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Fusobacterium nucleatum is a common oral opportunistic bacterium that can cause
different infections. In recent years, studies have shown that F. nucleatum is enriched in
lesions in periodontal diseases, halitosis, dental pulp infection, oral cancer, and systemic
diseases. Hence, it can promote the development and/or progression of these conditions.
The current study aimed to assess research progress in the epidemiological evidence,
possible pathogenic mechanisms, and treatment methods of F. nucleatum in oral and
systemic diseases. Novel viewpoints obtained in recent studies can provide knowledge
about the role of F. nucleatum in hosts and a basis for identifying new methods for the
diagnosis and treatment of F. nucleatum-related diseases.

Keywords: Fusobacterium nucleatum, periodontal disease, halitosis, dental pulp infection, oral cancer,
systemic diseases
1 INTRODUCTION

Fusobacterium nucleatum, which exists in the oral cavity and gastrointestinal tract of humans, is an
opportunistic pathogen causing different infectious diseases in the oropharynx and other parts of
the oral cavity. These include appendicitis (Swidsinski et al., 2011), pericarditis (Truant et al., 1983),
brain abscess (Han et al., 2003), osteomyelitis (Gregory et al., 2015), and chorioamnionitis
(Altshuler and Hyde, 1988). F. nucleatum was first discovered in periodontal diseases and
considered a potential periodontal pathogen (de Andrade et al., 2019). With improvements in
microbial detection technology, a higher number of previously neglected microorganisms were
found to play an important role in human diseases. Based on recent studies, F. nucleatum was
associated with extra-oral malignancies, including colorectal cancer, breast cancer, esophageal
squamous cell carcinoma, and gastric cancer (Kostic et al., 2012; Hsieh et al., 2018; Yamamura et al.,
2019; Parhi et al., 2020). Moreover, the mechanisms of F. nucleatum affecting colorectal cancer
(CRC) are important issues. Its role in extra-oral tumors suggests that it may also be important in
oral cancer, and this has aroused a significant interest among scholars. However, its specific
carcinogenic mechanisms in the oral field are unclear. Therefore, the role and specific mechanisms
of this bacterium in different oral and extraoral diseases were examined.
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This narrative review focused on the role of F. nucleatum
reported in the literature in recent years, which includes research
progress in periodontal diseases, halitosis, dental pulp infection,
oral cancer (Figure 1), and other related extraoral diseases.
2 F. nucleatum

F. nucleatum is an obligate anaerobic gram-negative bacillus
belonging to the genus Fusobacterium and is named based on
its slender shape and spindle-like tips at both ends (Bolstad et al.,
1996). It exists in the human oral cavity, gastrointestinal tract, and
other body parts. Moreover, it is a highly heterogenous species and
is classified into five subspecies based on several phenotypic
characteristics and DNA-DNA hybridization patterns, which are
as follows: F. nucleatum subsp. nucleatum, F. nucleatum subsp.
polymorphum, F. nucleatum subsp. fusiforme, F. nucleatum subsp.
vincentii, and F. nucleatum subsp. animalis (Kim et al., 2010). In
2013, F. nucleatum subsp. fusiforme and F. nucleatum subsp.
vincentii were classified into a single subspecies, F. nucleatum
subsp. fusiforme/vincentii according to the phylogenetic analysis of
16S rRNA, rpoB, zinc protease, and 22 other housekeeping genes
(Kook et al., 2013). Recently, the four F. nucleatum subspecies
were classified into four Fusobacterium species (Kook et al., 2017).
However, this notion has not been widely accepted in the
fusobacterial community.

F. nucleatum can participate in the formation of dental
plaques on human teeth and is correlated with the etiology of
periodontitis (Patini et al., 2018). F. nucleatum is an important
species in the physical interaction between gram-positive and
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2
gram-negative bacteria, which is a bridge between symbiotes and
true pathogens planted on the surface of the teeth and epithelium
(Kolenbrander, 2000). Adhesins which are found on the surface
of F. nucleatum can attach to other bacteria and cells and
contribute to bacterial pathogenicity. Fusobacterium adhesionA
(FadA) is an adhesion protein and is the most significant
virulence factor identified from F. nucleatum (Han, 2015). It
exists as the intact pre-FadA, which comprises 129 amino acid
residues, and the secreted mature FadA (mFadA), which
comprises 111 amino acid residues (Xu et al., 2007). Pre-FadA
and mFadA form FadAc, an active complex used for host cell
binding and invasion (Xu et al., 2007; Témoin et al., 2012). FadA
is highly conserved in oral Fusobacterium, such as F. nucleatum
and F. periodonticum, but not in non-oral Fusobacteria (Han
et al., 2005). Therefore, it can be a potential specific diagnostic
marker for F. nucleatum and F. periodonticum.

The pathogenicity of F. nucleatum is mainly correlated with
the following biological characteristics: First, several adhesins on
its surface, including RadD, Aid1, and FomA, can co-aggregate
bacteria to promote biofilm formation (Liu et al., 2010; Kaplan
et al., 2014; Guo et al., 2017). Second, it can invade different host
cells, such as epithelial cells, endothelial cells, and fibroblasts
(Han, 2015). Third, it can produce different metabolites such as
hydrogen sulfide, butyrate, and endotoxines released after cell
death (Vital et al., 2014; Basic et al., 2017). Fourth, similar to
other gram-negative bacteria, it can release extracellular vesicles
or outer membrane vesicles (Liu et al., 2019; Liu et al., 2021),
which contain several bioactive substances and participate in
bacteria-bacteria or bacteria-host cells communications (Macia
et al., 2019). Hence, due to the above-mentioned biological
FIGURE 1 | Oral Diseases Associated With F. nucleatum.
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characteristics, F. nucleatum can be closely correlated with
development of periodontal diseases, halitosis, dental pulp
infection, oral cancer and extraoral diseases.
3 ASSOCIATION BETWEEN F. nucleatum
AND PERIODONTAL DISEASE

Periodontal disease occurs in dental supporting tissues and
comprises gingivitis and periodontitis. Dental plaque is the
initiating and main pathogenic factor of periodontal disease. F.
nucleatum is the dominant microorganism in periodontal
tissues, and is associated with periodontitis etiology (Llama-
Palacios et al., 2020).

3.1 Relevant Epidemiological Evidence
He et al. (2012) showed that periodontally healthy individuals
and patients with chronic periodontitis commonly experience F.
nucleatum infection, F. nucleatum is more abundant in patients
with chronic periodontitis. Furthermore, the number of F.
nucleatum in the subgingival plaque is significantly higher than
that in the supragingival plaque and saliva. Wang et al. (2015)
analyzed subgingival plaques in 29 healthy participants and 25
patients with chronic periodontitis via real-time polymerase
chain reaction (PCR). Results showed that F. nucleatum could
be detected in all patients with chronic periodontitis, and the
detection rate in healthy participants was 86.21%. Moreover, it is
more abundant in patients with chronic periodontitis than in
healthy participants. The number of F. nucleatum increases with
the severity of periodontal disease, progression of inflammation,
and depth of periodontal pockets (Han, 2015). Rodrigues et al.
(Arenas Rodrigues et al., 2018) performed culture and PCR of the
subgingival biofilms of patients with gingivitis (n=70),
periodontitis (n=75), and healthy individuals (n=95). The
detection rates of F. nucleatum DNA were 57.1% and 68% in
patients with gingivitis and periodontitis, respectively, and 37.8%
in healthy individuals. Therefore, F. nucleatummay play a role in
periodontitis progression.

