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Infections of the root canal space and their sequelae can
be extremely painful and potentially dangerous, yet they do
not necessarily have to be. Chronic, asymptomatic
inflammatory lesions around the apex of a tooth with a
necrotic dental pulp or an insufficient root canal treatment
can develop unnoticed by the patient, and remain so for
years. The course of disease is modulated by both the
virulence of the microbiota established in the root canal
space and the capacity of the immune system to curb the
infection. To both ends, highly convincing investigations to
help us understand when and why the tissues around an
endodontically involved tooth become acutely inflamed are
missing. We will discuss how recent advances in molecular
identification of microorganisms have altered our
understanding of root canal infections, and which
information is currently missing to link clinical experience
with observations from experimental research.

Since the groundbreaking observations in the 1970s in
humans and the preceding controlled experiments in gnotobiotic
rats, it has become clear that inflammatory conditions of the den-
tal pulp and, later in the disease process, the periapical tissues are
caused by microorganisms.'™ These infections and their concur-
rent inflammations are the main causes for patients to seek emer-
gency dental care.>® The conditions can be excruciatingly
painful; associated with sleep disturbance, limited ability to
work, and difficulty in performing everyday tasks.” Left
untreated, exacerbating root canal infections can be an immediate
threat to systemic health, with nearly 7000 hospitalizations per
annum reported in the US alone.® Root canal infections thus
pose a problem not only on the individual, but also on the com-
munity level.”!° The intriguing fact in this context, however, is
that that pulpal and periapical disease can also develop unnoticed
by the patient,11 and, because of a lack in accurate diagnostic
tools, evade detection by the dentist as well."> Obviously,
whether a root canal infection becomes acute or not must have
something to do with the virulence of the invading microbiota
and the capacity of the immune system to curb the process.'>'
But when, how, and why root canal infections become acute
remains unclear. We evaluate and discuss these questions in the
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current communication with a focus on infection and the factors
that modulate the virulence of the microbiota in the root canal
space.

Infection of the Root Canal Space

The preamble for shedding light on the etiology and patho-
genesis of endodontic infections is to understand the oral micro-
biota as a community of commensals that can switch to
opportunistic pathogens. The oral cavity is colonized by a wealth
of diverse microorganisms, including bacteria, viruses, fungi, pro-
tozoa and archaea, collectively designated the "oral microbiome",
which exhibit a considerable redundancy among them.'” Based
on phylogenetic analysis of collected 16S rRNA gene sequences,
the oral microbiome comprises more than 1000 individual taxa,
most of which are as-yet uncultivated. Of note, it is the second
most complex microbiome in the human body, following that of
the colon.'® Taxa span across 13 individual phyla, namely: Aeti-
nobacteria, Bacteroidetes, Chlamydiae, Chloroflexi, Euryarchaeota,
Firmicutes, Fusobacteria, Proteobacteria, Spirochaetes, SR1, Syner-
gistetes, Tenericutes, and TM7."” The oral cavity is a dynamic
environment consisting of the "protective microbiota”, transient
invaders from food and other external sources, and opportunistic
inhabitants of specific niches. Most prominent among the latter
are the ecological environments created by the teeth, which are
the only hard tissue entities in the human body that cross a soft
tissue barrier (i.e. the gingival mucosa).

To invade the root canal space, microorganisms present in the
oral cavity have to breach dental hard tissues. This they achieve
by acidic dissolution of hydroxyapatite,'®"? through cracks in
the tooth crown,”” or through exposed dentinal tubules in trau-
matized teeth with a disconnected nerve-vessel bundle.”" In addi-
tion, microorganisms can reach the pulp space via the apical
foramen in cases of severe periodontal disease.”” These pathways
between the endodontium and the periodontal spaces have been
discussed in detail.”® Caries, cracked teeth and dental traumata
apparently have long troubled mankind, as these problems are
evident in the Neolithic Iceman 3300 BC.?* The pulp contained
in the confined space of the root canal system is immunocompe-
tent and capable of fending off infection.”> However, if the infec-
tion is not operatively removed or at least arrested, pulp tissue
necrosis ensues eventually via the sustained release of proteolytic
enzymes by neutrophil granulocytes.’®*” This then leads to
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infection of the entire root canal space, and the host defense
retracts to the tissues surrounding the root tip, i.e., the
periapex.”®

Given these parameters, dental infections are polymicrobial
and opportunistic. This is what renders the task of understanding
the different courses of disease particularly difficult. It does not
necessarily help in this context that sampling procedures to iden-
tify the taxa present at specific sites and in different clinical states
are full of methodological pitfalls.29 On the other hand, if these
errors are avoided, the root canal space offers a unique opportu-
nity to study opportunistic infections in man.

