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Abstract
Background: Numerous lines of evidence link periodontal pathobionts and
their virulence factors with endothelial damage. Most research has been con-
ducted using single species infections at the exclusion of other periodontal
microorganisms that have been identified in vascular tissue. Here, we assessed
endothelial infection with either single or mixed periodontal species infection
and examined their effect on endothelial damage and permeability.
Methods:Cell surface abundance of platelet endothelial cell adhesionmolecule-
1 (PECAM-1) or endothelial permeability following infection with Porphy-
romonas gingivalis, Fusobacterium nucleatum subspecies (ssp) nucleatum, ssp
polymorphum or Tannerella forsythia as single or mixed species infection was
determined by flow cytometry and a fluorescent dextran permeability assay.
Zebrafish embryos were infected systemically with either single ormixed species
with mortality and disease measured over time.
Results: F. nucleatum ssp nucleatum, ssp polymorphum and P. gingivalis sig-
nificantly reduced PECAM-1 abundance in single species infection, whereas
T. forsythia had no effect. F. nucleatum ssp polymorphum caused considerable
mortality and morbidity in a zebrafish systemic infection model. Polymicro-
bial infection underscored the virulence of F. nucleatum ssp polymorphum in
particular with increased endothelial cell death and reduced PECAM-1 abun-
dance in co-infection studies with this organism. When injected systemically
into zebrafish in polymicrobial infection, fluorescently labeled bacteria were dis-
tributed throughout the vasculature and cardiac regionwhere, in some instances,
they co-localized with each other.
Conclusions: These data provide further evidence on the effects of F. nuclea-
tum on endothelium adhesion molecule abundance and permeability while also
highlighting the importance of performing polymicrobial infection to study the
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molecular mechanisms associated with periodontal pathogen-induced vascular
damage.
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atherosclerosis, cardiovascular diseases, host–microbial interactions, periodontitis, Porphy-
romonas gingivalis

1 INTRODUCTION

Periodontal infection increases the risk of cardiovascular
disease and coronary heart disease,1 with epidemiological
studies associating periodontal disease with both clini-
cal and subclinical atherosclerotic vascular disease.2 In
patients displaying periodontitis, periodontal pathogens
can enter the bloodstream through areas of inflamed
and ulcerated periodontal tissue3,4 or indirectly through
a "Trojan-horse" approach where bacteria internalized
by immune cells are carried and then released into the
circulation.5 Molecular approaches have identified the
presence of periodontal pathogens in both healthy and
diseased vasculature tissue including P. gingivalis,3,6–8
Fusobacterium nucleatum,8–10 and T. forsythia.3,7,9
Out of all the periodontal pathobionts thus far iden-

tified in vascular tissues, it is the interactions between
endothelial cells and P. gingivalis that have been most
frequently studied.11,12 Platelet endothelial cell adhesion
molecule-1 (PECAM-1/CD31) is responsible for maintain-
ing vascular integrity at endothelial cell-cell junctions,
and its cell surface cleavage or reduction in expres-
sion leads to disruption of cell adhesive contacts and
increased vascular permeability.13 Previous studies have
reported gingipain-dependent cleavage of PECAM-1 upon
P. gingivalis infection.14,15 A decrease in endothelial cell
PECAM-1 abundance has also been reported following
F. nucleatum infection16; while effects of T. forsythia on
this adhesion molecule have not been examined. In addi-
tion, changes in vascular integrity following F. nucleatum
infection have been attributed to Fusobacterium adhesin
A (FadA) adherins by binding to vascular endothelial
(VE)-cadherin.17 Although periodontal pathobionts are
generally found associated with one another within a
microbial biofilm and not as solitary organisms,18 assess-
ment of polymicrobial interactions and their effects on
endothelial cells is infrequent. Polymicrobial interactions
can alter the pathogenicity of periodontal pathogens. For
example, F. nucleatum has been shown to enhance the
invasion of P. gingivalis into aortic endothelial cells in
vitro,19 while in vivo polymicrobial infections elicit distinct
inflammatory responses and increased aortic oxidative
stress.20–22

This study aimed to compare the effects of single species
infection of endothelial cells with P. gingivalis, F. nuclea-
tum, and T. forsythia in terms of cell surface PECAM-1
adhesion molecule abundance and endothelial permeabil-
ity, and to further investigate whether these effects are
altered in polymicrobial infections. We show that, in sin-
gle species infection, P. gingivalis and F. nucleatum but not
T. forsythia infection contribute toward endothelial dam-
age through increased permeability and decreased inter-
cellular PECAM-1 abundance in human microvascular
endothelial cells (HMEC-1) endothelial cells. F. nuclea-
tum was also virulent in a zebrafish systemic infection
model and in in vitro polymicrobial infections. These data
highlight not only the significance ofF. nucleatum inmedi-
ating changes in the vasculature, but also the importance
of polymicrobial infection and interspecies interactions
when assessing the effects of periodontal pathogens on the
vasculature.

