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Abstract
Introduction—Dissemination of oral bacteria into the bloodstream has been associated with eating,
oral hygiene, and dental procedures; including tooth extraction, endodontic treatment, and
periodontal surgery. Recently, studies identified Streptococcus mutans, the primary etiological agent
of dental caries, as the most prevalent bacterial species found in clinical samples from patients who
underwent heart valve and atheromatous plaque surgery.

Methods—By using antibiotic protection assays, we tested the capacity of 14 strains of S. mutans
to invade primary human coronary artery endothelial cells (HCAEC).

Results—Serotype e strain B14 and serotype f strain OMZ175 of S. mutans were able to efficiently
invade HCAEC. Among the tested strains, serotype f S. mutans OMZ175 was the most invasive,
whereas strains of serotype c S. mutans, the most prevalent serotype in dental plaque, were not
invasive. Based on its high invasion rate, we further investigated the invasive properties of serotype
f OMZ175. Using transmission electron microscopy and antibiotic protection assays we demonstrate
that S. mutans OMZ175 is capable of attaching to the HCAEC surface, entering the cells and surviving
in HCAEC for at least 29 h.

Discussion—Our findings highlight a potential role for S. mutans in the pathogenesis of certain
cardiovascular diseases.
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Bacteria colonizing the teeth, the only non-shedding surfaces of the body, form dental plaque,
a multi-species biofilm that is normally compatible with oral health. However, environmental
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perturbations can alter the composition and metabolic activities of oral biofilms, allowing an
increase in the proportions of species that are associated with the development of oral diseases,
including dental caries and periodontitis (13,19). Streptococcus mutans is recognized as a
primary etiological agent of dental caries and possesses multiple virulence attributes that allow
the organism to colonize, form biofilms, produce acids that damage tooth mineral, and to grow
and metabolize in acidic environments (15). It is also recognized that S. mutans is able to gain
access to the bloodstream, leading to transient bacteremias that may result in the development
of infective endocarditis (12,21). S. mutans strains are classified into four serotypes (c, e, f,
and K), and the serological specificity is defined by rhamnose-glucose polysaccharide (RGP)
on the cell wall (19,24). The RGP of S. mutans consists of a backbone structure of α1,2-linked
and α1,3-linked rhamnan with glucose side chains linked to alternate rhamnose units. Each
serotype-specific polysaccharide has unique linkages of its glucose side chains (serotype c,
α1,2-linkage; serotype e, β1,2-linkage; and serotype f, α1,3-linkage) (18,27). Serotype c strains
are predominant in dental plaque and differences in the binding affinities of the RGP to human
oral tissues might have led to this biased distribution (29).

The dissemination of oral bacteria into the bloodstream is common in patients subjected to
dental procedures, such as tooth extraction, endodontic treatment, and periodontal surgery
(17). After an oral procedure, it has been demonstrated that bacteria can reach the heart, lungs
and peripheral blood capillary system in less than a minute (12). Infective endocarditis is a
serious and often fatal systemic disease with over 1000 case reports directly associating dental
procedures or disease with the onset of endocarditis (6,17). Approximately 15,000 new cases
of infective endocarditis occur in the United States each year and about 20% of all cases require
surgical intervention (10). Despite advances in early diagnosis, antimicrobial treatment, and
surgical techniques, the reported mortality from referral centers is essentially unchanged over
the past several decades (26).