The Cultivable Root Canal Microbiota

Similar to the early attempts at understanding caries and peri-
odontal disease, root canal infections were first thought to be
non-specific.’® Indeed, the sheer number of microorganisms con-
tained in a root canal system appears to influence the severity of
the periapical 1'espons<:.31’32 However, the non-specific infection
hypothesis was partly driven by the inability to identify the vari-
ance in the microbiota found in the infected root canal space.
The problem with studies on oral infections was that anaerobic
culturing was not possible until the late 1960s,”> and conse-
quently, the facultative taxa were over-estimated in early works
on the topic.>* Another problem with investigations on the grad-
ual infection of the root canal space, as indicated above, was and
is the collection of samples. Based on the fact that the oral cavity
is full of microorganisms, contamination is a problem, and it is
not easy to harvest the taxa that form the front of the lesion. This
was realized when anaerobic culturing became available to dental
researchers, and "biofilm" was still known as “plaque.”®”%° It was
also during that time when some ground-breaking observations
were made. These studies are known to every endodontist as “the
Fabricius studies,” whereas they should actually be attributed to
the late Ake Maller (1916-2009). These investigations shaped
our biological understanding of root canal infections. A first
study in monkey (macaca fascicularis) teeth with controlled infec-
tion using different combinations of 11 bacterial species,
obtained from autogenously infected root canals in monkeys
from earlier work, revealed that these taxa apparently formed
multi-species communities, which elicited stronger inflammatory
responses when combined.?” Especially one species from the Bac-
teroidetes phylum, then termed Bacteroides oralis (which most
probably corresponds to Prevotella oralis), was able to trigger a
strong host response, yet was not able to survive if mono-
infected. The concept of positive (and negative) association of
different taxa was later confirmed in man,”® and biofilm-like
structures residing in the root canal space were described in histo-
logic specimens of extracted teeth with apical periodontitis.”> A
further study by the Moller group revealed an important ecologi-
cal finding: when root canals in monkeys were left open to the
oral cavity for one week and then sealed for different time periods
up to 3 years (1060 days, to be exact), the facultative anaerobes,
which were present at high numbers at first, were gradually out-
grown by the obligate anaerobes.”” This study introduced a
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further methodological ingenuity: samples were harvested from
the main canal, the canal wall dentin, and the most apical part of
the root canal. Culture results showed that the apical samples
were consistently more anaerobic than the counterparts taken
from coronal aspects of the same root canal system. Using dark
field microscopy in samples from extracted teeth with apical peri-
odontitis, which were sectioned into a coronal, a middle, and an
apical root segment, it was later observed that the microbiota dif-
fered between these aspects in that there were less coccoid forms
in the apical segment compared to the coronal counterpart.”’
This investigation also revealed the presence of spirochetes in the
root canal system. Spirochetes are not easily cultivable, yet could
be highly virulent, which highlights the limitations of microbial
culture.*? The idea to use the apical segment of extracted teeth to
identify that aspect of the microbiota in necrotic teeth, which is
most likely to interact with the immune response of the host was
then taken up for culture studies.*> These revealed that the apical
microbiota is mostly anaerobic, even in teeth with open caries
lesions. However, there was no control group with teeth with
intact crowns, only the historic controls of traumatized teeth,
which revealed over 90% strict anacrobes,* as compared to less
than 70% in the teeth with carious pulpal exposures.43 On the
other hand, a later study comparing cultivable Bacteroidetes in the
coronal and the apical segment of necrotic root canals in
extracted teeth found no apparent difference between the two
environments.