3.2 Role of F. nucleatum in Periodontitis
and Its Virulence Factors
F. nucleatum has a pathogenic role in periodontal infection. In an
experimental periodontitis mouse model, F. nucleatum infection
alone can cause alveolar bone loss or abscess (Chaushu et al.,
2012). Co-infection caused by F. nucleatum and Porphyromonas
gingivalis or Tannerella forsythus can stimulate host immune
response and induce alveolar bone loss (Polak et al., 2009; Settem
et al., 2012). The periodontal pathogenicity of F. nucleatum is
correlated with its virulence factors, epithelial-mesenchymal
transformation (EMT) of gingival epithelial cells, and the
immune environment created at the lesion site.

3.2.1 Virulence Factors
The virulence factors closely correlated with periodontitis in
F. nucleatum include outer membrane proteins RadD, CmpA,
Aid1, FomA, Fap2, and FadA; LPS; serine proteases; and
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3
butyric acid. The above-mentioned virulence factors can promote
the development of periodontitis via different mechanisms.

In the process of dental plaque formation, F. nucleatum can
co-aggregate with early and late dental plaque colonizers via
related proteins and receptors in its outer membrane, thereby
promoting the development of periodontal diseases (Kurgan et al.,
2017). In particular, F. nucleatum can attach to early colonizers of
dental plaques (including Streptococcus) via RadD (Guo et al.,
2017), CmpA (Guo et al., 2017), and Aid1 (Lima et al., 2017) on
its surface. After colonization in the biofilm, it can aggregate with
the late colonizers of dental plaque (such as P. gingivalis) via
FomA (Liu et al., 2010) and Fap2 (Coppenhagen-Glazer et al.,
2015). F. nucleatum can gather together with the representatives
of all oral bacterial species, thereby providing an important
scaffold for the symplastic growth, development, and prosperity
of these communities (Kabwe et al., 2019). Therefore, F.
nucleatum can co-aggregate with periodontal pathogens in large
quantities, thereby promoting the formation and maturation of
dental plaque, the initiating factor of periodontal disease.

Previous studies have shown that the periodontal
pathogenicity of F. nucleatum is correlated with its virulence
factor FadA, which is not only an adhesin but also an invasive
protein (Xu et al., 2007). By analyzing the whole genome of the
genus Fusobacterium, (Umana et al., 2019) compared active
invasive strains including F. nucleatum with passive invasive
strains. Results showed that F. nucleatum invasion to cells was
attributed to the synergistic action of FadA, RadD, and
membrane occupation and recognition nexus protein
(MORN2). Liu et al. (2014) revealed that the detection rate of
the FadA gene of F. nucleatum was positively correlated with the
gingival index. Hence, FadA may play an important role in
periodontal diseases. FadA can bind to epithelial cadherin,
invade host cells, and simultaneously affect the adhesion and
connection between the cells. Hence, other microorganisms can
invade the gingival epithelium. After invading epithelial cells, F.
nucleatum can interact with intracellular receptor retinoic
acidin-ducible gene I (RIG-I) via FadA to activate the nuclear
factor kappa-B (NF-kB) pathway and then activate inflammatory
response and can cause tissue destruction (Lee and Tan, 2014).
Meng et al. (2021) showed that F. nucleatum can produce
amyloid FadA under stress and disease, but not healthy,
conditions. It can act as a scaffold for biofilm formation,
endow acid tolerance and mediate the binding of F. nucleatum
to host cells (Meng et al., 2021). In addition, amyloid FadA can
induce periodontal bone loss in mice, and its toxicity can be
weakened by amyloid binding compounds (Meng et al., 2021).
Therefore, anti-amyloid therapies could be possible interventions
for F. nucleatum-mediated disease processes.

If F. nucleatum dies and dissolves, it can release endotoxines,
particularly lipopolysaccharide (LPS), which is recognized by
Toll-like receptors on the surface of gingival epithelial cells and
fibroblasts. Then intracellular danger signals are released, which
activate the NLRP3 inflammasome to promote the release of
mature cytokines such as interleukin-1b (IL-1b) (Hung et al.,
2018), thereby enhancing periodontal inflammation and bone
resorption. In addition, F. nucleatum can secrete a 65-kDa serine
February 2022 | Volume 12 | Article 815318
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protease, which not only provides nutritional requirements for
its growth but also destructs host tissues. By contrast, serine
protease can degrade extracellular matrix proteins, leading
to the destruction of periodontal connective tissues and
immunoglobulins and complements in the host immune
system. That is, it digests the a chain of IgA, which helps
bacteria escape the host’s defense system (Bachrach et al.,
2004). Butyric acid, which is another metabolite of F.
nucleatum, may affect the destruction and healing of
periodontal tissues. A high butyric acid concentration can
promote the production of ROS in osteoblasts, thereby
stimulating the secretion of 8-isoprostaglandin and matrix-
metalloproteinase-2, which leads to bone destruction and
affects bone repair (Chang et al., 2018).

3.2.2 EMT
F. nucleatum can prompt the invasion of other periodontal
pathogens by promoting the EMT of gingival epithelial cells.
Abdulkareem et al. (2018) revealed that F. nucleatum and other
gram-negative periodontal pathogens can promote the EMT of
gingival epithelial cells, up-regulate the expression of Snail-1,
down-regulate the expression of E-cadherin, and destruct the
connection between epithelial cells. Then, the integrity of the
gingival epithelium is lost, thereby promoting the invasion of
pathogenic bacteria into the deep periodontal tissues.

3.2.3 Immune Microenvironment
F. nucleatum can create a local immune microenvironment
conducive for periodontal disease progression. Kurgan et al.
(2017) found that both F. nucleatum subsp. nucleatum and F.
nucleatum subsp. polymorphum can prevent the production of
superoxide in neutrophils to prevent the oxidative killing of
neutrophils. Simultaneously, all strains of F. nucleatum can
reduce the number of neutrophils at the site of infection via
both necrosis and apoptosis. Hence, F. nucleatum may promote
the aggregation of late plaque colonizers such as P. gingivalis to
the lesion by reducing the defensive function of neutrophils
in the early stage of periodontal disease, thereby enhancing the
development of periodontal diseases. Johnson et al. (2018)
revealed that F. nucleatum alone can immediately trigger
gingival inflammation, which is characterized by up-regulating
the expression of IL-1b, IL-6, tumor necrosis factor necrosis
factor-a (TNF-a), and HMGB1 and inducing macrophage
infiltration in BALB/c mice. Simultaneously, infection
contributes to the recruitment of osteoclasts. Meanwhile, IL-1
b and TNF- a can promote the development of osteoclasts
(Boyce et al., 2005; Gao et al., 2007; Zupan et al., 2013).
Therefore, the expression of pro-inflammatory cytokines
increased by F. nucleatum infection is correlated with
osteoclasts activation and further bone loss.

If F. nucleatum is recognized by Toll-like receptors TLR-2 and
TLR-4, it activates the myeloid differentiation factor 88
dependent pathway. Hence, NF-kB is also activated, which
may lead to the release of cytokines such as IL-6 and TNF-a
(Kurgan et al., 2017; Kang et al., 2019). In addition, F. nucleatum
can inhibit the proliferation of fibroblasts and promote their
apoptosis, ROS generation and inflammatory cytokine
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4
production by activating the protein kinase B (PKB/AKT)/
MAPK and NF-kB signaling pathways (Kang et al., 2019),
thereby inhibiting tissue repair.