Evidence to support a correlation between oral infections and the occurrence of advanced
coronary atherosclerosis has been accumulating (20). Some periodontal pathogens as well as
dental plaque inhabitants, such as viridans streptococci, have been reported to be associated
with infective endocarditis and atherosclerotic/atheromatous plaque (5,8,16,20,31). Recently,
Nakano and co-workers (22) reported that S. mutans was the most prevalent bacterial species
detected in diseased heart valve tissues as well as in atheromatous plaques, with an incidence
of 68.6% and 74.1%, respectively. In addition, Kozarov and colleagues (14) reported that DNA
from S. mutans was recovered from atheromatous plaque in 22.5% of young patients (~27 years
old) and 44.4% of older patients (~67 years old). When using DNA fingerprinting to compare
S. mutans isolates from dental plaque and an infected heart valve from a patient who underwent
heart surgery, Nomura and colleagues demonstrated that the oral isolates differed from those
found in the heart valve (25). In a study with patients who underwent cardiovascular operations,
it was demonstrated that S. mutans serotype e was prevalent in dental plaque and in
cardiovascular samples from diseased patients, whereas serotype c strains, the most common
serotype found in dental plaque, prevailed in the healthy control group (23). Collectively, these
findings lend credence to the idea that there are subpopulations of S. mutans carried in humans
that, while not necessarily associated with caries, may have an enhanced capacity to interact,
and possibly invade, the cells of the cardiovascular system.

Invasion of host cells consists of an active, bacterially-driven process wherein signal
transduction pathways of otherwise non-phagocytic cells are subverted to accommodate
bacterial entry (11). In 2003, Stinson and colleagues (30) reported that viridans group
streptococci were capable of invading human umbilical vein endothelial cells (HUVEC).
Streptococcus gordonii was considered the most invasive species, but differences in invasion
efficiency were observed among strains. In light of the new findings (24–27) reporting a high
frequency of detection of certain S. mutans serotypes from patients with atherosclerosis and
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infective endocarditis, we investigated the invasive properties of 14 strains of S. mutans
belonging to serotypes c, e, and f, and then further characterized the capacity of a highly
invasive strain, serotype f strain, OMZ175, to enter and persist in endothelial cells.

Material and methods
Streptococcus mutans strains and serotype determination

Streptococcus pyogenes HSC5 is a known invasive streptococcal isolate (28) and was chosen
as a positive control for this study. The serotype of 14 selected S. mutans strains (Table 1) was
confirmed by multiplex-polymerase chain reaction using primers SC-F (5′-CGG AGT GCT
TTT TAC AAG TGC TGG-3′) and SC-R (5′-AAC CAC GGC CAG CAA ACC CTT TAT-3′)
for serotype c determination; SE-F (5′-CCT GCT TTT CAA GTA CCT TTC GCC-3′) and SE-
R (5′-CTG CTT GCC AAG CCC TAC TAG AAA-3′) for serotype e determination; and SF-
F (5′-CCC ACA ATT GGC TTC AAG AGG AGA-3′) and SF-R (5′-TGC GAA ACC ATA
AGC ATA GCG AGG-3′) for serotype f determination, as described elsewhere (29).

Preparation of confluent human coronary artery endothelial cells culture
Primary human coronary artery endothelial cells (HCAEC; Lonza, Allendale, NJ), which are
non-phagocytic cells, were chosen for the invasion assays. The HCAEC were cultured in
endothelial cell basal medium-2 (EBM-2; Lonza) supplemented with EGM-2MV single-use
aliquots (Lonza), as described by the supplier. The HCAEC were maintained at 37°C in a
humidified, 5% CO2 atmosphere. The cells were harvested by trypsinization and washed in
EBM-2 medium. One milliliter of the suspension containing 105 endothelial cells was then
seeded per well in 24-well flat-bottom tissue culture plates (Sarstedt, Newton, NC) followed
by overnight incubation at 37°C in a 5% CO2 atmosphere (4).

Preparation of the bacterial inoculum
S. mutans strains and S. pyogenes HSC5 were cultured overnight in Brain–Heart Infusion (BHI)
broth. Bacterial cultures were transferred to a microcentrifuge tube and collected at 14,000 g
for 5 min. Pellets were washed twice with sterile phosphate-buffered saline (pH 7.2) and
resuspended in supplemented EBM-2 without antibiotics to obtain bacterial suspensions
containing 1 × 107 and 5 × 105 colony-forming units (CFU)/ml of S. mutans and S.
pyogenes, respectively. Before infecting HCAEC, bacterial species were sonicated twice for
15 s to disperse aggregates.

