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ABSTRACT

Dental caries is a common disease all over the world, despite the fact
that it can be both effectively prevented and treated. It is driven by
acids produced by oral microorganisms as a consequence of their
metabolism of dietary carbohydrates. Given enough acid challenge,
eventually the tooth enamel barrier will be broken down, and the
carious lesion will extend into underlying hard tissue, forming
a macroscopic cavity in the dentine. In comparison to biofilm
on enamel, a dentine carious lesion provides a vastly different
environment for the residing microorganisms. The environment
influences the types and numbers of microorganisms that can
colonize the dentine caries lesion.

The overall aims for this thesis are to enumerate and further study
microorganisms found in established dentine caries lesions and also
to illuminate how host-derived proteolytic enzymes might contribute
to this degradation, not only to better understand the caries process
in dentine but also to find incitements for new methods to influence
the natural progression of caries lesions.

In Paper I, the numbers of remaining viable microorganisms
after completed excavation using two excavation methods were
investigated. Samples of carious dentine tissue were collected
before and after excavation and cultivated on different agar media
in different atmospheres. Analysis was performed by counting the
number of colony-forming units (CFUs).



Key findings: The number of remaining microorganisms after
excavation was low for both methods, but some microorganisms
always remained in the cavity floors even when the cavities were
judged as caries free using normal clinical criteria.

In Paper II, the acid tolerant microbiota in established dentine
caries lesions was investigated. Samples were taken as in Paper I,
but on three levels (superficial, center of lesion, floor of lesion after
completed excavation). The samples were cultivated in anaerobic
conditions on solid pH-selective agar media of different acidity.

Key findings: Each investigated lesion harbored a unique microbiota
in terms of both species composition and numbers of microorganisms.
This indicates that various combinations of aciduric microorganisms
can colonize, survive in and probably also propagate dentine carious
lesions. We also found that solid pH-selective agars can be used
successfully to select acid-tolerant microorganisms in caries lesions.
This would preserve their phenotypic traits for further study.

In Paper III, the relation between salivary levels of matrix
metalloproteinase-8 (MMP-8), salivary levels of tissue inhibitor
of MMP (TIMP-1), and the presence of manifest caries lesions in
a large number of subjects was investigated. Saliva samples were
collected and analyzed for concentrations of MMP-8, TIMP-1 and
total protein using immunofluorometric assays, enzyme linked
immunosorbent assays and Bradford assays, respectively.

Key findings: Subjects with manifest caries lesions had significantly
elevated levels of salivary MMP-8 compared to subjects without
caries lesions. TIMP-1 was not significant in any case.

In Paper IV, a new method for generating bioactive demineralized
dentine matrix substrate (DDM) was developed using a dialysis
system and two different demineralization approaches (acetic acid
or EDTA). The generated DDM was subsequently analyzed for the
presence of type 1 collagen, active MMP-8 and hydroxyproline
(HYP) levels using SDS-PAGE, ELISA or immunofluorescence assay.
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Key findings: Both demineralization methods produced a substrate
rich in collagen and with preserved MMP-8 activity.

This report presents new knowledge on the composition of the
acid tolerant dentine caries microbiota from three levels in dentine
carious lesions and on the efficacy of operative caries removal on the
numbers of viable microorganisms in the caries free cavity using two
operative methods. Moreover, the basic mechanisms behind collagen
degradation in the dentine caries process are studied from both a
clinical and laboratory perspective.

The report also provides a reference for further studies on dentine

caries microbiology and dentine caries collagen degradation
mechanisms, both of which are known only in part.
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POPULARVETENSKAPLIG
SAMMANFATTNING

(Summary in Swedish)

Karies ar en stor folksjukdom, trots att den bade kan forebyggas
och behandlas effektivt. Om man inte ingriper preventivt utan
later det naturliga forloppet rada, kommer kariesangreppet till slut
att bryta igenom emaljen och involvera dven den underliggande
dentinvavnaden.

Kariessjukdomen orsakas av orala mikroorganismer, som en
konsekvens av dessas nedbrytning av kostrelaterade kolhydrater.
Som en biprodukt bildas da syror som loser upp (demineraliserar)
tandvidvnaden, sa att synliga hal till slut bildas.

Syran kan l6sa upp mineralfasen i tanden, men dentin bestdr dven
till stor del av kollagen, vilket inte kan l6sas upp av enbart syror.
Man hanforde lange detta till proteinnedbrytande bakterier, men det
har visat sig att munhdlebakterierna inte har formagan att l6sa upp
kollagen, och man tror nu att denna nedbrytning sker med hjalp
av kroppsegna enzymer, bland annat matrix metalloproteinaser
(MMP). De biologiska mekanismerna bakom kollagennedbrytning
vid dentinkaries dr emellertid daligt undersokta, och delar av denna
rapport (Studie III och 1V) inriktar sig darfor pa detta omrade.