Moreover, F. nucleatum can work with other pathogenic
bacteria to prevent immune system destruction. Compared with
F. nucleatum infection alone, F. nucleatum and P. gingivalis co-
infection in macrophages can passivate the activation of
inflammasomes (Taxman et al., 2012). Moreover, F. nucleatum
can increase the invasive potential of P. gingivalis (Saito et al.,
2012). Hence, F. nucleatum can form an environment together
with other pathogens that promotes inflammation and
periodontal disease progression.

Although periodontitis is correlated with different
microorganisms, F. nucleatum plays a key role in the
development of periodontitis and the formation of dental
biofilms. Moreover, it can interact with other pathogenic
bacteria and create local inflammatory microenvironment,
thereby accelerating periodontitis progression. However,
the specific molecular mechanisms should be further evaluated.
The above-mentioned mechanisms indicate that targeting
F. nucleatum or its virulence factors may help enhance the effect
of periodontal therapy and/or increase the efficacy of preventive
strategies (Figure 2).
4 ASSOCIATION BETWEEN F. nucleatum
AND HALITOSIS

Halitosis is a common condition characterized by an unpleasant
and disgusting odor emanating from the mouth (Hampelska
et al., 2020). It can be classified into extra-oral halitosis and intra-
oral halitosis. The latter is mainly caused by volatile sulfur
compounds (VSCs). The most important VSCs are hydrogen
sulfide, dimethyl sulfide and methyl mercaptane, which are
mainly produced by anaerobic bacteria (Hampelska et al.,
2020). In recent years, studies have found that halitosis is
closely correlated with oral bacteria associated with periodontal
disease on tongue coating, and F. nucleatum is enriched in the
tongue coating of patients with halitosis.

4.1 Relevant Epidemiological Evidence
Amou et al. (2014) found that the tongue coating score was
positively correlated with sensory value, methyl mercaptane
concentration and VSC concentration in patients with bad breath.
Meanwhile, the above-mentioned clinical indices of halitosis were
positively correlated with the total number of oral bacteria and the
abundance of Prevotella intermedia, F. nucleatum and
Campylobacter rectus. In addition, the sensory value, VSC
concentration and Prevotella intermedia, F. nucleatum and
Campylobacter rectus concentrations of patients with bad breath
who clean their tongue were significantly lower than those of
patients without this habit (Amou et al., 2014). Adedapo et al.
(2020) showed that F. nucleatum, P. gingivalis and Prevotella
intermedius located on the back of the tongue are the main causes
for the increased production of VSCs in patients with halitosis.
Bernardi et al. (2019) revealed that the dorsal tongue biofilm of
patients with halitosis had a significantly higher proportion of
February 2022 | Volume 12 | Article 815318
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F. nucleatum and Streptococcus. In addition, in recent years, studies
have revealed that psychological stress and anxiety can increase the
discharge of VSCs in the oral cavity, which may be correlated with
F. nucleatum (Nani et al., 2017; De Lima et al., 2020).

4.2 Treatment of F. nucleatum-Related
Halitosis
In most cases, bad breath can improve with adequate moisture,
proper dental care, oral hygiene, deep tongue cleaning, and, if
necessary, garglinge with an effective mouthwash (Krespi et al.,
2006). Since halitosis is closely associated with specific bacteria in
the oral cavity including F. nucleatum, researchers have
developed several treatments or related drugs for oral
microbiota. These include vaccines, antibodies, plant extracts,
chemical reagents, probiotics and photodynamic therapy to
achieve the effect of treating or managing halitosis.

4.2.1 Vaccines and Antibodies
Liu et al. (2010) revealed that the co-culture of P. gingivalis and
F. nucleatum treated with FomA serum antibody reduced the
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5
production of VSCs. FomA is a porin on the surface of F.
nucleatum, which has both adhesive and immunogenicity
properties. Moreover, it participates in the co-aggregation of F.
nucleatum and other oral microorganisms (Zhang et al., 2021).
Therefore, FomA vaccine can inhibit halitosis by suppressing
bacterial co-aggregation. In addition, mice immunized with the
FomA vaccine can produce neutralizing antibodies and can
effectively minimize the progression of gum abscesses caused
by F. nucleatum and P. gingivalis co-infection (Liu et al., 2010).
Moreover, an abscess in the gum pocket caused by bacterial
infection is a common source of chronic halitosis (Liu et al.,
2009). Compared with antimicrobial agents, vaccines are more
selective to pathogenic bacteria and can prevent accidental injury
of beneficial bacteria in the mouth due to the use of broad-
spectrum antimicrobials, thereby resulting in potential adverse
effects. Common antibacterial mouthwash can remove oral
bacteria with nitrate reductase and affect the synthesis of nitric
oxide via the nitrate–nitrite–nitric oxide pathway, resulting in
higher blood pressure (Senkus and Crowe-White, 2020). The
vaccine, which is more specific, can prevent similar problems.
A

B

FIGURE 2 | Possible Mechanisms of Periodontal Disease Promotion by F. nucleatum. (A) The role of F. nucleatum in the formation of dental plaque: F. nucleatum
can coaggregate with early colonizers (including Streptococcus) and late colonizers (including P. gingivalis) of dental plaques via its adhesins; (B) The role of F.
nucleatum in periodontal tissues: F. nucleatum can promote the development of periodontal disease by affecting epithelial cells, fibroblasts, and locally infiltrated
neutrophils and macrophages in periodontal tissues. FomA, Fap2, CmpA, RadD, Aid1, and FadA are the major adhesins in F. nucleatum.
February 2022 | Volume 12 | Article 815318
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In recent years, Wang et al. (2019) revealed that the use of egg
yolk antibody IgY (obtained from the egg yolk of chickens
stimulated by F. nucleatum) can inhibit the growth of F.
nucleatum and significantly reduce the production of VSCs,
volatile organic compounds and ammonia. Egg yolk antibody
has a wide range of sources and is low cost. Considering the
complexity of the halitosis mechanism, it is important to target
specific pathogenic bacteria. Therefore, egg yolk antibody might
become an ideal antibacterial agent for bad breath.

4.2.2 Plant Extracts
Ben Lagha et al. (2020) found that three essential oils, specifically
Labrador tea, peppermint and winter savory, could inhibit the
growth and biofilm formation of F. nucleatum and reduce the
production of VSCs by F. nucleatum in a dose-dependent
manner. Therefore, these essential oils could not cause
cytotoxicity to human oral keratinocytes in effective
bactericidal concentration and action time. Higuchi et al.
(2019) revealed that epigallocatechin gallate, the main
component of green tea polyphenols, could inhibit the growth
of P. gingivalis, P. intermedia, and F. nucleatum at a dose of
2.5mg/mL. Sun et al. (2019) showed that alkali-transformed
saponin ATS-80 from quinoa husks separated by AB-2 resin
has evident inhibitory effects against F. nucleatum. Further, its
minimum inhibitory concentration at a dose of 31.3 mg/mL and
minimum bactericidal concentration at a dose of 125 mg/mL are
low. Hence, it can be used as an antibacterial agent for the
treatment of halitosis. Xue et al. (2017) revealed that less polar
ginsenosides obtained via thermal transformation have good
antibacterial activity against F. nucleatum, Clostridium
perfringens, and P. gingivalis. Ito et al. (2010) reported that
myrsinoic acid B purified from Myrsine seguinii can inhibit
the production of hydrogen sulfide and methyl mercaptane
by F. nucleatum, P. gingivalis, and Treponema denticola.
The above-mentioned plant extracts have a good inhibitory
effect against oral bacteria that cause bad breath. However,
due to their potential toxicity, oral microbiota dysbiosis and
other side effects, their long-term application may require
further evaluation.