Infection of HCAEC monolayers and antibiotic protection assays
Medium from HCAEC cultures was aspirated and wells were washed three times with
prewarmed EBM-2 medium without antibiotics. One milliliter of each strain of S. mutans
(Table 1) and S. pyogenes HSC5 (positive control strain) containing 1 × 107 CFU/ml or 5 ×
105 CFU/ml, respectively, was added to triplicate wells containing 1 × 105 HCAEC and the
plates were incubated for 2 h in the absence of antibiotics. Of note, S. mutans was not able to
replicate in EBM-2 during the infection period. To determine the number of bacterial cells that
were able to reach the intracellular compartment, antibiotic protection assays were performed
as described elsewhere (4,30) with the following modifications. After 2 h of co-culturing
HCAEC with S. mutans or S. pyogenes, the wells were washed three times with fresh
prewarmed EBM-2 without antibiotics to remove planktonic and adventitiously-bound
bacteria. One milliliter of EBM-2 containing 300 μg/ml gentamicin and 10 μg/ml penicillin G
was added to the wells and incubated for an additional 3 h at 37°C in a 5% CO2 atmosphere
to eliminate extracellular bacteria. Next, the wells were washed three times with prewarmed
EBM-2 without antibiotics and the HCAEC were lysed by osmotic shock in 1 ml of sterile
deionized water for 20 min. The mixture of lysed HCAEC and free bacteria was collected from
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the wells and serially diluted in phosphate-buffered saline, followed by plating onto BHI agar
and incubation at 37°C in a 5% CO2 atmosphere. After 2 days of incubation, the CFUs were
counted and the percentage of intracellular bacteria relative to the initial inoculum was
calculated.

Adherence, invasion, and persistence assays
S. mutans strains UA159 and OMZ175 were co-cultured with HCAEC for 30 min, 5 and 29 h
as described above. Briefly, HCAEC were infected with S. mutans (1 × 107 CFU) in triplicate
for 30 min, 5 and 29 h. For the 30-min time-point, wells were washed, bacterial cells were
recovered 30 min after infection (see below) without killing with antibiotics, and CFUs were
determined by plating. For the 5- and 29-h time-points, HCAEC were infected with bacterial
cells for 2 h (without antibiotic) and then incubated in the presence of antibiotics for 3 and 27
h, respectively. To recover viable bacteria protected by the host, HCAEC were washed and
lysed, and recovered bacteria were plated onto BHI agar as described above.

Transmission electron microscopy
HCAEC and S. mutans strains were co-cultured as described above for 30 min, 5 and 29 h in
24-well plates and processed for electron microscopy as follows. The media were removed and
the cells were fixed in 2% paraformaldehyde/2% glutaraldehyde in 0.1 M cacodylate buffer, pH
7.2, for 1 h at room temperature. The cells were then washed three times in 0.1 M cacodylate
buffer with 7% sucrose and postfixed in 1.0% osmium tetroxide in 0.1 M cacodylate buffer for
1 h. After rinsing in Michaelis buffer and en bloc staining with Kellenberger buffer, the cells
were dehydrated with a graded series of ethanol. At this point, the cells were either released
from the plate with propylene oxide and centrifuged into a pellet or left in the wells in
preparation for en face sectioning. In both cases, the cells were infiltrated with a formulation
of Poly-Bed 812 resin. Thin sections were examined on a JEOL 100CX transmission electron
microscope.