Culture-Independent Studies

Early authors using microscopic techniques knew already that
the picture revealed by culturing the microbial content of the
root canal was rather limited.*>* In recent years, molecular
approaches have validated and expanded further the findings
derived from culture-dependent methods. The first application
was DNA-DNA checkerboard hybridization. This method con-
firmed that endodontic infections are of mixed microbial etiol-
ogy; up to 17 previously known taxa were detected in a single
root canal,®® including the “red complex” periodontal patho-
gens.”” Yet, the significant breakthrough in the characterization
of the endodontic microbiome came with the use of polymerase
chain reaction (PCR)-based approaches, which enabled the detec-
tion of the uncultivable microbiota. To this end, the first authors
used 16S rDNA-targeted PCR followed by cloning and then
sequencing of the PCR products.”® Siqueira & Rocas and co-
workers introduced the use of PCR-based denaturing gradient
gel electrophoresis (PCR-DGGE) to endodontic research.®%°
Combined with gel band excision, sequencing and sequence anal-
ysis, PCR-DGGE can also be used to identify individual taxa.
Such studies found unculturable clones of the phyla Spirochactes
and Synergistetes (formerly known as Deferribacteres) in root
canals of teeth with apical periodontitis.ﬂ’53 Furthermore, the
newly identified taxon Dialister was identified to be a frequent
member of the endodontic microbiota residing in infected root
canals.*® More recent approaches included the use of pyrose-
quencing of 16S rRNA genes to profile the endodontic
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microbiome.”*>> These studies revealed a previously unknown
high diversity of bacterial communities, also in the apical portion
of infected root canals.”

A comprehensive joint analysis of culture and molecular stud-
ies showed that over 460 unique bacterial taxa, belonging to 100
genera and 9 phyla, have been identified in different types of end-
odontic infections.*> The phyla with the highest species richness
were confirmed to be Firmicutes, Bacteroidetes, Actinobacteria,
and Proteobacteria. Thus, high-throughput nucleic acid-based
methods have enabled us to discover a surprisingly high diversity
of the microbiota in infected root canals. At least, this diversity
proves to be greater than originally appreciated by cultivation or
conventional molecular methods. Moreover, the amplitude of
uncultivable clones of otherwise well-established taxa, as well as
their standpoint within the overall microbiome, was also
revealed. Hence, we now have a much broader overview of the
mosaic of the complex microbiota associated with endodontic
infections.

Koch’s Postulates Revisited

Simply assessing the presence of certain taxa in the root canal
system may be interesting basic information, yet this does not
help us to understand the disease progress from a microbiological
point of view. When does a root canal infection become acute,
and why? Obviously, the original Koch postulates cannot be used
to explain acute forms of apical periodontitis, or any other oppor-
tunistic infection, for that matter.”® However, taking into consid-
eration that root canal infections are polymicrobial by nature, it
may still be that certain constellations of the endodontic micro-
biome may be more virulent than others. This was investigated
by Goran Sundqvist. In his classical thesis on the cultivable
microbiota of traumatized single-rooted teeth with an intact pulp
chamber, he noticed that the presence of Bacteroides melaninoge-
nicus (now: Prevotella melaninogenica) in all the acute cases with
pus and/or tenderness, but not in counterparts diagnosed with
chronic apical periodontitis.* He also found other taxa to be asso-
ciated with acute infections, such as Peptostreptococcus spp.,
Eubacterium spp., and Campylobacter sputorum. Given the fact
that the teeth in this investigation were all similar in terms of
their ecological conditions in the root canal system, i.c., they all
contained a necrotized pulp because of a trauma to the nerve-ves-
sel bundle while their crown was intact, these observations
highlighted the possibility that composition of the microbiota in
the root canal drives the course of disease. Sundqvist then tested
a revised version of Koch’s third postulate: he took the 88 cultur-
able bacterial strains, 85 of which were anaerobic, isolated from
the traumatized teeth described above.* Combinations of these
taxa found in clinical cases were suspended to a cell density of
10® cells per mL. These suspensions were then injected subcuta-
neously in guinea pigs. Interestingly, the combinations from the
11 symptomless teeth did not induce transmissible infection. In
contrast, 6 of the 7 combinations from the symptomatic teeth
did cause abscess formation, and the aspirate from these abscesses
again caused an abscess in another animal.”” The transmission
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was performed 4 times for a combination to be called transmissi-
ble. Bacteroides spp. were present in all the abscesses, mostly
together with Parvimonas micra (formerly referred to as Peptos-
treptococcus micros).

The idea to identify virulent combinations of microorgan-
isms in infected root canals was taken up by numerous other
investigations, which compared the microbiota in teeth with
chronic apical lesions with that of counterparts with exacer-
bating inflammations of endodontic origin.58 However, the
more sophisticated the identification methodologies, the less
clear the picture became. Apparently, already within the
black-pigmented Bacteroides spp., there are certain taxa associ-
ated with acute inflammations, while others are not.”” On the
other hand, taxa such as Enterococcus spp. are shown to corre-
late with periapical health rather than disease.®® Indeed, cer-
tain taxa found in recurrent or persistent apical periodontitis
after root canal treatment may represent environmental con-
taminants from food or other extra-oral sources rather than
truly therapy-resistant entities.®'