2 MATERIALS ANDMETHODS

2.1 Microbial culture

Wild-type strains P. gingivalis W83, F. nucleatum sub-
species (ssp) nucleatum (ATCC 25586), and ssp polymor-
phum (ATCC 10953)weremaintained onFastidiousAnaer-
obe (FA)* agar plates supplemented with 5% v/v oxylated
horse blood†. Isogenic ΔK/R-ab (kgpΔ598-1732::TcR rgpA-
::CmR rgpBΔ410-507::EmR; provided by Prof. Jan Potempa,
JagiellonianUniversity, Kraków, Poland) was grown on FA
plates supplemented with 1 μg/ml tetracycline, while T.
forsythia (ATCC43037) was cultured on FA plates supple-
mentedwith 1%N-acetylmuramic acid (NAM)‡ in addition
to oxalated horse blood. Agar and broth microbial cultures
were incubated at 37◦C in an anaerobic chamber with an
atmosphere of 80% N2, 10% CO2 and 10% H2. For use in
experiments, strains were grown as broth cultures anaer-
obically for 18 h, adjusted to an optical density (OD600)
equal to 0.1 with fresh broth then cultured until log phase.

* Neogen, Ayr, UK
†Oxoid Ltd., Basingstoke, UK
‡Merck Life Sciences, Gillingham, UK
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Bacteria were then harvested by centrifugation at 8000 g
for 3 min, washed with phosphate buffered saline (PBS)
and resuspended at the required density.

2.2 Endothelial cell culture

Immortalized HMEC-123 were grown in MCDB131
medium supplemented with 10 ng/ml epidermal growth
factor‡, 1 μg/ml hydrocortisone‡, 10% fetal calf serum‡,
and 2 mM L-glutamine‡ and cultured at 37◦C, 5% CO2 in
a humidified incubator.

2.3 Flow cytometry

HMEC-1 cells were seed at 4 × 105 cells per well and
cultured to confluence in six-well plates then infected
with either single species P. gingivalis W83, P. gingivalis
ΔK/R-ab; F. nucleatum subspecies nucleatum or ssp poly-
morphum or T. forsythia or in mixed cultures of these
organisms just before addition to the endothelial mono-
layers. Multiplicity of infection (MOI) was achieved by
counting the total number of HMEC-1 cells in one well
following detachment, then adding the required num-
ber of bacteria to the other confluent HMEC-1-containing
wells to reach MOI of 10, 20, or 100. Infected cells were
then cultured for 1.5 h at 37◦C in serum-free MCDB131
medium. MCDB131 medium alone was used as unin-
fected controls. Following infection, HMEC-1 monolayers
were washed, removed from plates using 0.02% ethylene-
diaminetetraacetic acid‡ for 20 min and resuspended in
100 μl fluorescence activated cell sorting (FACS) buffer
(0.1% bovine serum albumin [BSA]‡, 0.1% sodium azide‡
in PBS). Phycoerythrin-Cyanine7-conjugated anti-human
CD31 (clone MW59)§ or conjugated isotype IgG§ control
was added for 45 min on ice. Cells were washed and
resuspended in FACS buffer, 3 μl of cell viability dye TO-
PRO-3§ (1 mg/ml) was added to each sample to exclude
dead cells and assess cell viability, and then cells were
analyzed using a LSRII flow∥ cytometer. FlowJo software∥

was used to calculate the normalized median fluorescence
index (nMFI).

2.4 Fluorescent dextran endothelial
permeability assay

A fluorescent dextran permeability assay was performed
as previously described.24 Fibronectin-coated (10 μg/ml)
Millicell hanging cell culture inserts‡ were seeded with

§ ThermoFisher Scientific, Waltham, MA
∥ BD Biosystems, Franklin Lakes, NY

1 × 105 HMEC-1 cells and grown until confluent then incu-
bated with bacteria for 1.5 h using a MOI 100 at 37◦C
in serum-free medium. Inserts without cells or HMEC-1
monolayers alone were used as controls. Solutions were
removed, inserts transferred to a new plate containing
500 μl supplemented MCDB131 and 450 μl supplemented
MCDB131 containing 65 μg/ml 70 kDa fluorescent dextran§
was added to the upper compartment of the insert. Dex-
tran leakage through the cell monolayer to the bottomwell
was monitored hourly for a 5-h period by aspirating 250
μl medium from the bottom well and measuring dextran
fluorescence at 494 nm excitation, 521 nm emission. The
aspirated volume was replaced with fresh supplemented
MCDB131 for further readings.

