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The role of Fusobacterium nucleatum in oral health and 
disease is controversial. We have previously shown that F. 
nucleatum invades gingival epithelial cells. However, the 
destiny of the internalized F. nucleatum is not clear. In the 
present study, the intracellular destiny of F. nucleatum and 
its cytopathic effect on gingival epithelial cells were stud-
ied. The ability of F. nucleatum and seven other oral bacte-
rial species to invade immortalized human gingival epithe-
lial (HOK-16B) cells were compared by confocal micros-
copy and flow cytometry. F. nucleatum had the highest 
invasive capacity, comparable to that of Porphyromonas 
gingivalis, a periodontal pathogen. Confocal microscopic 
examination revealed colocalization of internalized F. nu-

cleatum with endosomes and lysosomes. Examination by 
transmission electron microscopy revealed that most in-
tracellular F. nucleatum was located within vesicular struc-
tures with single enclosed membranes. Furthermore, F. 
nucleatum could not survive within gingival epithelial cells 
and had no cytopathic effects on host cells. Interestingly, 
endosomal maturation played a role in induction of the 
antimicrobial peptides human beta defensin (HBD)-2 and  
-3 by F. nucleatum from gingival epithelial cells. F. nuclea-

tum is destined to enter an endocytic degradation pathway 
after invasion and has no cytopathic effect on gingival 
epithelial cells, which may cast new light on the role of F. 

nucleatum in the pathogenesis of periodontitis. 
 
 
INTRODUCTION 
 
Fusobacterium nucleatum is a Gram-negative, anaerobic, spin-
dle-shaped or fusiform rod. Previous studies revealed that F. 
nucleatum not only induces antimicrobial peptides and IL-8, a 
chemokine for neutrophils, from gingival epithelial cells, but it is 
also highly susceptible to clearance by antimicrobial peptides 
and neutrophils (Ji et al., 2007a; 2007b; Krisanaprakornkit et al., 
2000). These characteristics indicate that F. nucleatum could 
be a non-harmful or possibly beneficial member of the oral 
microflora. However, the prevalence and levels of F. nucleatum 
are significantly associated with increasing pocket depth 
(Socransky et al., 1998). F. nucleatum is also associated with 
preterm birth and has been isolated from amniotic fluid (Chaim 

and Mazor, 1992; Han et al., 2004).  
Invasive capacity is one of pathogenic characteristics com-

mon to periodontal bacterial pathogens (Feng and Weinberg, 
2006), and bacterial invasion has been suggested as a poten-
tial pathogenic factor of periodontitis for decades (Allenspach-
Petrzilka and Guggenheim, 1983). We recently showed that the 
presence of Porphyromonas gingivalis in gingival tissues might 
be the cause of inflammatory infiltration (Kim et al., 2010). Bac-
teria internalized into non-phagocytic cells ultimately undergo 
degradation by endocytic or autophagic degradation pathways, 
whereas pathogenic bacteria have evolved various strategies 
to circumvent those degradation pathways and establish intra-
cellular infections (Alonso and Garcia-del Protillo, 2004; Amano 
et al., 2006). It is noteworthy that P. gingivalis and Aggregati-
bacter actinomycetemcomitans, two well-defined periodontal 
pathogens, have the capacity to survive within the cytosol of 
epithelial cells and spread to adjacent cells (Lamont et al., 
1995; Meyer et al., 1996; Yilmaz et al., 2006). Therefore, the 
ability of an invading bacterium to survive within its host cells is 
important for determining its pathogenicity. Furthermore, 
whether the surviving microbe is located in the cytosol or inside 
vesicles is an important issue for the ability of the immune sys-
tem to cope with it. F. nucleatum can invade human gingival 
epithelial cells (Han et al., 2000), and Gursoy et al. recently 
reported that internalized F. nucleatum could multiply intracellu-
larly in HaCa T human skin keratinocytes (Gursoy et al., 2008). 
However, the cellular response of skin keratinocytes to F. nu-
cleatum is different from that of oral epithelial cells (Chung et al., 
2004), and the fate of internalized F. nucleatum in oral epithelial 
cells could be different from that in skin keratinocytes.  

We hypothesized that F. nucleatum may be a periodontal 
pathogen, provided it can survive inside gingival epithelial cells 
or has a cytopathic effect on its host cells. In the present study, 
we investigated the intracellular destiny of F. nucleatum and its 
cytopathic effect on gingival epithelial cells to clarify the role of 
F. nucleatum in the pathogenesis of periodontitis. 