4.2.3 Chemical Reagents
Suzuki et al. (2018) found that Zn2+ ions can inhibit the growth
of oral bacteria and the production of H2S, and its inhibition is
strain-dependent, among which F. nucleatum ATCC25586 is the
most sensitive. Kang et al. (2017) revealed that both ZnCl2 and
cetylpyridinium chloride (CPC) can effectively inhibit the growth
of F. nucleatum and directly reduce the production of VSCs. Via
randomized clinical trials, Shinada et al. (2010) revealed that
gargling with ClO2 for 7 days could effectively reduce healthy
subjects’ morning mouth odor, plaque, tongue coating, and the
number of F. nucleatum in the saliva among healthy individuals.
Similar to plant extracts, chemical reagents have a good
bacteriostatic effect. However, they can also kill symbiotic
bacteria in the oral cavity. Hence, this may lead to potential
adverse effects and limit the possibility of their long-
term application.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6
4.2.4 Probiotics
Kang et al. (Shinada et al., 2010) isolated and identified three
types of Weissella cibaria producing hydrogen peroxides from
the saliva of children. These isolates can inhibit the production of
VSCs by F. nucleatum in vitro and in vivo. Fujiwara et al. (2017)
showed that Reuterin-related compounds can significantly
inhibit methyl mercaptane produced by F. nucleatum and P.
gingivalis. However, they have no cytotoxic effects on to human
oral keratinocytes. Suzuki et al. (2014) found that Lactobacillus
saliva WB21 buccal tablets can significantly reduce the number
of F. nucleatum in patients with oral odor. In the future, the use
of probiotics can be a promising method to control bad breath,
because they have not only antibacterial activity but also
potential benefits to other systems of the whole body including
the gastrointestinal tract.

4.2.5 Photodynamic Therapy
Rai et al. (2016) found that the combination of photoactivated
antibacterial methylene blue and 665nm laser can effectively kill
P. gingivalis, Prevotella intermedia, Peptostreptococcus
anaerobius, Solobacterium moorei, and F. nucleatum. Hence,
photodynamic therapy may be a feasible method for the
treatment of bad breath. Sigusch et al. (2010) showed that after
periodontal scaling and root planning, patients with localized
chronic periodontitis, in whom F. nucleatum could still be
detected were treated with photodynamic therapy. Compared
with the control group without photodynamic therapy, gingival
redness and inflammation, bleeding on probing, average probing
depth and clinical attachment level significantly decreased.
Furthermore, the concentration of F. nucleatum DNA
significantly reduced after 12 weeks of treatment. Antibacterial
photodynamic therapy can effectively kill F. nucleatum, thereby
indicating its potential role in the treatment of bad breath.

Considering that broad-spectrum antimicrobial agents can
lead to microbiota dysbiosis, bacterial antibiotic resistance and
other adverse consequences, researchers are committed to
developing targeted drugs to kill F. nucleatum more accurately.
These drugs include vaccines, antibodies, probiotics, and
bacteriophages. However, most drug experiments are still in
the in vitro test stage. Whether good antibacterial properties
in the in vitro model can be achieved in vivo remains unknown,
and the effective dose and safety must be further evaluated.
5 ASSOCIATION BETWEEN F. nucleatum
AND PULP INFECTION

At present, via the detection of bacteria in dental pulp infection
samples, several studies have found that F. nucleatum is
significantly abundant in respective samples. Thus, it may play
an important role in the development and progression of dental
pulp infection.

5.1 Relevant Epidemiological Evidence
In pulpitis samples, Sassone et al. (2008) used checkerboard
DNA–DNA hybridization to determine the composition of the
February 2022 | Volume 12 | Article 815318

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Chen et al. Research Progress on Fusobacterium nucleatum
microbiota of primary pulp infection. Several species such as F.
nucleatum ssp. vincentii, Veillonella parvula, Treponema
socranskii, Enterococcus faecalis, and Campylobacter gracilis
found in symptomatic cases and F. nucleatum ssp. vincentii, F.
nucleatum ssp. nucleatum, Enterococcus faecalis, Eubacterium
saburreum, and Neisseria mucosa in asymptomatic cases. In the
samples of periapical periodontitis, Bouillaguet et al. (2018)
analyzed the bacteria in the dentin and root canal samples of
teeth with primary periapical periodontitis and secondary apical
periodontitis via 16S rRNA gene amplification sequencing.
Results showed that F. nucleatum is the most common and
abundant operational taxonomic unit. Meanwhile, the
proportion of F. nucleatum in secondary root canal infection
was lower than that in primary root canal infection. Rôças et al.
(Rôças and Siqueira, 2012) showed that the most common taxa
detected in the microbiota of retreated root canals were
Propionibacterium species, F. nucleatum, streptococci, and
Pseudoramibacter alactolyticus . Pereira et al. (2017)
quantitatively detected bacteria in apical 3 mm and periapical
infection samples of teeth with failed pulp treatment. Results
showed that F. nucleatum, Dialister pneumosintes, and
Tannerella forsythia were the most common bacteria. Barbosa-
Ribeiro et al. (2021) detected the microbiota in the root canal of
teeth with failed pulp treatment via 16S rRNA gene sequencing
and PCR. Results showed that Enterococcus faecalis, F.
nucleatum, and P. gingivalis were associated with periapical
lesions measuring > 3 mm. Johnson et al. (2006) found that
Enterococcus faecalis and F. nucleatum can co-aggregate. Hence,
the combination of these two bacteria plays a potential role in
dental pulp infection. In addition to evidence obtained using
samples of pulpitis and periapical periodontitis, F. nucleatum
was found to be abundant in endo-periodontal lesions. Didilescu
et al. (2012) qualitatively and semi-quantitatively evaluated the
bacteria in the root canal system and periodontal pocket of 46
patients with endo-periodontal lesions via PCR and DNA–DNA
blotting. Parvimonas micra, F. nucleatum, and Capnocytophaga
sputigena were extremely abundant in dental pulp samples,
thereby showing that these bacteria may play a role in the
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7
pathogenesis of endo-periodontal lesions. Based on the
evidence obtained using the above–mentioned clinical samples,
F. nucleatummay play a role in dental pulp infection and disease
progression (Table 1).

5.2 Possible Mechanisms of F. nucleatum
in Dental Pulp Infection
The specific role and mechanisms of F. nucleatum in dental pulp
infection remain unclear. Current studies have shown that the
role of F. nucleatum in dental pulp infection may be correlated
with its alkali tolerance and endotoxines.

5.2.1 Alkali Tolerance
Lew et al. (2015) found that F. nucleatum could tolerate the root
canal environment with pH 9, and the alkali tolerance of F.
nucleatum in the biofilm was stronger than that of F. nucleatum
in the planktonic state (Chávez de Paz et al., 2007). It was
concluded that its strong alkali tolerance made it survive in the
root canal washed by alkaline disinfectant, allowing its existence
in all stages of dental pulp infection.

5.2.2 Endotoxines
Endotoxines on the surface of F. nucleatum may play an
important role in root canal infection. Gomes et al. (2012)
reported that in the teeth with primary dental pulp infection,
the root canals with clinical symptoms had higher endotoxin
content than asymptomatic teeth, and there was a positive
correlation between endotoxin content and larger X-ray
permeable areas (> 3 mm) (Barbosa-Ribeiro et al., 2021).
Enterococcus faecalis, F. nucleatum, and P. gingivalis are
associated with periapical lesions measuring > 3 mm. Thus, the
endotoxines of pathogenic bacteria may play a role in the
progression of root canal infection. Martinho et al. (2014)
found that P. micra, F. nucleatum, and P. gingivalis were the
most common bacteria in infected root canals. Meanwhile,
endotoxines in the root canals were positively correlated with
IL-6 and IL-10. After macrophage stimulation due to the
contents of infected root canals, the phosphorylation of p38
TABLE 1 | Alterations in Predominant Bacteria Identified in Dental Pulp Infection (Sassone et al., 2008; Didilescu et al., 2012; Rôças and Siqueira, 2012; Pereira et al.,
2017; Bouillaguet et al., 2018; Barbosa-Ribeiro et al., 2021).