2.5 Zebrafish larvae systemic infection
model

Zebrafish maintenance and experimental work were car-
ried out in accordance with UK Home Office regulations
and UK Animals (Scientific Procedures) Act 1986 and
under Project Licence P1A4A7A5E (Dr Simon Johnston)
using zebrafish embryos under 5 days post fertilization
(dpf). London wild-type (LWT) zebrafish were maintained
in E3 medium at 30◦C according to standard protocols.
For Kaplan-Meier analysis, LWT zebrafish larvae at 30

h post fertilization (hpf) were anesthetized using tricaine
(0.02% (w/v) 3-amino benzoic acid ester tricaine/MS-322§,
positioned in a solution of 3% (w/v) methylcellulose§
in E3 medium and 2 nl of F. nucleatum ssp polymor-
phum, suspended at 1 × 102, 5 × 102, and 2 × 103 colony
forming units (CFU)/ml, injected systemically using a
microcapillary needle via direct microinjection into com-
mon cardinal vein. PBS was used as control. Injections
using 4% paraformaldehyde-fixed or heat-killed (60◦C for
30 min) F. nucleatum ssp polymorphum (2 × 103 CFU/ml;
loss of bacterial viability was confirmed by agar culture)
were also performed to assess effects of non-viable bacteria.
Zebrafish viability was assessed by examining the presence
of a heartbeat and blood flow within the circulation and
disease by presence of edema at 24, 48, and 72 hpi.
To visualize single species systemic infection, F. nuclea-

tum ssp polymorphum was fluorescently labeled with
0.4 μg/ml 5-(and-6)-carboxyfluorescein, succinimidyl ester
(excitation 494 nm, emission 518 nm)§ in PBS for 15 min
with shaking at 4◦C. Then, 2 nl of 2 × 103 CFU/ml FAM-
labeled F. nucleatum ssp polymorphum was injected into
the common cardinal vein of 72 hpf kdrl:mCherry trans-
genic zebrafish as previously described and imaged 2 hpi
using Lightsheet microscopy (Zeiss). For multispecies sys-
temic infection, single species microbial cultures were
initially fluorescently labeled as follows; P. gingivalis with
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0.4 μg/ml 5-(and-6)-carboxyfluorescein, succinimidyl ester
(excitation 494 nm, emission 518 nm), F. nucleatum ssp
polymorphumwith 5 μMRed CMPTX§ (excitation 577 nm,
emission 602 nm) and T. forsythia with Deep Red Cell
Tracker§ (excitation 630 nm, emission 650 nm). Labeled
bacteria were washed with PBS, mixed at 1:1:1 ratio and
2 nl of a 2 × 103 CFU/ml bacterial suspension injected
into the common cardinal vein of 48 hpf nacre wild-
type zebrafish embryos and imaged using Lightsheet¶
microscopy at 2 hpi. Additionally, zebrafish were fixed
with 4% paraformaldehyde, wax-embedded, and 5 μm
sections stained with hematoxylin and eosin.

2.6 Statistical analysis

Data are presented as mean ± standard deviation (SD)
from at least three independent experiments carried out
in triplicate except for flow cytometry data where nMFI
(normalized median fluorescence index) was used. Dif-
ferences between two groups were assessed using either
Students t-test or MannWhitney U Test, whilst differences
between group datawas assessed using one-way analysis of
variance (ANOVA) followed by Tukey’s post-hoc multiple
comparison test. All tests were carried out using GraphPad
Prism v9.3.1#, and statistical significance was assumed at
p < 0.05.

3 RESULTS

3.1 F. nucleatum infection decreases
PECAM-1 abundance and increases
permeability of HMEC-1 monolayers

Previous studies have shown that P. gingivalis can cleave
PECAM-114,15 and that this is mediated by gingipains. We
therefore examined if HMEC-1 infection with other peri-
odontal pathogens such as F. nucleatum and T. forsythia
can also exert their effects on intercellular PECAM-1.
Assessment of PECAM-1 abundance on viable HMEC-1
cells by flow cytometry showed infection with wild-type P.
gingivalis strain W83 (Figure 1A), F. nucleatum subspecies
nucleatum (Figure 1B) and ssp polymorphum (Figure 1C)
was significantly decreased at MOI 100 compared to
untreated controls. In contrast, the P. gingivalis gingipain-
null mutant (K/R-ab) or T. forsythia did not alter cell
surface levels of PECAM-1 at any MOI tested compared
to controls (Figure 1D,E). Similarly, P. gingivalis W83, F.
nucleatum ssp nucleatum or ssp polymorphum infection

¶ Carl Zeiss, Ostfildern, Germany
# GraphPad, San Diego, CA

at MOI 100 significantly decreased the permeability of
HMEC-1 endothelial monolayers compared to uninfected
controls, whereas infection with K/R-ab and T. forsythia
did not alter HMEC-1 permeability (Figure 1F).