 
MATERIALS AND METHODS 

 
Bacterial culture  
Streptococcus sanguinis NCTC 10904, Streptococcus gordonii 
ATCC 10558, Veillonella atypica ATCC 17744, F. nucleatum 
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ATCC 25586, Prevotella intermedia ATCC 25611, P. gingivalis 
ATCC 49417, Tannerella forsythia ATCC 43407, and Tre-
ponema denticola ATCC 33521 strains obtained from ATCC 
(USA) were cultured in the appropriate media, as described 
previously (Ji et al., 2007a), under an anaerobic atmosphere 
(5% H2, 10% CO2, and 85% N2). For some experiments, bacte-
ria were used after staining with 5 µM 5- (and 6-) carboxyfluo-
rescein diacetate succinimidyl ester (CFSE) (Molecular Probe, 
USA). 
 
Gingival epithelial cell culture 
An immortalized human oral keratinocyte cell line (HOK-16B) 
was provided by Dr. N-H. Park (University of California Los 
Angeles, USA) and was maintained in keratinocyte growth 
medium (KGM) with a supplementary growth-factor bullet kit 
(Clonetics, USA). HOK-16B is immortalized by the transfection 
of human papillomavirus type 16 DNA into primary human oral 
keratinocytes cultured from excised gingival tissue (Park et al., 
1991). 
 
Infection of epithelial cells with oral bacteria 
HOK-16B cells were plated at 6 × 104 cells/500 µl/well into 24-
well plates one day before infection. At 80% confluence, cells 
were infected with various bacteria at m.o.i. 1000 (unless de-
scribed otherwise) and cultured at 37°C in a humidified atmos-
phere of 95% air and 5% CO2. In experiments using eight dif-
ferent oral bacterial species (Fig. 1), the GA1000 (50 µg gen-
tamicin ml-1 and 50 ng amphotericin B ml-1) in KGM was main-
tained to prevent facultative anaerobic bacterial growth. Under 
these conditions, 35-60% of bacteria survived without bacterial 
growth, as determined by Cytox Green staining (Ji et al., 
2007b). In experiments using F. nucleatum alone, the GA1000 
in KGM was removed to prolong bacterial survival.  
 
Confocal microscopy 
To examine bacterial invasion, cells were infected with CFSE-
labeled bacteria for 24 h. The cells were stained with rhoda-
mine-phalloidin (Sigma, USA) and Hoechst 33342 (Molecular 
Probes), as described previously (Ji et al., 2009). To examine 
the colocalization of F. nucleatum with endosomes, HOK-16B 
cells were infected with unlabeled bacteria by centrifuging at 
900 × g at 4°C for 10 min and further incubated for 90 min at 
37°C. The cells were then fixed with 2% paraformaldehyde 
containing 0.1% Triton X-100 for 10 min, blocked with donkey 
serum (1:100) for 30 min, and stained with either FITC-
conjugated mouse anti-human EEA1 (BD bioscience, USA) or 
an isotype control (eBioscience, USA) followed by Hoechst 
33342. To examine the colocalization of F. nucleatum with 
lysosomes, HOK-16B cells were infected with CFSE-labeled 
bacteria for 4 h and stained with LysoTracker Red DND-99 
(Molecular Probes), a freely permeant vital dye, 30 min before 
examination. All images were obtained at 3 µm from the bottom 
using an Olympus confocal microscope (FV300, Olympus, 
USA).  
 
Flow cytometry 
To measure bacterial invasion, HOK-16B cells were infected 
with CFSE-labeled bacteria for 4 h and detached with trypsin-
EDTA. After quenching the fluorescence of bacterial bound to 
the surface with Trypan blue, cells were analyzed with FAC-
SCalibur (BD bioscience). Complete quenching was confirmed 
using cells fixed with 3.7% formaldehyde. The percentage of 
HOK-16B cells containing invasive bacteria was determined 
based on live cells without bacterial infection, which presented 
higher autofluorescence than fixed cells.  

To examine the effect of F. nucleatum infection on HOK-16B 
cell viability, HOK-16B cells were infected with F. nucleatum at 
m.o.i. 1000, 2500, 5000 or 10,000 for 24 h. Entire cells, includ-
ing those in culture medium, were harvested, and their viability 
was analyzed by flow cytometry after staining with Trypan blue. 
 
Transmission electron microscopy (TEM) 
HOK-16B cells were infected with F. nucleatum for 2 h. The 
infected cells were harvested immediately or after killing ex-
tracellular bacteria by culturing in a medium containing antibiot-
ics (100 µg amoxicillin ml-1 and 100 µg gentamicin ml-1) for 2 h 
and further culturing for 22 h in fresh medium. The cells were 
prefixed in 2.5% buffered glutaraldehyde fixative and allowed to 
set in 2% low-melting agarose gel at 4°C. The gel was cut into 
blocks and post-fixed with 1% osmium tetroxide. After dehydra-
tion in graded ethanol (50-100%), the fixed cells were embed-
ded in an Epon812 mixture. Thin sections (70 nm) were stained 
with uranyl acetate and lead citrate and examined with a TEM 
(JEM-1400, JEOL, Japan). 
 