Results
Serotype f S. mutans OMZ175 is highly invasive

The invasive properties of 14 isolates of S. mutans belonging to different serotypes were
investigated. Under the conditions tested, a serotype e strain, B14, and a serotype f strain,
OMZ175, were able to efficiently reach the cytoplasm of HCAEC after 5 h of infection.
However, OMZ175 was considerably more invasive than B14 with 0.22% (~4.4 × 104 CFU)
and 0.05% (~5 × 103 CFU), respectively, of the initial inoculum localized within the
intracellular compartment (Fig. 1). The serotype c strains displayed a very low invasive
behavior (Fig. 1). Notably, 1.3% (9.7 × 103 CFU) of the initial inoculum of S. pyogenes HSC5,
the positive control strain, was able to reach the HCAEC cytoplasm (data not shown). S.
pyogenes is known to invade epithelial cells, here we demonstrate that endothelial cells can
also be invaded very efficiently by this organism.

Adherence, invasion and persistence of S. mutans in HCAEC
To assess the capacity of S. mutans to attach to HCAEC and to survive in the cytoplasm of
HCAEC, the CFU of S. mutans OMZ175 and UA159 recovered after 30 min, 5 and 29 h of
co-culture with HCAEC were compared. As shown in Fig. 2, no significant change in the
number of S. mutans OMZ175 recovered from the intracellular compartment was observed
over the experimental period. However, the number of UA159 cells significantly decreased
after 29 h of invasion.

Abranches et al. Page 4

Oral Microbiol Immunol. Author manuscript; available in PMC 2010 April 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Transmission electron microscopy
To confirm that S. mutans was indeed able to enter the cells and to begin to define its
intracellular location, HCAEC monolayers were exposed to S. mutans OMZ175 for different
time periods (30 min, 5 and 29 h) before being examined by transmission electron microscopy.
As shown in Fig. 3, upon entry, the bacteria could be observed in vacuoles. However, after 5
and 29 h of infection, S. mutans was both localized in the vacuoles and free in the cytoplasm.

Discussion
Epidemiological studies with Japanese children revealed that S. mutans serotype c is the most
common serotype isolated from dental plaque (84.8%), followed by serotype e (13.3%). In
contrast, serotype f was rarely isolated from dental plaque of the subjects of this study (1.9%)
(29). Recently, a new S. mutans serotype was isolated from the blood of patients with infective
endocarditis and from the oral cavity (serotype k) (24). Nakano and colleagues (23) reported
that strains belonging to serotype e were frequently detected in dental plaque and in the heart
valves of patients with cardiovascular diseases (CVD). However, serotype c strains prevailed
in dental plaque of healthy subjects (no CVD). Of the 14 strains of S. mutans originally isolated
from dental plaque that were tested here, only two, OMZ175 and B14, belonging to serotypes
f and e, respectively (Fig. 1), were considered invasive. None of the serotype c strains of S.
mutans, including two fresh clinical isolates from children with dental caries (13), displayed
invasive behavior, which suggests that there may be important differences in strains belonging
to different serotypes. Much of what is presently known concerning virulence attributes of S.
mutans has been derived from studies with serotype c strains, including the common laboratory
strains UA159, NG8, GS-5, and Ingbritt. The best characterized difference between serotypes
of S. mutans is the cell-wall-associated polysaccharide RGP. It has been suggested that
serotypes e and f originated from serotype c strains through the introduction of point mutations
or deletions in the rgp loci (29). RGP acts as a putative adhesin for the binding of S. mutans
to human monocytic and fibroblastic cells, as well as to platelets (2,7). However, it is not known
if the RGPs associated with sero-types e or f are able to mediate or enhance invasion or
persistence within human cells. Given recent studies demonstrating the tremendous
heterogeneity of S. mutans strains belonging to serotype c and the finding that there are strains
carrying genes not present in the sequenced isolate UA159 (1,9), it is reasonable to speculate
that some serotype e and f strains could possess multiple factors that are different from, or not
present in, serotype c strains that markedly enhance invasion and persistence in endothelial
cells. Likewise, the fact that serotype f strain 1SA did not invade as well as OMZ175 is
indicative of a multifactorial process for uptake into HCAEC. Dissecting the physiological and
genetic traits of different serotypes of S. mutans will provide a better understanding of the
spectrum of pathogenic mechanisms of this organism.