3.2 F. nucleatum ssp polymorphum
displays virulence in vivo with increased
mortality, edema, and disease in a
dose-dependent manner

F. nucleatum ssp polymorphum was injected systemically
in to LWT zebrafish embryos and its effect on zebrafish
embryo morbidity assessed. The polymorphum ssp was
selected because it showed increased pathogenicity in
the in vitro PECAM-1 abundance assay compared to
ssp nucleatum. F. nucleatum ssp polymorphum displayed
a dose-dependent increase in zebrafish mortality when
examined by Kaplan-Meier survival analysis with signifi-
cantly more death (66% ± 7%; p = 0.027) observed when
zebrafish were injected with 2 × 103 CFU/ml at 72 hpi than
uninfected controls (87% ± 4%) (Figure 2A). F. nucleatum
ssp polymorphum injection resulted inmarked cardiac and
yolk edema compared to PBS injected controls (Figure 2B).
When zebrafish embryos were stratified into disease

status, systemic injection with F. nucleatum ssp polymor-
phum, at all concentrations tested, resulted in a significant
increase in the number of zebrafish displaying symp-
toms of disease (i.e., dead + edematous) compared to
PBS injected controls over a period of 72 h (p < 0.01).
In addition, the numbers of zebrafish classified as dis-
eased (dead + edematous) increased in both a time-
and dose-dependent manner (Figure 2C–E) compared to
infected but otherwise healthy and viable zebrafish. The
presence of intravascular F. nucleatum ssp polymorphum
was confirmed following systemic injection of fluores-
cently labeled bacteria into 72 hpf kdrl:mCherry transgenic
zebrafish (Figure 2F,G). Lightsheet imaging at 2 hpi shows
the presence of F. nucleatum ssp polymorphum in the
cardiac and systemic vasculature by co-localization with
the mCherry-labeled endothelium (Figure 2F). This co-
localization is further highlighted by orthogonal views of
the cardiac tissue (Figure 2G).
The pathogenicity of F. nucleatum spp polymorphum

was significantly reduced following heat treatment or
paraformaldehyde fixation compared to wild-type bacteria
in terms of overall survival after 72 h (Figure 3A). More-
over, the levels of zebrafish displaying signs of disease
were markedly increased over-time in wild-type com-
pared to heat-killed, fixed bacteria, and PBS controls
(Figure 3B–D), suggesting that most of the pathogenic
mechanisms require viability.
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F IGURE 1 Reduction in PECAM-1 cell surface abundance and increase in endothelial monolayer permeability following P. gingivalis
W83 and F. nucleatum infection. PECAM-1 cell surface abundance was measured by flow cytometric immunoassay after HMEC-1 were
infected with (A) P. gingivalis strain W83, (B) F. nucleatum subspecies nucleatum, (C) F. nucleatum subspecies polymorphum, (D) P. gingivalis
gingipain-null mutant ΔK/R-ab, or (E) T. forsythia at MOI 0, 10, 20, and 100. Data are presented as mean ± SD of the normalized median
fluorescence intensity (nMFI) of PECAM-1 following single species infection or uninfected control. Enclosed shapes represent data for each
individual experiment (n ≥ 4). (F) Permeability of HMEC-1 monolayers to fluorescently labeled 70 kDa dextran following treatment with
different single species bacteria over 5 h. F. nucleatum subspecies nucleatum (orange), F. nucleatum subspecies polymorphum (blue), P.
gingivalis strain W83 (red) P. gingivalis gingipain-null mutant ΔK/R-ab (brown), T. forsythia (black), Uninfected control (gray). Permeability
data are presented as mean ± SD % dextran released into the lower transwell compartment of 3 independent experiments. Statistical
differences in all experiments were analyzed by one-way ANOVA with Tukey’s multiple comparison test. *p < 0.05 **p < 0.01, ***p < 0.001

3.3 F. nucleatum ssp polymorphum
decreases PECAM-1 abundance and
HMEC-1 viability more than ssp nucleatum
in multispecies infection

For multispecies assessment, planktonic-grown F. nuclea-
tum ssp nucleatum or ssp polymorphum were mixed with
equal quantities with P. gingivalisW83 or T. forsythia (1:1,

MOI 100) or both (1:1:1, MOI 100) and their effects on
HMEC-1 viability and PECAM-1 cell surface abundance
measured (Figure 4). Multispecies infections containing
F. nucleatum ssp nucleatum did not affect the viabil-
ity of HMEC-1 cells when cultured in any combination
of P. gingivalis W83 or T. forsythia (Figure 4A). In con-
trast, F. nucleatum ssp polymorphum induced significant
(p < 0.05) HMEC-1 cell death when cultured with either
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F IGURE 2 In vivo systemic infection of F. nucleatum ssp polymorphum results in increased zebrafish embryo mortality and morbidity.
Zebrafish were injected with increasing amounts of F. nucleatum ssp polymorphum and mortality and morbidity measured. (A) Kaplan-Meier
survival plot of zebrafish embryo infected at 30 hpf with PBS control or F. nucleatum ssp polymorphum (Fnp) at 1 × 102, 5 × 102, or 2 × 103