Antibiotics protection assay  
HOK-16B cells (2.4 × 105) were infected with F. nucleatum at 
m.o.i. 1000 in an anaerobic chamber for 2 h. After washing with 
DPBS containing antibiotics (100 µg amoxicillin ml-1 and 100 µg 
gentamicin ml-1), extracellular bacteria were killed by culturing 
the infected cells in fresh medium containing antibiotics in a 
humidified atmosphere of 95% air and 5% CO2 for 2 h. No in-
tracellular effect of amoxicillin has been reported previously 
(Hultén et al., 1996). The HOK-16B cells were washed with 
DPBS and further cultured in fresh medium without antibiotics 
for up to 22 h. At the indicated time points, cell lysates were 
prepared by lysing the cell monolayer with 400 µl sterile distilled 
water for 1 h. The lysates and accompanying culture medium 
were plated onto blood agar supplemented with hemin and 
menadione and cultured under anaerobic conditions for 4-5 
days. Experiments were repeated four times. 
 
Real-time reverse transcription polymerase chain reaction  
(RT-PCR) of HBD-2 and -3 
HOK-16B cells were pretreated with vehicle or 300 nM bafilo-
mycin A1 (Sigma) for 30 min and infected with F. nucleatum for 
24 h. Total RNA from HOK-16B cells was extracted using TRI-
zol (Invitrogen, USA). HBD-2 and -3 expression levels were 
examined by real-time RT-PCR, as described previously (Ji et 
al., 2007b). The housekeeping gene glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) was amplified in parallel. The 
specificity of the PCR product was verified using a melting 
curve analysis and examination on a 3% agarose gel. Relative 
copy numbers compared to GAPDH were calculated using 2-∆Ct. 
Real-Time PCR was performed in triplicate for each RNA sam-
ple, and the experiment was repeated three times. 
 
Statistics 
Differences between the two groups were analyzed using the 
two-tailed, non-paired Student’s t-test. Data were considered 
statistically significant at a p-value of < 0.05. 
  
RESULTS 

 

F. nucleatum has the highest invasive ability among eight  
oral bacterial species studied 
We previously showed that F. nucleatum efficiently invades 
gingival epithelial cells (Ji et al., 2007b). The ability of F. nuclea-
tum to invade gingival epithelial cells was compared with three 
non-periodontopathic and four periodontopathic bacterial spe-
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cies by confocal microscopy and flow cytometry. HOK-16B cells 
infected with CFSE-labeled bacteria for 24 h were stained with 
rhodamine-phalloidin and Hoechst 33342. Examination by con-
focal microscopy revealed the presence of internalized bacteria 
within the cell boundary surrounded by actin filaments. Among 
the non-periodontopathic bacteria, only S. gordonii displayed 
invasive ability; by contrast, all periodontopathic bacteria, in-
cluding F. nucleatum, invaded gingival epithelial cells. HOK-
16B cells infected with F. nucleatum presented numerous bac-
teria in the perinuclear region (Fig. 1A).   

To quantify the invasive ability of the bacteria, a modified flow 
cytometric phagocytosis assay was applied. In the preliminary 
time course experiment, the percentage of cells containing F. 
nucleatum decreased slightly after 5 h of infection. Therefore, 
HOK-16B cells were infected with CFSE-labeled bacteria for 4 
h. At this time point, F. nucleatum showed the highest invasive 
ability among the eight species, comparable to that of P. gin-
givalis. P. intermedia, T. denticola, and S. gordonii had substan-
tial invasive capacity. S. sanguinis and V. atypica were hardly 
invasive, confirming the results of the confocal microscopy 
study (Fig. 1B). In summary, these results confirmed the highly 
invasive ability of F. nucleatum.  
 
 

Intracellular F. nucleatum colocalizes with endosomes and  
lysosomes in gingival epithelial cells 
To determine the destiny of internalized F. nucleatum, colocali-
zation of intracellular F. nucleatum with endosomes or ly-
sosomes was examined by confocal microscopy. HOK-16B 
cells infected with F. nucleatum were stained with FITC-
conjugated antibody to EEA1 (a marker of early endosomes) 
and Hoechst 33342 (to visualize F. nucleatum). In HOK-16B 
cells without bacterial infection, round endosomes were scat-
tered in the perinuclear region (Fig. 2A). However, colocaliza-
tion of EEA1 with intracellular rod-shaped F. nucleatum was 
observed after 90 min of infection (Fig. 2B).  