Bacterial Phylum/Genus/Species Samples Testing methods

In symptomatic cases: F. nucleatum subsp. Vincentii, Veillonella parvula,
Treponema socranskii, Enterococcus faecalis, and Campylobacter gracilis

30 Symptomatic and 30 asymptomatic single-rooted teeth with
necrotic pulp

Checkerboard DNA-
DNA hybridization
methodIn asymptomatic cases: F. nucleatum subsp. Vincentii, F. nucleatum subsp.

nucleatum, E. faecalis, Eubacterium saburreum, and Neisseria mucosa
The most prevalent and abundant OUT: F. nucleatum 43 dental roots(21 primary apical periodontitis group and 22

secondary apical periodontitis group) and 21 dentin samples
16S rRNA gene
sequencingThe proportions of F. nucleatum: higher in primary infected root canals and

lower in secondary infected root canals
The most prevalent taxa: Propionibacterium species, F. nucleatum,
streptococci, and Pseudoramibacter alactolyticus

42 teeth undergoing root canal retreatment Quantitative real-time
PCR (qPCR) assay

The most prevalent species: F. nucleatum (71.6%), Dialister pneumosintes
(58.3%) and Tannerella forsythia (48.3%)

33 3 mm samples root ends and 30 samples of the
surrounding chronic periapical infection

Quantitative real-time
PCR (qPCR) assay

The most prevalent species: E. faecalis and Porphyromonas gingivalis 20 infected root canals of single-rooted teeth at the different
phases of the endodontic retreatment

16S rRNA gene
sequencing and PCR

Endodontic samples: P. micra, F. nucleatum and C. sputigena 46 patients presenting with different types of endo-periodontal
lesions

PCR and DNA–DNA
hybridizationPeriodontal samples: P. micra, F. nucleatum, C. sputigenaplus and C. rectus
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reached the peak at 60 min, and NF-kB was activated rapidly 10
min after stimulation. Hence, the pathogens in the root canal
may activate the TLR-4 of macrophages via endotoxines and can
promote the production of IL-6 and IL-10 via the p38 MAPK
and NF-kB signaling pathways, thereby leading to root canal
inflammation. Maciel et al. (2012) inoculated F. nucleatum into
the root canals of sterile mice. Then, F. nucleatum upregulated
the expression of IFN-g and TNF-a mRNA in periapical tissues
on the 7th (acute phase) and 14th (chronic phase) days of
infection. Notably, IFN-g may interact with TNF-a, induce
RANKL overexpression, and activate osteoclast bone
resorption (Fukada et al., 2009; Teixeira-Salum et al., 2010).
Under bacterial stimulation, RANKL and pro-inflammatory
cytokines induce a synergistic effect in the periapical area,
thereby promoting the expansion of periapical lesions
(Kawashima et al., 2007; De Rossi et al., 2008).

Based on the above-mentioned pathogenic mechanisms of
F. nucleatum, the use of conventional alkaline disinfectants
may not be effective in refractory dental pulp infections. After
relevant pathogenic bacteria are identified via bacterial culture,
better outcomes can be achieved using targeted drugs for
killing bacteria.
6 ASSOCIATION BETWEEN F. nucleatum
AND ORAL CANCER

Oral cancer is the 11th most common cancer worldwide, and
oral malignant tumors are oral squamous cell carcinoma (OSCC)
accounts for approximately 90% of all oral malignancies
(D’Souza and Addepalli, 2018). Surgical techniques, adjuvant
radiotherapy and chemotherapy have progressed in recent
decades. However, the incidence of OSCC may increase
worldwide, and the 5-year overall survival rate is extremely low
at approximately 50%–60% (Zhang et al., 2019). According to
the literature, approximately 15% of OSCC cases have an
unknown origin and can be attributed to viruses (such as
human papilloma virus and Epstein–Barr virus), fungi (such as
Candida albicans) and certain bacteria. Bacterial infection can
lead to chronic inflammation, and chronic inflammation caused
by infection is one of the most important causes of cancer (Kuper
et al., 2000). Therefore, in some cases of OSCC of unknown
origin, the biological role and related mechanisms of specific
microorganisms, which have scientific significance and clinical
application value for the prevention, early diagnosis and
treatment of OSCC, should be further explored.

6.1 Relevant Epidemiological Evidence
F. nucleatum, a common opportunistic bacterium in the oral
cavity, is closely correlated with oral cancer in recent years. Yang
et al. (2018) performed 16S rRNAV3V4 amplification sequencing
to determine the microbiota in the mouthwashes of 51 healthy
people and 197 patients with OSCC at different stages. Results
showed that the abundance of Fusobacteria increased significantly
with oral cancer progression among healthy controls (2.98%)
those with OSCC stage 1 (4.35%) to 4 (7.92%). Meanwhile, at the
genus level, the abundance of Fusobacterium increased with
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8
cancer progression. Via 16S rRNA amplification sequence of
oral swabs, Su et al. (2021) analyzed the bacteria within the
lesion surface of OSCC and its contralateral normal tissues of
male patients with buccal mucosal cancer in the cohort of
discovery (n = 74) and subsequent validation cohort (n = 42).
Hence, the bacterial biomarkers were associated with OSCC,
among which the most different genera were Fusobacterium
(enriched in OSCC) and Streptococcus (reduced in OSCC).
Further functional prediction of the oral microbiome showed
that there was a differential enrichment of microbial genes
correlated with terpenoid and polyketide metabolism between
the control and tumor groups. Hence, oral microbiome played a
role in the formation of the tumor microenvironment by
inhibiting the biosynthesis of secondary metabolites with
anticancer effect (Su et al., 2021). At the species level, Chang
et al. (2019) detected the relative abundance of P. gingivalis, F.
nucleatum, and Streptococcus sanguis in 61 cancer tissues,
paracancerous tissues, subgingival plaque samples and 30
normal tissues via quantitative polymerase chain reaction
(qPCR). The numbers of P. gingivalis and F. nucleatum in
cancer tissues were higher than those in normal and
paracancerous tissues. Moreover, the number of Streptococcus
sanguis in normal tissues was higher than that in malignant and
paracancerous tissues. In addition, the relative abundance of P.
gingivalis and F. nucleatum in cancer tissues was positively
correlated with their relative abundance in subgingival plaque.
Al-Hebshi et al. (2017) sequenced the V1-V3 DNA of 20 fresh
OSCC biopsy and 20 deep epithelial swab samples. Results
showed that F. nucleatum subsp. polymorphum had the highest
proportion in oral cancers, followed by Pseudomonas aeruginosa
and Campylobacter. Zhang et al. (2019) performed 16S rDNA
sequencing to analyze the microbiota compositions of tumor sites
and opposite normal tissues in the buccal mucosal of 50 patients
with OSCC. Results showed that the richness and diversity of
bacteria were significantly higher in tumor sites than in controls.
The abundance of F. nucleatum, Prevotella intermedia,
Aggregatibacter segnis, Capnocytophaga leadbetteri, and
Peptostreptococcus stomatis increased significantly. In the above-
mentioned clinical samples, F. nucleatum was enriched in OSCC.
Therefore, it may have a certain effect on the development of
OSCC (Table 2).