CFU/ml. Comparison of survival curves using the log-rank test shows significant differences between 2 × 103 CFU/ml Fnp-injected zebrafish
and PBS controls at 72 hpi but no significant differences in survival at lower Fnp suspensions. (B) Representative micrographs showing the
morphology of zebrafish larvae infected with PBS control, and increasing numbers of Fnp at 24, 48, and 72 hpi. Fnp-infected zebrafish showed
marked edema around the yolk sac and heart (black arrows). Scale bars = 500 μm. Percentage healthy, edematous, and dead zebrafish larvae
at (C) 24, (D) 48, and (E) 72 hpi showing that the percentage of diseased (edematous + dead) zebrafish was significantly increased following
systemic infection with Fnp at all time points. Data are presented as mean ± SD of four independent experiments with a minimum of nine
embryos per group. Statistical differences were analyzed by one-way ANOVA with Tukey’s multiple comparison test. *p < 0.05, **p < 0.01,
****p < 0.001. (F) Lightsheet micrographs of kdrl:mcherry zebrafish embryo (green) from head to the yolk region following systemic injection
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F IGURE 3 In vivo pathogenicity of F. nucleatum spp polymorphum was significantly reduced after heat and paraformaldehyde fixative
treatment. (A) Kaplan-Meier survival plots of zebrafish larvae infected 30 hpf with PBS control, F. nucleatum ssp polymorphum (Fnp),
heat-killed Fnp (FnpHK), or paraformaldehyde-fixed (FnpPFA) bacteria, all at 2 × 103 CFU/ml. Comparison of survival curves using the
log-rank test shows significant differences between Fnp-injected zebrafish compared to PBS controls at 72 hpi but no significant differences in
survival in zebrafish injected with heat-killed or paraformaldehyde-fixed F. nucleatum polymorphum. Percentage healthy, edematous, and
dead zebrafish larvae at (B) 24, (C) 48, and (D) 72 hpi zebrafish was significantly increased following systemic infection with F. nucleatum
polymorphum at all time points. Data are presented as mean ± SD of three independent experiments with a minimum of 10 embryos per
group. Statistical differences were analyzed by one-way ANOVA with Tukey’s multiple comparison test. *p < 0.05, **p < 0.01, ***p < 0.001

P. gingivalisW83 or T. forsythia alone or as a mixture of all
three bacteria compared to uninfected control (Figure 4B),
suggesting that F. nucleatum ssp polymorphum is more vir-
ulent than ssp nucleatum when included in multispecies
infection. Similarly, when included in multispecies infec-
tion, F. nucleatum ssp nucleatum did not significantly
alter the cell surface abundance of PECAM-1 (Figure 4C),
whereasmultispecies cultures containing F. nucleatum ssp
polymorphum were all able to cleave PECAM-1 causing its
significant loss fromHMEC-1 cells compared to uninfected
controls (Figure 4D). Planktonic co-cultures of P. gingivalis
W83 orT. forsythia significantly reduced PECAM-1 cell sur-
face abundance on both occasions (p< 0.05, Figure 4C,D).

3.4 PECAM-1 abundance and
endothelium permeability changes are
independent of gingipains when F.
nucleatum ssp polymorphum is present in a
mixed culture with P. gingivalis

Previous work has shown that P. gingivalis can cleave
PECAM-1 in a gingipain-dependentmanner.14,15 We, there-
fore, assessed the influence of gingipains on endothelial
damage and permeability when wild-type P. gingivalis
or its gingipain-null mutant ΔK/R-ab was combined
with F. nucleatum ssp polymorphum and/or T. forsythia.
Flow cytometric analysis showed a significant decrease

with 2 nl of 2 × 103 Fnp (red) and imaged at 2 hpi. Images were generated using SUM Z-projection function on FIJI R© and show brightfield,
vasculature, Fnp and composite images, respectively. (G) Orthogonal views of cardiac region (area indicated by the highlighted box in F).
Right image, vasculature, center image Fnp and right composite image, further highlight the intravascular localization. Scale bars = 100 μm
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F IGURE 4 F. nucleatum ssp polymorphum decreases
endothelial cell viability and PECAM-1 abundance in multispecies
infections. HMEC-1 cells were infected for 1.5 h with multispecies
bacterial co-cultures mixed in equal quantities of either F.
nucleatum ssp nucleatum (Fnn) or F. nucleatum ssp polymorphum
(Fnp) with either P. gingivalisW83 (PgW83) or T. forsythia (Tf) at 1:1
ratio or both at a 1:1:1 ratio. Total MOI was 100 in all treatments;
controls received medium alone. HMEC-1 viability was determined
by TO-PRO-3 staining for (A) F. nucleatum ssp nucleatum and (B) F.
nucleatum ssp polymorphum and cell death calculated as a % of the
total cell population. HMEC-1 cell surface abundance of PECAM-1
on live endothelial cells was determined by flow cytometry after
multispecies infection containing (C) F. nucleatum ssp nucleatum
and (D) F. nucleatum ssp polymorphum. Data are presented as
normalized median fluorescence intensity (nMFI). In all graphs,
enclosed circles represent data from each individual experiment and
data are presented as mean ± SD. Statistical differences were
analyzed by one-way ANOVA with Dunnett’s multiple comparison
test. *p < 0.05, **p < 0.01, ***p < 0.001