Colocalization of CFSE-labeled F. nucleatum with lysosomes 
was determined using LysoTracker Red. Lysosomes were also 
examined at the perinuclear region. Colocalization of F. nuclea-
tum with lysosomes was best examined at 3 or 4 h of infection; 
at that time, 77% of intracellular bacteria that were located 
around the perinuclear region colocalized with lysosomes (Fig. 
3). Taken together, these results demonstrate that internalized 
F. nucleatum is trafficked to early endosomes and late en-
dosomes/lysosomes within 4 h of infection.  
 
 

Fig. 1. Invasive capacity of several

oral bacterial species on immortal-

ized human gingival epithelial HOK-

16B cells. (A) HOK-16B cells were

infected with various CFSE-labeled

oral bacteria at m.o.i. 1000 for 24 h.

After fixation and permeabilization,

cells were stained with rhodamine-

phalloidin and Hoechst 33342 and

examined under a confocal micro-

scope. Arrows indicate intracellular

bacteria. (B) HOK-16B cells were

infected with CFSE-labeled bacteria

at m.o.i. 1000 for 4 h. After quench-

ing the fluorescence of the bacteria

bound on the surface with 500 µl

Trypan blue, cells were analyzed by

flow cytometry (solid empty line).

Fixed HOK-16B cells co-cultured with

the bacteria (filled with dark gray)

confirmed the quenching efficiency.

The percentage of cells containing

bacteria was determined based on

live HOK-16B cells alone (filled with

light gray). MFI at the right upper

corner indicates the mean fluores-

cence intensity of each labeled bac-

terium. The names of non-periodon-

topathic early colonizers, periodonto-

pathic bridging colonizers, and perio-

dontopathic late colonizers are writ-

ten in green, orange, and red colors,

respectively. Data shown are repre-

sentative of three similar results. 
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Fig. 2. Colocalization of intracellular

F. nucleatum and EEA1. Uninfected

HOK-16B cells (A) or cells infected

with unlabeled F. nucleatum at m.o.i.

1000 for 90 min (B) were stained with

FITC-conjugated mouse anti-human

EEA1 (green) and Hoechst 33342

(blue) to visualize F. nucleatum and

then examined under a confocal

microscope with serial z-sections.

Arrows indicate colocalized F. nu-

cleatum and endosomes. Data shown

are representative of two similar

results. 

Fig. 3. Colocalization of intracellular

F. nucleatum and lysosomes. HOK-

16B cells were infected with CFSE-

labeled bacteria (green) at m.o.i.

1000 for 4 h in the presence of Lyso-

Tracker Red DND-99 (red) and ex-

amined under a confocal microscope

with serial z-sections. Arrows indicate

colocalized F. nucleatum and lyso-

somes. Data shown are representa-

tive of two similar results. 
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Fig. 4. TEM examination of internalized F. nucleatum within HOK-16B cells. Non-infected HOK-16B cells (A), F. nucleatum alone (B), and 

HOK-16B cells infected with F. nucleatum (C-H) were examined under TEM. Infected cells were harvested immediately (C-F) or after further 

culturing in the presence of antibiotics for 2 h and then in the absence of antibiotics for 22 h (G, H). Filled arrows: bacteria in vacuole; unfilled 

arrows: bacteria in vesicular structure with an enclosed membrane; filled arrowhead: bacteria in the cytosol; unfilled arrowhead: membranous 

structure adjacent to bacteria under higher magnification. Scale bars: 1 µm (A-D, G, and H) and 200 nm (E and F). 
 
 
Most intracellular F. nucleatum is found within vesicular  
structures with single enclosed membranes 
The subcellular localization of internalized F. nucleatum was 
further verified by TEM. Han et al. (2000) previously reported 
that F. nucleatum is confined to a membrane-bound vacuole 
after internalization. However, in their report, epithelial cells 
were incubated with bacteria for 3 h; some bacteria may es-
cape the vacuole after longer incubation times. Therefore, 
HOK-16B cells were examined immediately after infection with 
F. nucleatum for 2 h and after further culturing the infected cells 
for 24 h. Under TEM, F. nucleatum appeared as electron-dense 
objects of 0.3 to 0.5-µm in diameter with an outer membrane; 
such structures were not found in non-infected HOK-16B cells 
(Figs. 4A and 4B). Immediately after infection, numerous bacte-
ria were found within a single host cell (Figs. 4C and 4D) and 
appeared to be localized to large vacuoles (filled arrow), to 
membranous structures tightly enclosing bacteria (unfilled ar-
row) or to the cytosol (filled arrowhead). Higher magnification 
revealed a membrane surrounding the bacteria in most (but not 
all) cases (Figs. 4E and 4F). After 24 h of further culture, it was 
difficult to find cells containing bacteria, and all intracellular bac-
teria were found in large vacuoles or membranous structures 
tightly enclosing bacteria (Figs. 4G and 4H).  
 