Syran som bakterierna bildar skapar ocksa en sur ndrmiljo for

dem sjilva, vilket gor det svart for dem att Overleva, sdrskilt i ett
begransat utrymme som ett kariesangrepp. Man har linge ansett
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att endast vissa specifika bakterier har formagan att leva och trivas
i sura miljoer, men nya studier har ifragasatt detta. I denna rapport
(Studie II) undersoks dven forekomsten av syratdliga bakterier pa
olika nivdaer i dentinkariesangrepp med hjilp av en ny metod.

Milet vid avlagsnande av karies ar att ta bort fullstandigt forstord
tandvdvnad, men ocksa att forsoka spara sa mycket som mojligt av
den delvis skadade vivnaden, vilken kan aterstillas. Detta har ocksa
aktualiserats dd nya operativa principer och material lanserats under
den senaste tiodrsperioden. Det dr emellertid svart att avgora var
gransen gar kliniskt, och ett sitt att mata dentinets ”friskhet” kan
vara att mata antalet bakterier i vivnaden. I den forsta rapporten
(Studie I) undersoks den kvarvarande bakterieforekomsten efter
kariesborttagning med tva olika operativa metoder.

Avhandlingen séker svar pd foljande frdagestillningar:

Studie I. Finns det nagra skillnader vad galler antal kvarvarande
bakterier efter dentinkariesavlagsnande med mekanisk (vanligt borr)
eller kemo-mekanisk (Carisolv) metod?

Studie II. Hur ser sammansattningen av den syrataliga bakteriefloran
ut pa tre olika nivder i olika dentinkariesangrepp?

Studie III. Finns det ndgot samband mellan forekomsten av
etablerade kariesangrepp och nivderna av enzymet MMP-8 och dess
nedreglerande protein TIMP-1 i saliv?

Studie IV. Kan man framstilla demineraliserat dentinmatrix med
bibehallen biologisk aktivitet infor framtida studier av mekanismerna
bakom nedbrytning av kollagen vid dentinkaries? Vad hander
spontant med detta demineraliserade dentinmatrix over tid?

Huvudfynden i studierna dr:

1. Badda metoderna for att avligsna dentinkaries minskade
bakterieantalet radikalt. Det fanns dock alltid kvar sma mangder av
bakterier i botten av kaviteten.

2. Alla de undersokta kaviteterna hade en unik sammansattning av
syratdliga bakterier, bade till typ och till antal, vilket indikerar att
ett flertal olika bakteriearter har formégan att anpassa sig till sura
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miljoer och potentiellt bidra till kariesutvecklingen. Vidare fungerade
de pH-specifika odlingsmedierna vl for att fa fram de syrataliga
bakterierna, nagot som dr svart med konventionella metoder.

3. Forsokspersoner med etablerade dentinkariesangrepp uppvisade
mycket hogre forekomst av MMP-8 i saliven i jamforelse med
kariesfria forsokspersoner. Det MMP-8 hammande proteinet TIMP-
1 uppvisade inget liknande samband.

4. Dentinmatrix framstillt med bada testmetoderna uppvisade
forekomst av intakt kollagen samt aktivt MMP-8. Vidare si
uppvisades en spontan nedbrytning av kollagen over tid, vilket
tolkades som ett resultat i huvudsak beroende pa det aktiva MMP-8
enzymet.

De nyvunna grundkunskaperna bildar underlag for nya studier
inom forskningsomrddet, samt for nya behandlingsmetoder,
framfor allt sidana som skulle kunna moderera eller férhindra
dentinkariesprogression.
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ABBREVIATIONS AND DEFINITIONS

16S rRNA
AA

BA

BOP
CFU
DDM
DL
DMFT
DNA
ECM
ED]
EDTA
GCF
MCL
MMP/-8
MS
MSA
PCR
PPD
proMMP
RTF

SIP

SL
TIMP-1
TVC

16S ribosomal nucleic acid
acetic acid

brain heart infusion agar
bleeding on probing

colony forming unit
demineralized dentine matrix
detection limit
decayed/missing/filled teeth
deoxyribonucleic acid
extracellular matrix
enamel-dentine junction
ethylenediaminetetraacetic acid
gingival crevicular fluid
manifest caries lesion

matrix metalloproteinase/-8
mutans streptococci

mitis salivarius agar
polymerase chain reaction
periodontal probing depth
precursor of MMP

reduced transport fluid
stable isotope probing
selective lactobacilli agar
tissue inhibitor of matrix metalloproteinase-1
total viable count