of PECAM-1 cell surface abundance (p < 0.05) when
F. nucleatum ssp polymorphum was mixed with either
wild-type P. gingivalis or the gingipain-deficient mutant
(Figure 5A). Moreover, there was no significant difference
when F. nucleatum ssp polymorphumwas included in a co-
culture with or without gingipains suggesting that there
is no additive effect of PECAM-1 cleavage in the presence
of gingipains (Figure 5A). Reduced PECAM-1 abundance
was also observed when F. nucleatum ssp polymorphum
or P. gingivalis was co-infected with T. forsythia, whereas
the gingipain-null mutant, DK/R-ab, was not significantly

different when incubated with T. forsythia, suggesting that
gingipains play a major role in PECAM-1 cleavage in
P. gingivalis / T. forsythia mixed infections (Figure 5A).
Similar findings were observed when HMEC-1 cells were
infected with F. nucleatum ssp polymorphum, P. gingivalis,
and T. forsythia, where PECAM-1 abundance was signif-
icantly decreased irrespective of the presence or absence
of gingipains (Figure 5B). These results were once again
mirrored when permeability was assessed using a dextran
permeability assay (Figure 5C,D) were in both pairwise
(Figure 5C) and triplicate mixed inoculates (Figure 5D)
increased endothelial permeability in the presence of F.
nucleatum. When inoculated systemically as a tri-mixture
into zebrafish larvae, F. nucleatum ssp polymorphum, P.
gingivalis, and T. forsythia were observed to be associated
with the vasculature, particularly in the ocular and cardiac
regions (Figure 6A–D) where fluorescence co-localization
could be seen as the bacteria bind and aggregate with one
another in vivo (Figure 6E–H). Hematoxylin and eosin-
stained sagittal histological sections revealed advanced
tissue damage in the cranial and gill filament regions along
with yolk sac edemas compared to PBS-injected controls
(Figure 6I,J).

4 DISCUSSION

Although direct cause-effect evidence is to date still
lacking5, the link between cardiovascular disease and peri-
odontitis has been established by numerous studies.25,26
Chronic oral infection in periodontitis leads to entry of bac-
teria and/or their virulence factors into the bloodstream.
This has been shown to cause vascular damage, partly
through activation of the host inflammatory response
through several mechanisms that potentiate atheroma-
tous lesion formation, maturation, and exacerbation.11,27,28
Numerous oral microorganisms or their RNA/DNA have
been identified in the vasculature including in atheroscle-
rotic plaques29 and periodontal pathogens identified vary
depending on the bacterial identification method used.7,8
P. gingivalis is as a keystone organism in periodontal

disease.30 This Gram-negative anaerobe has been recently
described as the most abundant species in coronary and
femoral arteries7 and can also dramatically increase mor-
bidity and mortality of zebrafish in a gingipain-dependent
manner after systemic injection.14 Among its many
virulence factors attributed to causing vascular damage,
gingipains appear to be themost important. Gingipains are
lysine- and arginine-specific cysteine proteases that have
the ability to cleave host proteins by mediating cell surface
protein and extracellular matrix disruption.31 This in turn
contributes to loss of cellular and tissue integrity.32–34
Even though F. nucleatum and T. forsythia are known
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F IGURE 5 PECAM-1 abundance and permeability of HMEC-1 is independent of gingipain in multispecies infections. PECAM-1 cell
surface abundance, as measured by flow cytometry, was decreased on viable HMEC-1 cells when treated with (A) pairwise combinations of F.
nucleatum ssp polymorphum (Fnp), wild-type P. gingivalis W83 (PgW83), Gingipain-null P. gingivalis (ΔK/R-ab), or T. forsythia and (B)
tri-mixtures of the same bacteria (Total MOI100). Data are presented as mean ± SD normalized median fluorescence index (nMFI) with
enclosed circles representing independent experiments. HMEC-1 monolayer permeability was measured using a dextran leakage assay.
HMEC-1 permeability was measured after treatment with (C) pairwise combinations of F. nucleatum ssp polymorphum (Fnp), wild-type P.
gingivalis W83 (PgW83), Gingipain-null P. gingivalis (ΔK/R-ab), or T. forsythia and (D) tri-mixtures of the same bacteria (Total MOI100).
Permeability data are presented as mean ± SD % dextran release of four independent experiments. In all experiments statistical significance
was determined by a one-way analysis of variance with Tukey’s post-hoc multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001