Internalized F. nucleatum does not survive more than 12 h 
Because some bacteria appeared to be localized in the cytosol, 
F. nucleatum survival within its host cells was studied by an 
antibiotics protection assay. At an antibiotics concentration that 
does not affect HOK-16B cell viability, extracellular F. nuclea-

tum could not be killed completely. The extracellular bacteria 
died slowly, and no viable counts were detected after 24 h cul-
ture under aerobic conditions. The number of intracellular F. 

nucleatum decreased most rapidly between 4 h and 6 h, and 
no viable counts were detected 24 h after infection (Fig. 5A). In 
this experiment, HOK-16B cells and culture medium were taken 
from different wells for each time point. Furthermore, due to 

A 
 
 
 
 
 
 
 
 
 
 
 
B 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Antibiotics protection assay of internalized F. nucleatum. 

HOK-16B cells were infected with F. nucleatum at m.o.i. of 1000. 

(A) After killing extracellular bacteria by culturing in medium contain-

ing antibiotics for 2 h, the HOK-16B cells were washed with DPBS 

and further cultured in fresh medium without antibiotics for up to 22 

h. At the indicated time points, the cell lysates and accompanying 

culture medium were plated onto blood agar and cultured under 

anaerobic condition for 4-5 days. (B) After killing extracellular bacte-

ria with antibiotics, the infected cells were fed with fresh medium. 

Half of the medium was immediately transferred to a new well, and 

survival of the remaining extracellular bacteria was examined over 

time in the presence or absence of host cells. 
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Fig. 6. Effect of F. nucleatum infection on the viability and morphol-

ogy of HOK-16B cells. (A) HOK-16B cells were infected with F. 

nucleatum at m.o.i. 0, 1000, 2500, 5000 or 10000 for 24 h, and host 

cell viability was analyzed by flow cytometry after staining with Try-

pan blue. Data shown are the mean ± SEM of three independent 

experiments. (B) HOK-16B cells infected with F. nucleatum at m.o.i. 

0 and 10,000 were observed under light microscopy. 
 
 
incomplete killing of extracellular bacteria, the source of bacte-
ria was unclear. The possibility that intracellular F. nucleatum 
was released into the medium was further investigated. After 

killing extracellular bacteria with antibiotics, infected cells were 
fed with fresh medium. Half of the medium was immediately 
transferred to a new well, and survival of the remaining ex-
tracellular bacteria was examined over time in the presence or 
absence of host cells. The presence of infected host cells did 
not affect the survival curve of extracellular bacteria (Fig. 5B). 
 
F. nucleatum has no cytopathic effects on gingival  

epithelial cells  

Although F. nucleatum could not survive for a long period of 
time within gingival epithelial cells, bacterial infection may in-
duce morphological changes or even death in host cells. HOK-
16B cells were infected with F. nucleatum at various m.o.i. for 
24 h, and host cell viability was analyzed by flow cytometry after 
staining with Trypan blue. Infection with F. nucleatum had no 
significant effect on HOK-16B cell viability (Fig. 6A). In addition, 
no morphological changes were observed (Fig. 6B). These 
results indicate that F. nucleatum has no cytopathic effects on 
its host cells. 
 
Endosomal maturation plays a role in the induction of  

HBDs by F. nucleatum from gingival epithelial cells 

We recently reported the role of bacterial invasion in induction 
of human beta defensin (HBD)-2 and -3 by F. nucleatum from 
gingival epithelial cells (Ji et al., 2009). In the present study, the 
role of endosomal maturation in HBD induction by F. nucleatum 
was examined. Interestingly, pretreatment of HOK-16B cells 
with bafilomycin A1, an inhibitor of the vacuolar H+ pump and 
endosomal acidification (Hanada et al., 1999), abolished the 
induction of HBD-2 and -3 by F. nucleatum (Fig. 7A), while F. 

nucleatum invasion was not affected (Fig. 7B).  
 
 
A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7. Role of endosomal maturation in

HBD-2 and HBD-3 induction by F. nuclea-

tum. (A) HOK-16B cells were pretreated with

300 nM bafilomycin A1, an inhibitor of en-

dosomal maturation, for 30 min and then

infected with F. nucleatum at m.o.i. 1000 for

24 h. The effect of 300 nM bafilomycin A1 on

HBD-2 and -3 induction by F. nucleatum was

evaluated by real-time RT-PCR. The mean ±

SEM values from nine real-time RT-PCR

assays were expressed as an induction ratio

compared to control culture without bacteria.

*p < 0.05 versus control. (B) HOK-16B cells

were pretreated with vehicle (filled with light

gray) or 300 nM bafilomycin A1 (solid empty

line) for 30 min and infected with CFSE-

labeled F. nucleatum at m.o.i. 1000 for 2 h.