The ability of Porphyromonas gingivalis and Porphyromonas endodontalis to invade
endothelial and epithelial cells also exhibits considerable strain-to-strain variability, with some
strains classified as non-invasive (3). We also observed that invasion by S. mutans is strain
dependent. Interestingly, our data clearly show that attachment and invasion of HCAEC by
OMZ175 occurs very rapidly, because similar numbers of bacteria were recovered at 30 min
and 5 h of invasion. The data presented here suggest that an extensive examination of the
invasive behavior of different serotypes and strains isolated from the blood of patients with
CVD would be fruitful.

Our results revealed that OMZ175 persists throughout the 29-h period of the infection and the
rate of recovery of organisms does not change significantly during this time. Therefore, either
the bacteria remain viable but do not multiply inside the host cells, or the population is
maintained through a balance between cell division and death of the organisms in the host
intracellular environment. The fact that other S. mutans strains yielded much lower recovery
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rates throughout the infection process indicates that the ‘non-invasive’ S. mutans strains have
defects in either attachment to cells, in stimulating uptake, or both.

The presence of S. mutans OMZ175 within HCAEC upon infection was also confirmed by
transmission electron microscopy. Examination of electron micrographs revealed that some
intracellular S. mutans OMZ175 were found within vesicles whereas others appeared to be free
in the cytoplasm. It will be critical to determine whether harboring of S. mutans in the cytoplasm
or specific intracellular compartments by host cells contributes to the pathogenesis of CVD.
The fact that S. mutans OMZ175 can remain viable in endothelial cells for prolonged periods
indicates that invasive organisms may not be readily cleared by the immune system or antibiotic
treatment, potentially contributing to the establishment of chronic disease and the triggering
of other pathologies associated with CVD. Our findings further support the view that, in some
cases, CVD may also have an infectious etiology. Studying the invasive properties of S.
mutans isolated from patients with CVD and identifying the mechanisms involved in S.
mutans invasion may lead to innovative approaches for the prevention and treatment of diseases
elicited by invasive S. mutans.
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Fig. 1.
Invasive properties of Streptococcus mutans strains. The number of S. mutans colony-forming
units (CFUs) recovered from the intracellular compartment of human coronary artery
endothelial cells after 5 h of infection is shown. The data represent the log of the average ± SD
of at least three independent experiments.
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Fig. 2.
Persistence of Streptococcus mutans in human coronary artery endothelial cells (HCAEC). The
data represent the percentage of the initial inoculum of S. mutans that was able to reach the
intracellular compartment of HCAEC and remained viable at different times. Values shown
are log of means ± SD from at least three independent experiments.
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Fig. 3.
Electron micrographs of human coronary artery endothelial cells (HCAEC) invasion by
Streptococcus mutans OMZ175 after 30 min (A), 5 h (B), and 29 h (C) of infection. The
HCAEC monolayers co-cultured with S. mutans OMZ175 were fixed and prepared for
transmission electron microscopy before being examined on a JEOL 100CX electron
microscope. Upon entry, the bacteria were found in vacuoles (black arrows). At 5 and 29 h of
infection, S. mutans was found to be either in vacuoles (black arrows) or free in the cytoplasm
(white arrows).
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Table 1

Streptococcus mutans strains used in this study

S. mutans strains Serotype Source or reference

UA159 c University of Alabama

GS5 c R. J. Gibbons

NG8 c A. Bleiweis collection

Ingbritt175 c A. Bleiweis collection

DP-5 c A. Bleiweis collection

Smith c R. Burne collection

C5(9)2 c M. Klein (13)

C2(5)3 c M. Klein (13)

B2 e A. Bleiweis collection

B14 e A. Bleiweis collection

V100 e A. Bleiweis collection

C(32)51 e M. Klein (13)

OMZ175 f B. Guggenheim

1SA f R. Burne collection
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