6.2 Possible Role and Related
Mechanisms of F. nucleatum
in Oral Cancer
The enrichment of F. nucleatum in OSCC has attracted the
attention of scholars. However, its role in OSCC and specific
mechanisms are not completely elucidated. Zhang et al. (2021)
analyzed the differentially expressed mRNAs and lncRNAs caused
by human immortalized oral epithelial cells infected by
F. nucleatum with an MOI of 100 via high-throughput
sequencing. Results showed the top 10 HUB genes were
correlated with tumor progression. Moreover, some HUB genes
were abnormally expressed in the clinical samples of OSCC. Kang
et al. (2019) obtained the transcriptome map of gingival
mesenchymal stem cells stimulated by F. nucleatum via gene
chip significant map (maSigPro) analysis. After culture for 3, 7, 14
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and 21 days, 790 (9 clusters) differentially expressed genes were
found. These genes were significantly enriched in the cell
adhesion junction and tumor-related pathways. The above-
mentioned bioinformatics analysis showed that the infection of
F. nucleatum in the oral cavity has a potential tumor-promoting
effect. Harrandah et al. (2020) reported that compared uninfected
mice, those infected with F. nucleatum and P. gingivalis developed
significantly larger and numerous pathological changes in 4NQO-
induced oral carcinoma in situ. Kamarajan et al. (2020) have
found that the main periodontal pathogens (P. gingivalis, T.
denticola, and F. nucleatum) can promote cell migration,
invasion, tumorsphere formation, and OSCC tumorigenesis,
without significantly affecting cell proliferation or apoptosis.
Gallimidi et al. (Binder Gallimidi et al., 2015) reported that oral
epithelial cells exposed to P. gingivalis and F. nucleatum can
activate TLR signals, produce IL-6, activate STAT3, and induce
important effector molecules (such as cyclin D1, MMP9, and
heparanase) to drive the growth and invasion of OSCC. These
results support the role of F. nucleatum in promoting OSCC.
However, only few studies assessed the responsible mechanisms,
which are still not well defined.

6.2.1 Proliferation
In recent years, F. nucleatum have been found to promote the
proliferation of OSCC. Uitto et al. (2005) reported that the
upregulation of cyclin-dependent kinase (CDK) 7 and 9
mediated by F. nucleatum can enhance the proliferation of
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9
human immortalized keratinocytes. Geng et al. (2020) showed
that F. nucleatum infection can cause DNA damage in tongue
squamous cell carcinoma cell line Tca8113 via the Ku70/p53
pathway. This mechanism can then enhance proliferation ability
and accelerate the cell cycle of Tca8113 cells. Although Ku70
participates in non-homologous end-joining of DNA repair by
binding to the end of DNA double-strand breaks, the specific
mechanism between F. nucleatum infection and Ku70 is unclear.
Tumor suppressor protein p27 is a member of the CDK inhibitor
family, which blocks cells from entering the S phase by binding to
CDK and participates in cell cycle regulation. Geng et al. (2020)
reported that the p27 levels in tongue squamous cell carcinoma
cell lines infected by F. nucleatum decreased. Meanwhile, the
percentage of cells in the G1 phase decreased, and that of cells in
the S phase increased significantly. As previously mentioned, F.
nucleatum can produce hydrogen sulfide. In this context, Ma et al.
(2015) showed that hydrogen sulfide can accelerate the cell cycle
process of OSCC cell lines. Zhang et al. (2016) revealed that
hydrogen sulfide can promote the proliferation of oral cancer cells
by activating the COX2/AKT/ERK1/2 axis. Hence, F. nucleatum
may play a cancer-promoting role by producing hydrogen sulfide.

6.2.2 Migration and Invasion
In addition to promoting the proliferation of OSCC,
F. nucleatum may enhance its migration and invasion. Human
epithelial cells infected with F. nucleatum can increase the
production of MMP-9 and MMP-13 by activating mitogen-
TABLE 2 | Alterations in Predominant Bacteria Identified in Oral Cancer (Nagy et al., 1998; Al-Hebshi et al., 2017; Yang et al., 2018; Yost et al., 2018; Chang et al.,
2019; Zhang et al., 2019; Hosgood et al., 2021; Su et al., 2021).

Bacterial
Phylum/
Genus/
Species

Subjects Types of Samples Testing methods Association with Oral Cancer

Fusobacterium 20 male and 1 female Biofilm from the central
surface of the lesions and
from contiguous healthy
mucosa

ATB identification
procedures
(BioMerieux, Lyon,
France)

Increased at tumor sites

Fusobacterium 40 Chinese subjects Cancer lesion samples and
matched controls

16S rRNA gene
sequencing

Significantly enriched in OSCC samples; several operational
taxonomic units (OTUs) associated with Fusobacterium were
highly involved in OSCC and demonstrated good diagnostic
power

Fusobacteria 4 OSCC subjects and 7 healthy
subjects

Oral swab Metatranscriptomic
analysis

Fusobacteria virulence factors may be involved in the
pathogenesis of oral cancer

Fusobacterium 6 patients with OSCC The Cancer tissues,
paracancerous tissues and
subgingival plaque samples

16S rRNA gene
sequencing

Had significantly higher relative abundances in cancer tissues
than in paracancerous tissues

Fusobacterium 51 healthy individuals and 197
OSCC patients

Oral rinse from 51 healthy
individuals and 197 OSCC
patients at different stages

16S rRNA gene
sequencing

Increased with cancer progression

Fusobacterium Discovery (n=74) and validation
(n=42) cohorts of male patients
with cancers of the buccal
mucosa.

Buccal swab 16S rRNA gene
sequencing

Enriched in the tumor sites

F. nucleatum
subsp.
polymorphum

20 OSCC patients and 20 control
subjects

Fresh biopsies (cases) and
deep-epithelium swabs
(matched control subjects)