The effect of bafilomycin A1 on F. nucleatum

invasion was assessed by flow cytometry as

in Fig. 1B. 
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DISCUSSION 

 
In this study, we investigated the intracellular destiny of F. nu-
cleatum in gingival epithelial cells and its cytopathic effect on 
host cells. F. nucleatum efficiently invades gingival epithelial 
cells, but the internalized bacteria are quickly trafficked to an 
endocytic degradation pathway without harming host cells. 

The highly invasive characteristic of F. nucleatum was shown 
by a modified flow cytometric phagocytosis assay (Fig. 1B). 
Compared with the conventional method, which enumerates 
the number of viable bacteria inside host cells, this method is 
fast and adequate for assessing the invasive ability of bacteria 
in a manner that is independent of their intracellular survival 
(Pils et al., 2006). One limitation is that the fluorescence inten-
sity of labeled bacteria can affect the results. Despite differ-
ences in methodology and bacterial strains, our results agree 
with those of another group (Han et al., 2000) who showed that 
F. nucleatum and P. gingivalis demonstrated the highest inva-
sive capacity, followed by P. intermedia and T. forsythia. T. 
denticola has been previously reported to invade periodontal 
tissue through the intercellular space (Lux et al., 2001); in this 
study, we have shown its ability to directly invade cells. 

Although F. nucleatum demonstrated a highly invasive ca-
pacity, comparable to that of P. gingivalis, the destinies of these 
two bacterial species within their host cells were quite different. 
In contrast to P. gingivalis, which escapes endosomes immedi-
ately after invasion and survives in the cytoplasm (Lamont et al., 
1995), F. nucleatum was shuttled to endolysosomes. By ex-
amination with TEM, some internalized F. nucleatum appeared 
to be located in the cytosol immediately following infection. This 
observation can be interpreted in two possible ways: 1) the 
bacteria had escaped the endosomes and 2) the resolution was 
not sufficient to discriminate a membrane surrounding the bac-
teria. Since all intracellular bacteria were found within mem-
brane-enclosed vesicles after 24 h culture, the latter possibility 
is more likely. The fact that F. nucleatum invades gingival epi-
thelial cells via a zipping mechanism in close contact with the 
host cell membrane (Han et al., 2000) also supports the latter 
possibility. Although the antibiotics protection assay has limita-
tions due to incomplete killing of extracellular bacteria, it is clear 
that F. nucleatum cannot survive more than 12 h within host 
cells. The number of intracellular bacteria rapidly decreased 
between 4 h and 6 h after infection, which coincides with the 
fusion with lysosomes at 4 h and the dramatic decrease in in-
tracellular bacteria at 24 h, as observed by TEM. Gursoy et al. 
(2008) reported intracellular replication and release of F. nu-
cleatum into medium in skin keratinocytes. We did not examine 
intracellular replication or release into the medium. Whether or 
not such a discrepancy is attributed to host cell differences 
requires further investigation. Gursoy et al. (2008) cultured 
infected cells only up to 11 h; longer culture may lead to differ-
ent results. The ability of bacteria to survive inside host cells is 
an important pathogenic factor, and mutants that have lost this 
ability demonstrate a reduction in pathogenicity (Fuller et al., 
2008; Grabenstein et al., 2004). Furthermore, F. nucleatum 
induced neither cell death nor changes in morphology of gingi-
val epithelial cells, whereas P. gingivalis changes the morphol-
ogy of host cells from spread to rounded by interfering with cell-
cell adhesion (Hintermann et al., 2002). Thus, F. nucleatum is 
expected to have reduced pathogenicity compared with P. gin-
givalis, a well-defined periodontal pathogen.  

Although internalized F. nucleatum was eventually killed, its 
invasion and subsequent degradation in endolysosomes was 
important for the induction of HBD-2 and -3 from gingival 
epithelial cells. We recently reported that TLR2 and NALP2 

mediate HBD-2 and -3 induction by F. nucleatum (Ji et al., 
2009). TLR2, normally expressed on the cell surface, is often 
enriched in endosomes after activation, which leads to in-
creased recognition of pathogen-associated molecular patterns 
within endosomes (Tricker and Cheng, 2008). Breakdown of F. 
nucleatum in the endolysosomes may also provide access to 
NALP2 located in the cytoplasm.  