Culture-independent techniques again widened the field of
possible players in acute endodontic infections.”” A high-
throughput multiplexed 16S rRNA gene pyrosequencing analy-
sis of the root canal content of 8 teeth with chronic apical peri-
odontitis was compared with the aspirate from 9 abscesses of
endodontic origin.®> This study, while not free from some
methodological doubt (the chronic samples were taken from the
root canal, the abscess samples from the periapex), revealed that
bacteria from the genera Fusobacterium, Atopobium, Parvimonas,
Dialister, Porphyromonas, Prevotella, and especially Peptostrepto-
coccus appeared much more frequently in abscesses as compared
to chronic root canal infections. This confirmed the earlier
observations on transmissible abscess formation by Sundqpvist,
who already noted the importance of the black-pigmented Bac-
teroides species and Peptostreptococci. If we accept the concept
that Fusobacteria, as their name indicates, are the "bridge-build-
ers" in biofilms, and that apical periodontitis is a biofilm-related
disease, then it could be postulated that Fusobacteria are simply
present in apical abscesses because they constitute an important
part of the apical biofilm, irrespective of virulence properties. A
later study taking a similar approach revealed similar findings:
Fusobacteria were the most abundant genus in the abscesses.®t
In the mouse model, Fusobacterium nucleatum, the most fre-
quently cultured species from teeth with apical periodontitis,”®
can induce abscess formation in mono-infection.®®> However, its
virulence is much greater if administered in combination with
Porphyromonas gingivalis or Prevotella intermedia.® In this same
model, strains of Peprostreptococcus anaerobius were pathogenic
in pure culture.

So, in summary, results from culture-based studies and cul-
ture-independent approaches might not be that different after all,
as the main players that drive exacerbation of the inflammation
have remained conspicuously similar. However, it remains to be
elucidated if any of the as-yet non-cultivable or highly fastidious
species play any significant role in clinical endodontics. Among
these taxa, spirochetes appear to be among the main candidates
that could be of interest.*?
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Clinical Observations versus Experimental Research

Dentists know that root canal infections can take all kinds of
different pathways. They can go unnoticed by the patient,
or they can be extremely painful.'’ Apparently, there is one form
of apical periodontitis that takes an immediate aggressive course.
Surprisingly, there is sparse information in the dental literature
regarding the dynamics of endodontic disease and what might
influence them. In a recent survey performed in the emergency
unit of our school, roughly half of the teeth with acute abscesses
of endodontic origin did not show any rarefaction on periapical
radiographs indicative of a pre-existing chronic condition. This
could mean that these teeth had such an aggressive infection that
the host could not establish a line of defense leading to a non-
painful chronic periapical condition. Indeed, studies on carious
teeth have shown that the initial type of infection has a great
impact on the host response in the vital pulp.®®®” It is highly
conceivable that a form of caries dominated by high content of
Gram-negative anaerobic rods results in a root canal microbiota,
which can lead to a fast and furious host response in the periapi-
cal tissues. Direct evidence for this, however, is missing and
should be collected.

What is even more intriguing is the other form of acute
exacerbation, which occurs from a pre-existing chronic periapical
lesion of endodontic origin. In the developed world with ade-
quate healthcare, this type of acute apical periodontitis is usually
restricted to teeth that already received root canal treatment. A
radiographic lesion around the root apex may persist or increase
in size without any other clinical signs or symptoms. Yet an
apparently dormant lesion depicted on the radiograph can sud-
denly become acute. It should be noted in this context that also
after state-of-the-art root canal treatment, periapical radiographic
lesions can take up to 4 years to disappear, sometimes more.®®
Longitudinal cross-sectional studies suggest that the exacerbation
rate of such chronic lesions is relatively low.>”® In a randomly
selected population, from 304 teeth with an apical radiographic
lesion on a root-filled tooth, within 6 years 30% of the lesions
healed, 60% persisted, and a mere 10% of the teeth were
extracted. On the other hand, root-filled teeth with an asymp-
tomatic periapical lesion are routinely re-treated when a patient
receives radiation therapy to the jaws or some form of immuno-
suppressive treatment.”' There is no solid scientific proof to sup-
port this clinical concept, but evidently, a reduction in the local
or systemic immune defense can trigger the exacerbation of a
chronic lesion. Furthermore, clinicians want to avoid any type of
intervention in irradiated bone. Patients with acute periapical
inflammation on an insufficiently root canal-treated tooth fre-
quently state that their pain started when they had the flu or
went through a phase of stress at work or at home. Indirectly, the
role of the immunological response may also be revealed by stud-
ies that show an association between Herpes viruses infection and
acute forms of apical periodontitis.””