16S rRNA gene
sequencing

The most significantly overrepresented species in the tumors

F. nucleatum 50 patients with OSCC Tumor sites and opposite
normal tissues in buccal
mucosal

16S rDNA
sequencing

Significantly increased in the OSCC group
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activated protein kinase p38 (Uitto et al., 2005). Meanwhile,
MMP-9 and MMP-13 play an important role in tumor invasion
and metastasis. Zhang et al. (Uitto et al., 2005) revealed that F.
nucleatum can upregulate mesenchymal markers, including N-
cadherin, vimentin and SNAI1, via the lncRNAMIR4435-2HG/
miR-296-5p/Akt2/SNAI1 signal pathway in non-cancerous
human immortalized oral epithelial cells and OSCC cell lines
to promote the migration and epithelial-to-mesenchymal
transition (EMT) of these two types of cells. Moreover, the
promoting effect of F. nucleatum on EMT is not dependent on
the whole living bacterial cells, and FadA may be closely
correlated with this process. EMT refers to the biological
process in which epithelial cells are transformed into cells with
the interstitial phenotype via specific procedures. Epithelial-
derived malignant tumors should have the ability to migrate
and invade, which are important biological processes (Mittal,
2018). Kamarajan et al. (2020) reported that the migration of
OSCC cells enhanced by the main periodontal pathogens (P.
gingivalis, T. denticola, and F. nucleatum) is mediated by the
activation of integrin aV and FAK, because the effect can be
eliminated by the stable blocking of aV and FAK expression.
Harrandah et al. (2020) showed that oral cancer cell lines
infected with F. nucleatum upregulated the expression of
MMP1, MMP9, and IL-8; MYC, JAK1, and STAT3, which are
cell survival markers; and ZEB1 and TGF-b, which are EMT
markers. Moreover, the culture supernatant of F. nucleatum,
mainly LPS, was sufficient to induce IL-8 secretion, thereby
indicating that living F. nucleatum may not require direct
contact with cancer cells to change their behavior. Hence, the
presence of F. nucleatum in the oral tumor microenvironment
can potentially enhance the invasiveness, survival rate and EMT
of cancer cells. The inflammasome contains a CARD (ASC),
procaspase-1, and sensor protein, which is either a NOD-like
receptor (NLR) or an absent in melanoma 2 (AIM2)-like
receptor (Malik and Kanneganti, 2017). Furthermore, it can
mediate the process of IL-1b, and pro-IL-18, which are the two
most important inflammatory cytokines, to their active forms
(Malik and Kanneganti, 2017). Aral et al. (2020) revealed that
OSCC cell infection by F. nucleatum can enhance the expression
of IL-1b by increasing AIM2 and by down-regulating POP1,
which can control the activation of the NLRP3 inflammasome by
targeting ASC. IL-1 b can participate in the early and late stages
of oral carcinogenesis by promoting oral dysplastic cell
proliferation, carcinogenic cytokine production, and OSCC
invasiveness (Lee et al., 2015). Abdulkareem et al. (2018)
reported that F. nucleatum may induce OSCC cells to undergo
EMT by up-regulating TGF-b, TNF-a and EGF signals.
However, at present, the specific molecular mechanisms of F.
nucleatum promoting the migration and invasion of OSCC cells
are not extremely clear, and most studies remained at the stage of
in vitro experiments. Moreover, these findings have not been well
confirmed in animal experiments.

6.2.3 Change in the Local Tumor Microenvironment
F. nucleatum can change the local immune microenvironment of
the tumors it colonizes, and it plays a role in assisting tumor
immune evasion. Gur et al. (2015) confirmed that the outer
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 10
surface protein Fap2 of different F. nucleatum strains can bind
and activate the human inhibitory receptor TIGIT expressed by
T cells and natural killer cells (NK cells), thereby inhibiting anti-
tumor immunity. Based on subsequent experiments, F.
nucleatum was found to bind and activate the human
inhibitory receptor CEACAM1. Hence, the activity of T cells
and NK cells was inhibited (Gur et al., 2019). However, the
specific protein of F. nucleatum binding to CEACAM1 is
unknown. Therefore, F. nucleatum can promote the colonized
tumor by regulating the immune microenvironment, which is
beneficial to tumor development. In the future, drugs or
CEACAM1 and TIGIT inhibitors targeting the surface proteins
of F. nucleatum can be developed to eliminate bacterial-
dependent tumor immune evasion and to help in the
treatment of tumors colonized by F. nucleatum. In addition, F.
nucleatummay have an adverse effect on the treatment of OSCC.
Rui et al. (2021) found that Fusobacterium andMycoplasma were
more abundant in the nonresponsive group at the genus level via
16S rRNA gene sequencing and metagenomic analysis of oral
rinse samples obtained from patients with OSCC who received
docetaxel, cisplatin, and 5-fluorouracil (TPF) induction
chemotherapy. Meanwhile, Slackia was more enriched in the
responder group. Metagenomic shotgun sequencing analysis
revealed that F. nucleatum was more enriched in the
nonresponsive group (Rui et al., 2021). Therefore, F.
nucleatum abundance may be correlated with poor response to
chemotherapy in patients with OSCC. Da et al. (2021) showed
that F. nucleatummay down-regulate p53 and E-cadherin via the
Wnt/NFAT pathway, thereby promoting cisplatin resistance and
OSCC cell migration. However, the molecular mechanism of the
association between F. nucleatum and OSCC cells leading to
cisplatin resistance has not been validated yet (Figure 3).

6.3 Anti-Cancer Treatment for
F. nucleatum
Considering that bacterial infection may have a promoting effect
in oral cancer, its treatment has been assessed in recent years.
Kamarajan et al. (2015) found that Nisin can reduce the
development of oral tumors, and its long-term use can prolong
the life of tumor-bearing mice. Further, Nisin can eliminate cell
migration, invasion, tumorsphere formation, and OSCC
tumorigenesis promoted by F. nucleatum in vivo (Kamarajan
et al., 2020). Therefore, Nisin has a good therapeutic potential
and can be used as an anticancer agent and an inhibitor of
pathogen-mediated carcinogenesis. With higher global antibiotic
resistance rates, people are attempting to develop alternatives
such as bacteriophages to achieve targeted therapy that attacks
specific bacteria in biofilms and to prevent adverse consequences
such as microbiota dysbiosis and antimicrobial resistance. Kabwe
et al. (2019) identified a new type of bacteriophage FNUI against
F. nucleatum, which can effectively kill cells in the biofilm of F.
nucleatum and significantly reduce the number of F. nucleatum
biofilms. Bacteriophages can be prepared in buccal tablets or
pastes to kill potential bacteria when released in vitro (Brown
et al., 2018). However, their use in vivo for the treatment of
complex biofilms in periodontitis and as adjunctive therapy for
cancer treatment must be further evaluated.
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7 ASSOCIATION BETWEEN F. nucleatum
AND SYSTEMIC DISEASES

F. nucleatum is correlated with several diseases outside of the oral
cavity. In this chapter, we reviewed the research progress of F.
nucleatum in extra-oral diseases in recent years. Figure 4 depicts
the diseases in which F. nucleatum can be isolated from clinical
specimens. However, whether F. nucleatum contributes to the
development of these diseases must be validated. Therefore, this
study assessed diseases including CRC, in which F. nucleatum
has the most mechanistic supportive role, and adverse pregnancy
outcomes (Brennan and Garrett, 2019).

7.1 CRC
F. nucleatum can be enriched in CRC tissues (Kostic et al., 2012),
and patients with CRC had identical strains of F. nucleatum in
the CRC and oral cavity (Komiya et al., 2019). Therefore, F.
nucleatum in CRC may originate from the oral cavity.

F. nucleatum can affect the multiple stages of CRC
development via different mechanisms (Brennan and Garrett,
2019). First, in the initial stage of tumorigenesis, F. nucleatum
can activate the b-catenin and Wnt pathway via the binding of
adhesion protein FadA to E-cadherin on the surface of CRC cells
(Rubinstein et al., 2013). This phenomenon leads to the
activation of the NF-kB pathway via the combination of
virulence factor LPS and TLR-4 on the surface of CRC cells,
which results in a higher carcinogenic miR-21 expression (Yang
et al., 2017). The above-mentioned mechanisms can promote the
proliferation of cancer cells.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 11
Second, if a tumor develops, F. nucleatum can bind to
acetylgalactosamine (Gal-GalNAc) overexpressed on the
surface of CRC cells via fibroblast activation protein 2 (Fap2)
lectins on its surface, thereby resulting in the local enrichment of
F. nucleatum in cancer tissues (Yang et al., 2017). In addition, F.
nucleatum can bind to the colon epithelium via FadA and RadD
and invade the mucosa (Wu et al., 2019).