Collectively, F. nucleatum is expected to play a minor role in 
periodontal tissue destruction in the presence of an intact 
epithelial barrier. F. nucleatum degradation within gingival epi-
thelial cells demonstrates the active role of an epithelial barrier 
in protection against bacterial invasion to the underlying tissue. 
Furthermore, invasion of F. nucleatum into gingival epithelial 
cells may actually enforce the epithelial barrier by enhancing 
the expression of HBDs. Thus, F. nucleatum might only play an 
indirect role in the development of periodontitis by facilitating 
colonization and invasion of other periodontal pathogens (Saito 
et al., 2009). In periodontal lesions where the barrier is no 
longer intact, however, F. nucleatum may gain access to the 
connective tissue and aggravate tissue destruction directly 
through proteases or indirectly through the induction of potent 
inflammatory responses (Bachrach et al., 2004; Rossano et al., 
1993). In addition, an organism can be ‘a friend’ in one place 
but ‘a foe’ in another (Feng and Weinberg, 2006), and F. nu-
cleatum may act as a pathogen in the placenta, liver, or lung 
(Bauer et al., 2000; Hsu and Luh, 1995). 

In conclusion, F. nucleatum is destined to the endocytic de-
gradation pathway after invasion and has no cytopathic effect 
on gingival epithelial cells, which may cast new light on the role 
of F. nucleatum in the pathogenesis of periodontitis. 
 

Note: Supplementary information is available on the Molecules 
and Cells website (www.molcells.org). 
 

ACKNOWLEDGMENT 

This study was supported by the Korea Research Foundation 
(E00458). 
 

REFERENCES 

 
Allenspach-Petrzilka, G.E., and Guggenheim, B. (1983). Bacterial 

invasion of the periodontium; an important factor in the patho-
genesis of periodontitis? J. Clin. Periodontol. 10, 609-617. 

Alonso, A., and García-del Portillo, F. (2004). Hijacking of eu-
karyotic functions by intracellular bacterial pathogens. Int. Micro-
biol. 7, 181-191. 

Amano, A., Nakagawa, L., and Yoshimori, T. (2006). Autophagy in 
innate immunity against intracellular bacteria. J. Biochem. 140, 
161-166.  

Bachrach, G., Rosen, G., Bellalou, M., Naor, R., and Sela, M.N. 
(2004). Identification of a Fusobacterium nucleatum 65 kDa ser-
ine protease. Oral Microbiol. Immunol. 19, 155-159. 

Bauer, C., Schoonbroodt, D., Wagner, C., and Horsmans, Y. (2000). 
Liver abscesses due to Fusobacterium species. Liver 20, 267-
268. 

Chaim, W., and Mazor, M. (1992). Intraamniotic infection with fuso-
bacteria. Arch. Gynecol. Obstet. 251, 1-7. 

Chung, W.O., and Dale, B.A. (2004). Innate immune response of 
oral and foreskin keratinocytes: utilization of different signaling 
pathways by various bacterial species. Infect. Immun. 72, 352-
358. 

Feng, Z., and Weinberg, A. (2006). Role of bacteria in health and 
disease of periodontal tissues. Periodontol. 2000 40, 50-76. 

Fuller, J.R., Craven, R.R., Hall, J.D., Kijek, T.M., Taft-Benz, S., and 
Kawula, T.H. (2008). RipA, a cytoplasmic membrane protein 
conserved among Francisella species, is required for intracellu-
lar survival. Infec. Immun. 76, 4934-4943. 

Grabenstein, J.P., Marceau, M., Pujol, C., Simonet, M., and Bliska, 
J.B. (2004). The response regulator PhoP of Yersinia pseudotu-



526 Destiny of Internalized F. nucleatum in Epithelial Cells 

 

 

 

 

berculosis is important for replication in macrophages and for 
virulence. Infect. Immun. 72, 4973-4984. 

Gursoy, U.K., Könönen, E., and Uitto, V.J. (2008). Intracellular repli-
cation of fusobacteria requires new actin filament formation of 
epithelial cells. APMIS 116, 1063-1070. 

Han, Y.W., Shi, W., Huang, G.T., Kinder Haake, S., Park, N.H., 
Kuramitsu, H., and Genco, R.J. (2000). Interactions between 
periodontal bacteria and human oral epithelial cells: Fusobacte-
rium nucleatum adheres to and invades epithelial cells. Infect. 
Immun. 68, 3140-3146. 

Han, Y.W., Redline, R.W., Li, M., Yin, L., Hill, G.B., and McCormick, 
T.S. (2004). Fusobacterium nucleatum induces premature and 
term stillbirths in pregnant mice: implication of oral bacteria in 
preterm birth. Infect. Immun. 72, 2272-2279. 

Hanada, H., Moriyama, Y., Maeda, M., and Futai, M. (1999). Kinetic 
studies of chromaffin granule H+-ATPase and effects of bafilo-
mycin A1. Biochem. Biophys. Res. Commun. 170, 873-878.  

Hintermann, E., Haake, S.K., Christen, U., Sharabi, A., and Quar-
anta, V. (2002). Discrete proteolysis of focal contact and adher-
ens junction components in Porphyromonas gingivalis-infected 
oral keratinocytes: a strategy for cell adhesion and migration dis-
abling. Infect. Immun. 70, 5846-5856. 