Apart from the state of the host, endodontic infections are
likely to be driven by changes in the local microenvironment
within the tooth, permitting for the establishment of the oppor-
tunistically virulent microbiota that has been identified by
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culture-dependent or by molecular methods. Such conditions are
also under-investigated in endodontics. But again, clinical prac-
tice may lead to some clues. Dentists often prefer to leave teeth
open to the oral cavity in case of an acute periapical lesion of end-
odontic origin.””> The impact of the endodontic microenviron-
ment on the inflammatory reaction in the periapical tissues was
most impressively shown in a case report by John Whitworth.”*
A patient with an apical lesion of endodontic origin did not
appear for the scheduled appointment. The reason for the necro-
sis and infection of the pulp was caries. Almost 3 years later, the
patient reappeared in the clinic. Now the whole crown was
decayed, and the pulp space was open to the oral cavity. The api-
cal lesion in the radiograph had diminished, without any opera-
tive intervention. As stated by the author, "the case raises debate
on the pathogenesis, diagnosis and monitoring of endodontic
lesions, and may stimulate renewed research interest in these

most fundamental elements of clinical endodontology".”*

Summary and Outlook

The oral microbiota lives in harmony with the host, until an
induced micro-environmental change causes disturbances in this
symbiotic relationship. This change may result in selective over-
growth of opportunistic pathogens, or in an insufficient capacity
of the host to respond to otherwise commensal microorganisms.
Hence, either a certain bacterial community may become now
more virulent, or the host mounts an immune response that is
not sufficient to eliminate its unbalanced growth, eventually
resulting in a dysbiotic relationship between the two.”” This view
perceives the development of oral infectious disease as an "eco-
logical catastrophe” resulting from an imbalanced cross-talk
between the resident oral microbiota and the host response.”*””
A significant number of crucial microecological parameters can
dictate the establishment of specific biofilm microbiota in a given
niche of the oral cavity. These factors include the local pH, abun-
dance and partial pressure of oxygen, redox potential, availability
of selective nutrients, and, last but not least, the state of local
host defenses.”® While not much is known about the remaining
factors, longitudinal studies have shown that the state of the
innate immune system affects the outcome of endodontic treat-
ment.””®" Along with these properties comes the newly intro-
duced concept of "inflammophilic” bacteria, by Hajishengallis;
the selective flourishing of bacteria in an inflammation-rich
milieu can perpetuate tissue destruction by setting-off a "vicious
cycle” for disease progression, in which dysbiosis and inflamma-
tion reinforce each other.® Nevertheless, the applicability of
these emerging concepts of oral ecology awaits further validation
in the case of endodontic infections. The revelation of the com-
plete endodontic microbiome is an important step in the direc-
tion of identifying the microbial players and understanding the
microecological changes that lead to the shift to acute periapical
responses. This needs to be investigated not by one, but by sev-
eral sampling and microbial detection methods. Culture-depen-
dent methods are needed to determine the viability of isolated
taxa. Metagenomic approaches,

such as high-throughput

219



sequencing, would give qualitative informa-
tion on the full range of taxa/phylotypes
present in a given sample aspirate from the
root canal, irrespective of their cultivability.

Furthermore, fluorescence i situ
hybridization (FISH) would be ideal to
reveal the spatial arrangement of the
selected taxa in endodontic biofilms, e.g. in
tooth or apicectomy specimens obtained
from different clinical conditions. FISH
could be used to depict the previously
identified virulent taxa in stages of acute
apical periodontitis (Fig. 1). Hitherto,
FISH has merely been applied in endodon-
tic research to non-selectively identify bac-
terial cells in apparent biofilms,** or to
specify classes of bacteria in the root canal
of teeth with different clinical conditions.®
However, as has been shown by conven-
tional microscopy, in acute states of apical
periodontitis, bacteria are found outside
the root canal space, while they are curbed
inside in chronic apical periodontitis.”*5
To gain further insight into what is really
happening when a tooth with a necrotic,
infected root canal space becomes acute, it
would now be timely and important to
repeat such studies, combining FISH and

. 1 . 82,85
scanning ¢ ectron mlcroscopy.

Last but not least, microbial shifts are associated with
changes of the immune response in the root canal and periapical
region. For this reason, endodontic samples obtained for micro-
evaluated for

biological analysis should also be
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