Third, in the process of tumor development, F. nucleatum can
induce a pro-inflammatory microenvironment and suppress host
immunity conducive to CRC progression (Wu et al., 2019). The
invasion of F. nucleatum increases the infiltration of
inflammatory cells and the release of cytokines, such as NF-kB,
IL-6, IL-8, IL-10, and IL-18, which promote cell proliferation
(Wu et al., 2019). Moreover, it can interact with the immune
cells, leading to a lower T cell density, greater M2 macrophage
polarization, NK cell activity inhibition, and higher number of
dendritic cells and tumor-associated neutrophils that diminish
anti-tumor immunity (Wu et al., 2019). Moreover, it can
selectively recruit tumor-infiltrating myeloid cells, which can
promote tumor progression (Kostic et al., 2013). In addition to
forming a local cancer-promoting immune microenvironment,
F. nucleatum can promote CRC metastasis. F. nucleatum
infection can upregulate caspase recruitment domain 3
(CARD3) expression by activating autophagy signaling (Chen
et al., 2020) and by upregulating KRT7-AS/KRT7 by activating
the NF-kB pathway (Chen et al., 2020), which promotes CRC
metastasis. Moreover, F. nucleatum infection can increase the
secretion of miR-1246/92b-3p/27a-3p and CXCL16/RhoA/IL-8-
enriched exosomes from CRC cells, which can enhance the cell
FIGURE 3 | Possible Mechanisms of Cancer Promotion by F. nucleatum.
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migration ability of non-infected CRC cells in vitro and promote
CRC metastasis in vivo (Guo et al., 2020).

Fourth, in the tumor treatment stage, F. nucleatum can
increase the risk of recurrence and chemotherapy resistance by
inhibiting the specific miRNAs involved in autophagy (Yu et al.,
2017). Moreover, it can migrate to the CRC locus, impair the
therapeutic efficacy of radiotherapy, and affect patient prognosis.
The use of metronidazole to kill F. nucleatum can reduce CRC
radiotherapy resistance induced by oral microbiota (Dong et al.,
2021). To enhance the chemotherapy effect of CRC, Zheng et al.
(2019) linked the F. nucleatum-specific phage with dextran
nanoparticles loaded with CRC chemotherapeutic drugs to
form phage-guided nanoparticles, which can effectively inhibit
the growth of F. nucleatum, significantly prolong the survival
time of CRC mice and reduce the number of adenomas in Apc
mice prone to intestinal adenomas. These results indicate that
phage-guided nanotechnology provides a new method for the
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 12
future treatment of CRC. A recent study showed that in patients
with CRC, the abundance of F. nucleatum is positively correlated
with a high glucose metabolism of CRC cells. F. nucleatum
regulates the histone modification of ENO1 (a key component
of glycolysis pathway) gene by upregulating lncRNAENO1-IT1,
thereby promoting the glycolysis of CRC cells (which provide
energy for tumor cells) and cancer (Hong et al., 2021). Therefore,
targeting the ENO1 pathway can be a potential therapeutic
strategy in patients with CRC with a high abundance of
F. nucleatum.

Recent studies have shown that F. nucleatum can promote the
development of CRC via different mechanisms. However, at
present, whether F. nucleatum is a cause or result of CRC has
not been elucidated. Regardless, F. nucleatum should be
considered a risk factor for CRC, and targeting F. nucleatum in
the treatment of CRC may help improve the prognosis of
patients with CRC.
FIGURE 4 | Extraoral Diseases Associated With F. nucleatum. References are (Truant et al., 1983; Ford et al., 2005; De Socio et al., 2009; Swidsinski et al., 2011;
Lee et al., 2012; Mitsuhashi et al., 2015; Yamamura et al., 2016; Rodrıǵuez Duque et al., 2018; Vander Haar et al., 2018; Hashemi Goradel et al., 2019; Liu et al.,
2019; Abushamma et al., 2020; Barrera-López et al., 2020; Boehm et al., 2020; Cao et al., 2020; Huang et al., 2020; Kenig et al., 2020; Parhi et al., 2020;
Swaminathan and Aguilar, 2020; Hoffmeister et al., 2021).
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7.2 Adverse Pregnancy Outcomes
In recent years, using 16S rRNA-based culture-independent
methods, researchers have found F. nucleatum in placental and
fetal tissues (Cahill et al., 2005; Han et al., 2009; Gonzales-Marin
et al., 2013; Wang et al., 2013). Previous studies have shown that
F. nucleatum in the placenta may originate from subgingival
plaque in the oral cavity. Via the identification of clinical
samples, the strains of F. nucleatum found in the amniotic
fluid and placenta matched the strains in the maternal or
paternal’s subgingival regions, rather than in the lower genital
tract (Gauthier et al., 2011). Animal studies have revealed that
the injection of saliva or subgingival plaque samples into mice
can cause infection caused by oral symbiotic species, including F.
nucleatum, in the murine placenta. Therefore, oral bacteria can
translocate to the fetal-placental unit (Fardini et al., 2010).

Animal models have shown the pathogenic role of F. nucleatum
in adverse pregnancy outcomes. Han et al. (2004) found that the
injection of F. nucleatum into the tail vein of pregnant mice caused
preterm and term fetal loss within 72 h. Further, F. nucleatum was
restricted inside the uterus, without spreading systemically. Aother
study found that F. nucleatum induced fetal death in mice via the
stimulation of TLR4-mediated placental inflammatory response
(Liu et al., 2007). The ability of F. nucleatum to colonize the mouse
placenta is closely correlated with the adhesins on its surface (Han
et al., 2005; Kaplan et al., 2009; Kaplan et al., 2014; Coppenhagen-
Glazer et al., 2015). Among them, FadA plays a critical role in the
murine model of infection (Han, 2015). When FadA binds to
vascular endothelial cadherin (VE-cadherin), it causes VE-
cadherin to migrate away from the cell-cell junction, thereby
increasing endothelial permeability and allowing microorganisms
to penetrate the endothelium (Fardini et al., 2011). These
mechanisms can explain how F. nucleatum overcomes obstacles
including the placental barrier. Therefore, this finding supports the
importance of oral health and dental care among pregnant women.
8 SUMMARY AND CONCLUSIONS

F. nucleatum, which is one of the main pathogens associated with
periodontal diseases, not only causes periodontal disease and
halitosis, but also plays an important role in dental pulp
infection. In addition, a large body of epidemiological data
shows that it is also essential in promoting OSCC and is
considered a carcinogenic bacterium. Although periodontitis and
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 13
cancer are different diseases, their associated wounds do not heal
(Cugini et al., 2013). Periodontitis is an independent risk factor for
OSCC (Tezal et al., 2009). Moreover, they have potential
similarities in terms of the pathogenic mechanisms of F.
nucleatum in both diseases. F. nucleatum can play a role in these
two diseases by causing chronic inflammation, promoting EMT of
epithelial cells, and altering the local immune microenvironment.

In addition, the specific mechanisms of oral carcinogenic
bacteria including F. nucleatum in OSCC are still not completely
understood. It may be extremely early to consider eliminating
carcinogenic bacteria to prevent oral cancer. Drugs that can
effectively target pathogenic bacteria are still being investigated.
In the future, with further development of bacteria detection
technology and large data analysis, a spectrum of carcinogenic
bacteria in terms of different regions, races, ages, and stages of
tumor development can be established based on large population
data. Determining the diagnostic biomarkers for OSCC at an
early stage is extremely significant for the prevention and early
diagnosis and treatment of oral cancer and the identification of
prognosis. In the future, tumoral microorganisms can be used as
a basis for prognosis and treatment decision-makings, and
microbial profiling may soon become a routine test for OSCC.

F. nucleatum can be detected in different extra-oral diseases.
However, except in CRC and adverse pregnancy outcomes, its
role in other diseases and specific pathogenic mechanisms
remains unknown. With further research development, we can
have a better understanding of F. nucleatum, which lays the
foundation for the development of prevention and treatment
strategies for related diseases.
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