periodontal pathobionts that have been identified in the
vasculature and have also been shown to invade host
cells,11 their interaction with the endothelium is seldomly
studied and even less their effects on endothelial adhesion
molecule expression and permeability after polymicrobial
infection.
Our data using single species infection mirror previ-

ously published data suggesting a gingipain-dependent
reduction of PECAM-1, since no significant effects were
noted in PECAM-1 levels and permeability after infection
with the K/R-ab gingipain-null mutant.14 Single species
infection with both F. nucleatum ssp polymorphum or F.
nucleatum ssp nucleatum resulted in similar endothelial
damage to that observed following wild-type P. gingivalis
(strain W83) infection. Like P. gingivalis, F. nucleatum is
known for its capability of living in hostile environments,35
and although F. nucleatum does not produce gingipains,
it produces several virulence factors including serine

proteases.36 PECAM-1 reduction following infection with
F. nucleatum ssp nucleatum (ATTCC 25586) has been previ-
ously reported on human umbilical vein endothelial cells
(HUVEC) using the same MOI as reported in this study
but at longer infection times of 4–24 h.16 F. nucleatum
ssp nucleatum was also found to induce proinflamma-
tory changes, increase vascular endothelial growth factor
(VEGF) release and suppression of endothelial cell prolif-
eration, indicating that F. nucleatum ssp nucleatum may
also have a pivotal role in mediating vascular damage.16
Experiments using monolayer cultures of endothelial

cells provide informative data, but these experiments lack
conditions such as flow and shear stress that are impor-
tant features in systemic infection. Zebrafish have been
extensively used for host-pathogen interactions and have
several advantages such as transparency and availability of
fluorescently tagged proteins that allow for real-time anal-
ysis of cell–cell interactions. Moreover, the close genomic
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F IGURE 6 Multispecies dissemination of periodontal pathogens in vivo. Maximum intensity projections generated 2 hpi of Nacre
zebrafish embryo. 48 hpf zebrafish embryos were injected with 2 nl of a multispecies inoculum containing 5(6)-FAM, SE-labeled P. gingivalis
W83 (green), Cell Tracker R© CMPTX-labeled F. nucleatum ssp polymorphum (false-colored blue) and Cell Tracker R© Deep Red-labeled T.
forsythia (false-colored magenta) in the common cardinal vein at 2 × 103 total CFU/ml. (A–D) Fluorescence micrographs of the head and
cardiac region showing systemic dissemination of all three species in separate fluorescence channels (A–C) followed by a composite image
(D). (E–H) Maximum intensity projection micrographs at higher magnification in cardiac region of zebrafish embryo. (E–G) Separate
channel micrographs showing the vascular distribution of (E) P. gingvalis, (F) F. nucleatum ssp polymorphum, and (G) T. forsythia. (H) Depicts
a composite image where the white arrows highlight colocalization of different bacterial species. Scale bar = 50 μm. Hematoxylin and
eosin-stained sagittal histological sections of (I) PBS-injected and (J) multispecies (P. gingivalis, F. nucleatum ssp polymorphum, T.
forsythia)-injected zebrafish embryo. Tissue damage and cellular necrosis can be observed in the multi-species-injected zebrafish embryo
within the cranial and ocular region (ey), gill filaments (gf), and pharyngeal arch (pa), along with an enlarged yolk sac (ys) due to excessive
edema

homology to humans and use of similar host defense path-
waysmeans that this in vivomodel system is ideally placed
to examine systemic bacterial infection.37 Indeed, we have
used this model to identify the molecular mechanisms at
play during systemic P. gingivalis infection.34,38 This study
is the first to show F. nucleatum ssp polymorphum is able

to cause significant in vivo mortality when injected sys-
temically in a zebrafish model, with virulence similar to
that observed for P. gingivalis in terms of overall disease
morbidity.34
T. forsythia infection did not result in significant changes

in PECAM-1 abundance or endothelial permeability at
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the time frames used in our experiments. These data
align with previous animal studies where infection with T.
forsythia did not affect atherosclerotic lesion size, although
an increase in inflammatory modulators was observed.39
The authors concluded that different organisms may con-
tribute to vascular damage at different stages or that organ-
isms exhibit different virulence potential when present as
a single species.39 Lack of polymicrobial research in this
area along with animal studies that have highlighted that
the pathogenic effects on the vasculature might differ in
single versusmulti species infection led us to further inves-
tigate the effects of polymicrobial infections on endothelial
cells.
P. gingivalis is generally found associated with other

