces polymers to boost the integration of
genetically identical strains, and is also a prerequisite of biofilm
formation (Zhang et al., 2004; Das et al., 2010; Nyenje et al.,
2012). However, the results of the present study showed that
resveratrol increased F. nucleatum aggregation but decreased
biofilm formation which were consistent with previous study
concerning the effects of proanthoyanides on Staphylococcus
epidermidis biofilm formation. Trentin et al. (2015) thought that
the proposed mechanism of bacterial attachment inhibition was
based on electrostatic repulsion and changes in hydrophilicity.
This result is also in agreement with our observation from
CLSM fluorescence imaging, which revealed that the biofilm
changed from confluent and more evenly distributed to gather
into distinct, easily discernible clusters after adding resveratrol.

Our data show that six selected genes were down-regulated
after adding resveratrol in the biofilm formation. Among them,
the ABC transporter substrate binding protein, which is encoded
by FN0659, is a ubiquitous integral membrane protein that
translocates from a variety of substrates, ranging from ions to
macromolecules, either out of or into the cytosol (hence, they
are defined as importers or exporters, respectively; Yu et al.,
2015). It is also responsible for autoinducer 2 uptake into the
cell which may play an important role in the F. nucleatum
quorum sensing (QS) system (Rezzonico and Duffy, 2008). In
previous research, a novel ABC transporter was identified in
R. leguminosarum and required for biofilm formation. Seaton
et al. (2011) predicted that SMu0836 and SMu0837 encoded
ABC transporters and constructed a mutant strain 1836p in
which a kanamycin resistance cassette replaced the SMu836
gene. They also found that the 1836p strain had an impaired
capacity to form biofilms (Vanderlinde et al., 2010; Seaton
et al., 2011). The LysR family of transcriptional regulators
encoded by FN0503 represents the most common type of
transcriptional regulators in bacteria. Members of this family
have a conserved structure with an N-terminal DNA-binding

helix–turn–helix motif and a C-terminal co-inducer-binding
domain. LysR-Type transcriptional regulators were among the
most common types of positive regulators in prokaryotes.
They have previously been shown to affect virulence, QS and
biofilm formation. An oxyR (a LysR-Type Regulator)-defective
mutant was constructed and impaired in biofilm formation
in comparison to the parental strain (Bernier et al., 2008;
Maddocks and Oyston, 2008; Hennequin and Forestier, 2009).
Stress-induced proteins, such as DnaK (FN0116) and GroEL
(FN0675) molecular chaperones, are considered to be heat
shock proteins (Hsp) and participate in a variety of cellular
processes including protein folding, protein trans-location, and
the assembly/disassembly of protein complexes. These stress-
related genes are central for tolerance to environmental stresses
and are important for QS. In previous studies, Lemos et al.
(2007) created a knockdown strategy to lower the levels of
DnaK by over 95% in strain SM12 and the level of GroEL
about 80% in strain SM13. They found that, SM12 and
SM13 had impaired biofilm-forming capacities compared with
the wild-type strain (Yuan et al., 2005; Lemos et al., 2007).
The key virulence factor, hemolysin (FN0132) caused lysis
of erythrocytes, which provide iron and create an anaerobic
environment by reducing the oxygen supply to the site of
infection in Fusobacteria (Miao et al., 2010). Alizarin could
inhibit S. aureus and S. epidermidis biofilm formation and
repress expression of their hemolysin gene. Gowrishankar et al.
(2012) found that two coral-associated bacterial (CAB) extracts
reduced the production of EPS and hemolysin, which ultimately
resulted in the significant inhibition of biofilms formed by both
methicillin-resistant and -susceptible S. aureus (Lee et al., 2016).
In addition, butyrate-acetoacetate CoA-transferase subunit B
(FN1856) is suggested to be the most important route for
the production of butyrate which is present in elevated levels
in plaques associated with periodontitis, and may have the
ability to penetrate the gingival epithelium (Bolstad et al., 1996;
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Hippe et al., 2011). These observations are consistent with our
results that show that these genes were down-regulated in the
presence of resveratrol. This may be the reason that biofilm
formation was attenuated after adding resveratrol.

Evidence is accumulating showing that the ability to
form biofilms in many organisms involves QS regulation.
QS is a general cell–cell communication mechanism in
the bacterial kingdom occurring via small diffusible signal
molecules called autoinducers (AI), which act as members
of a chemical “language” to coordinate bacterial population
behaviors. Through the accumulation of bacterially produced AI,
the bacterial population is able to sense increases in cell density
and alter their gene expression accordingly to optimize their
physiological response for a particular environmental stimulus
and thereby modify the bacterial phenotype (Krysciak et al., 2011;
Pei and Lamas-Samanamud, 2014). Therefore, we speculated that
the natural compound resveratrol might attenuate F. nucleatum
biofilm formation by disturbing its QS system, which was
consistent with previous findings (Qin et al., 2014).

A wide variety of natural products have attracted considerable
research interest because of their potential value in disease
prevention and treatment. There is increasing demand from the
public for natural products that can achieve desired antimicrobial
and antiinflammatory effects for oral health care to complement
and enhance the mechanical removal of plaque biofilms (Chen
et al., 2011). Resveratrol, a natural compound found in some
foods and drinks, inhibits the biofilm formation of some bacterial
pathogens. Our study showed that resveratrol also inhibited
F. nucleatum biofilm formation. However, Millhouse et al. (2014)
have already found the resveratrol did not affect multi-species
biofilm composition which seemed to be in disagreement with
ours. The reason may be that the multi-species biofilm contains
four bacteria including S. mitis, F. nucleatum, P. gingivalis,
and A. actinomycetemcomitans. Among them, S. mitis was the
most dominant species (83.24%) in mature biofilm and the
percentage of F. nucleatum was only 15.16%. Since resveratrol
can be used to treat or prevent F. nucleatum infection, its
toxicity to mammalian cells needs to be clarified. Babich
et al. (2000) found that the midpoint cytotoxicity values for a
24 h exposure to resveratrol were 400 µM (≈100 µg ml−1)
for normal fibroblasts isolated from the oral cavity. The
inhibition concentration used in our study was only 1.5625–
25 µg ml−1. Thus, resveratrol has little effect on normal
human cells at this concentration. These data support that
natural product resveratrol has developed non-aggressive and
non-toxic therapeutic strategies to regulate biofilm formation.
Therefore, resveratrol is considered to be a potential therapeutic

target by attenuating the capacity of pathogenic bacteria to
cause infection and unlikely to induce antimicrobial drug
resistance.

CONCLUSION

Our study highlights that resveratrol has an inhibitory effect
on F. nucleatum biofilm formation. The significant advantage
of using resveratrol is that it does not affect the growth and
survival of pathogenic bacteria at usable concentrations, thus
avoiding selective pressure and the induction of resistance. Thus,
resveratrol could be further explored as a means to prevent dental
plague accumulation or F. nucleatum infection. However, natural
biofilms as dental plaque are complex structures of multiple
organisms which may behave quite differently from monoculture
biofilms. Thus, further studies will contribute to understanding
the molecular mechanism underlying the inhibitory effect of
resveratrol on other oral bacteria biofilm formation, and possibly
provide therapeutic or preventative methods for dental diseases.
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