Hsu, C.Y., and Luh, K.T. (1995). Cytology of pulmonary Fusobacte-
rium nucleatum infection. A case report. Acta Cytol. 39, 114-117.  

Hultén, K., Rigo, R., Gustafsson, I., and Engstrand, L. (1996). New 
pharmacokinetic in vitro model for studies of antibiotic activity 
against intracellular microorganisms. Antimicrob. Agents Che-
mother. 40, 2727-2731. 

Ji, S., Hyun, J., Park, E., Lee, B.L., Kim, K.K., and Choi, Y. (2007a). 
Susceptibility of various oral bacteria to antimicrobial peptides 
and to phagocytosis by neutrophils. J. Periodont. Res. 42, 410-
419. 

Ji, S., Kim, Y., Min, B-Y., Han, S.H., and Choi, Y. (2007b). Innate 
immune responses of gingival epithelial cells to nonperiodonto-
pathic and periodontopathic bacteria. J. Periodont. Res. 42, 503-
510. 

Ji, S., Shin, J.E., Kim, Y.S., Oh, J.E., Min, B.M., and Choi, Y. (2009). 
Toll-like receptor 2 and NALP2 mediate induction of human 
beta-defensins by Fusobacterium nucleatum in gingival epithe-
lial cells. Infect. Immun. 77, 1044-1052. 

Kim, Y.C., Ko, Y., Hong, S.-D., Kim, K.Y., Lee, Y.H., Chae, C., and 
Choi, Y. (2010). Presence of Porphyromonas gingivalis and 
plasma cell dominance in gingival tissues with periodontitis.

Oral Dis. 16, 375-381. 
Krisanaprakornkit, S., Kimball, J.R., Weinberg, A., Darveau, R.P., 

Bainbridge, B.W., and Dale, B.A. (2000). Inducible expression of 
human beta-defensin 2 by Fusobacterium nucleatum in oral 
epithelial cells: multiple signaling pathways and role of commen-
sal bacteria in innate immunity and the epithelial barrier. Infect. 
Immun. 68, 2907-2915. 

Lamont, R.J., Chan, A., Belton, C.M., Izutsu, K.T., Vasel, D., and 
Weinberg, A. (1995). Porphyromonas gingivalis invasion of gin-
gival epithelial cells. Infect. Immun. 63, 3878-3885. 

Lux, R., Miller, J.N., Park, N.H., and Shi, W. (2001). Motility and 
chemotaxis in tissue penetration of oral epithelial cell layers by 
Treponema denticola. Infect. Immun. 69, 6276-6283. 

Meyer, D.H., Lippmann, J.E., and Fives-Taylor, P.M. (1996). Inva-
sion of epithelial cells by Actinobacillus actinomycetemcomitans: 
a dynamic, multistep process. Infect. Immun. 64, 2988-2997.  

Park, N.-H., Min, B.-M., Li, S.L., Huang, M.Z., Cherick, H.M., and 
Doniger, J. (1991). Immortalization of normal human oral kerati-
nocytes with type 16 human papillomavirus. Carcinogenesis 12, 
1627-1631. 

Pils, S., Schmitter, T., Neske, F., and Hauck, C.R. (2006). Quantifi-
cation of bacterial invasion into adherent cells by flow cytometry. 
J. Microbiol. Methods 65, 301-310. 

Rossano, F., Rizzo, A., Sangnes, M.R., Cipollaro de L’Ero, G., and 
Tufano, M.A. (1993). Human monocytes and gingival fibroblasts 
release tumor necrosis factor-a, interleukin-1a and interleukin-6 
in response to particulate and soluble fractions of Prevotella 
melaninogenica and Fusobacterium nucleatum. Int. J. Clin. Res. 
23, 165-168. 

Saito, A., Inagaki, S., and Ishihara, K. (2009). Differential ability of 
periodontopathic bacteria to modulate invasion of human gingi-
val epithelial cells by Porphyromonas gingivalis. Microb. Pathog. 
47, 329-333. 

Socransky, S.S., Haffajee, A.D., Cugini, M.A., Smith, C., and Kent, 
R.L. Jr. (1998). Microbial complexes in subgingival plaque. J. 
Clin. Periodontol. 25, 134-144. 

Tricker, E., and Cheng, G. (2008). With a little help from my friends: 
modulation of phagocytosis through TLR activation. Cell Res. 18, 
711-712.  

Yilmaz, O., Verbeke, P., Lamont, R.J., and Ojcius, D.M. (2006). 
Intercellular spreading of Porphyromonas gingivalis infection in 
primary gingival epithelial cells. Infect. Immun. 74, 703-710. 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