pathogens andnot as a solitary organism,18 whileF. nuclea-
tum infections also often involvemultiple species.40 There-
fore investigation of their pathogenic affects when inter-
acting with other species is important. Previous research
has shown that P. gingivalis enhances the attachment of
T. forsythia to epithelial cells, enhancing its invasion.41
Our data showed that pairing P. gingivaliswith T. forsythia
increased the virulence of T. forsythia. Although decrease
in PECAM-1 abundance was not uniformly statistically
significant in all experiments performed, indicating that
higher MOI or longer infection times might be required
for effects to be more uniform. F. nucleatum ssp nucleatum
enhanced the invasion of P. gingivalis into both gingival
epithelial and aortic endothelial cells,19 while contrast-
ingly, another study showed that P. gingivalis suppressed
invasion of coinfecting F. nucleatum ssp nucleatum in gin-
gival epithelial cells with gingipain-mediated inactivation
of the PI3K/AKT pathway suggested as a possible reason.40
This particular microbial interaction may be a reason why
reduction in PECAM-1 abundance was only observed with
polymicrobial infections containing P. gingivalis and F.
nucleatum ssp polymorphum and not F. nucleatum ssp
nucleatum.
These data highlight differences in virulence between

F. nucleatum ssp nucleatum and ssp polymorphum. In
single species infection, F. nucleatum ssp nucleatum and
ssp polymorphum both caused a significant decrease in
PECAM-1 abundance. When mixed pairwise with other
bacteria, F. nucleatum ssp nucleatum was less virulent
than ssp polymorphum in terms of HMEC-1 viability and
PECAM-1 loss, suggesting that different F. nucleatum sub-
speciesmight display varying amounts of virulence factors.
Although F. nucleatum ssp nucleatum and ssp polymor-
phum share many highly conserved genes whose products
are associated with bacteria-to-bacteria and bacteria-to-
host cell adhesion and virulence (such as FadA,42 RadD,43
Fap2,44 and FomA45), 25% of the open-reading frames
in ssp polymorphum (ATCC10953) are not represented in
other Fusobacterium and several of these unique genes

code for virulence factors.46 There are also differences in
the carbohydrate moieties on the lipopolysaccharide (LPS)
O-antigen between F. nucleatum ssp, with ssp polymor-
phum (ATCC 10953) containing sialic acid as a constituent
of its O-antigen, whereaas this is lacking in ssp nuclea-
tum (ATCC 25586).47,48 Moreover, the protease fusolisin
has been identified in both F. nucleatum subspecies, how-
ever its expression and secretion markedly varies between
strains.49 These subtle inter-strain variances may explain
the differences between the two strains in terms of viru-
lence toward endothelial cells, in both single species as
well as multi-species infection.
The reduction of PECAM-1 abundance following co-

infection of F. nucleatum ssp polymorphum with P. gin-
givalis in the presence (wild-type) or absence (K/R-ab)
of gingipain was similar. This is interesting because it
might be expected that F. nucleatum proteases and gingi-
pains would act in concert to produce enhanced PECAM-1
degradation. It could be that the F. nucleatum proteases
have higher affinity or are more active meaning that their
degradative effects override that of gingipains or that these
enzymes are in competition during co-infection, limit-
ing their individual effects. The addition of T. forsythia
appears to have no additional effect in polymicrobial infec-
tion. Similar observations were shown in polymicrobial
biofilm formation by other authors,50 but, to date, there are
no studies showing protease effects on the vasculature in
polymicrobial infections.
It is unclear whether F. Nucleatum ssp polymorphum

might play a greater role than P. gingivalis in vascular
damage. P. gingivalis has been claimed to guide F. nuclea-
tum to a paracellular pathway,40 potentially increasing its
virulence. Another hypothesis is that arginine-inhibitable
adhesins produced by F. nucleatum43 alter gingipain activ-
ity, thereby reducing P. gingivalis virulence. These findings
highlight the potential role of F. nucleatum in both sin-
gle species and polymicrobial interactions on vascular
damage. This research also further asserts the need for
a broader approach in the investigation of periodontal
pathogen interactions with the vasculature since these
organisms might behave or respond to treatment differ-
ently if in close proximity or attached to one another.

5 CONCLUSIONS

Here, we show that F. nucleatum, in particular ssp
polymorphum, affects endothelial adhesion molecule
abundance, cell viability, and vascular permeability,
even when part of polymicrobial infection. The results
highlight the need for further research on potential mech-
anisms of cardiovascular damage following polymicrobial
infections involving F. nucleatum strains and the role these



1432 FARRUGIA et al.

interspecies interactions play in their potential pathogenic
effects on the endothelium.
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