17



INTRODUCTION

Dental caries

Despite the fact that dental caries can be effectively prevented and
treated, the disease is a very common, if not the most common
bacterial disease. On a worldwide basis, 60-90% of school children
and close to 100% of the adult population suffer from carious
cavities (WHO, 2012). The disease also contributes to high economic
demands on society. In 2011, the annual cost of dental treatment
within the EU was estimated at €79 billion, of which a large part can
be expected to be due to dental caries and its sequelae (Rugg-Gunn,
2013).

Dental cavities are formed as a consequence of the release of organic
acids from fermentative bacteria normally occupying the oral cavity.
This is a result of a disruptive imbalance in the oral ecosystem, often
caused by excessive dietary intake of fermentable carbohydrates
(Marsh, 2003; Takahashi and Nyvad, 2011).

As a result of the bacterial metabolism of fermentable carbohydrates,
organic acids like lactic, acetic and propionic acid are released,
causing the pH to drop (Hojo et al., 1991; Takahashi and Nyvad,
2011). As most the bacteria are attached to the teeth, forming the
biofilm, these acids accumulate near or on the tooth surfaces and
subsequently cause a demineralization of the mineralized part of the
tooth substance (Takahashi and Nyvad, 2008). Given enough time,
a macroscopic cavity will form. If measures are not taken, the cavity
will eventually involve the dentine.

18



Consequences of lowered oral pH

Increased acid production due to an imbalance in the oral ecosystem
creates an acidic oral environment, which is also found in dentine
caries lesions. Early studies revealed low pH in the deep layers of
carious dentine (MacGregor, 1961; Dirksen et al., 1962) and later
studies have confirmed a pH of 4.9 to 5.5 in active dentine carious
lesions (Kitasako et al., 2002; Kuribayashi et al., 2012). The critical
pH of dentine has been estimated at around 6.7 (Hoppenbrouwers
et al., 1987), and a newer study on root dentine estimates an even
lower critical pH of 5.2-5.7 (Shellis, 2010). Such a low pH has
consequences not only for the oral cavity as a whole but also for the
microecological environment within the dentine carious lesion.

First, the low pH induces a demineralization of the hard tissues, due
to a shift in the chemical equilibrium between mineral hydroxyapatite
in the teeth and the respective ions in saliva:

Ca, (PO,),(OH),+8H" = 10Ca?+6HPO2H,0

In simple terms, the low pH shifts the equilibrium from left to right,
making the ions in the hydroxyapatite disassociate and dissolve in
the saliva or plaque fluid. Conversely, increasing the pH reverses
the chemical equilibrium, making the ions in saliva or plaque fluid
precipitate, a process called remineralization.

Second, it has been suggested that the lowered pH induces a
change in the composition of the microbial community, favoring
acid tolerant and acid producing microorganisms (Marsh, 2003;
Takahashi and Nyvad, 2011). These bacteria are better equipped
to deal with low-pH environmental conditions, thus enabling them
to expand and occupy a larger part of the microbiota than in a
balanced oral ecosystem. The low pH can also cause significant
changes in the phenotypic expression of the oral microbiota as the
bacteria adapt their activity to the demands of the environment. Very
low intraoral pH or prolonged periods of low intraoral pH may
also trigger genotypic changes in the oral microbiota (Takahashi and
Nyvad, 2011).

19



Third, it has been suggested that the low pH activates endogenous
proteolytic enzymes, thus enabling destruction of the otherwise very
resilient type 1 collagen fibers in dentine (Tjaderhane et al., 1998).

In this thesis, the dentine caries microbiota found in the lesion,
especially those bacteria that can be considered acid-tolerant are
studied. Furthermore, the role of endogenous proteolytic enzymes,
especially the matrix metalloproteinases, in the dentine caries process
is discussed, all with the aim of enabling the eventual discovery of
novel ways to influence the natural course of the dentine caries
process.

Dentine caries

By volume, dentine is composed of 50% mineral, 30% organic
matrix and 20% water. About 90% of the organic matrix is type 1
collagen that acts as a scaffolding and reinforcement for the mineral
(Chaussain-Miller et al., 2006). The caries process in dentine can be
thought of as a two-step process involving acid dissolution of the
mineral phase of the dental tissue followed by degradation of the
dentine collagenous matrix by the action of proteolytic enzymes.

Bacteria in dentine caries

Over the years, several studies have addressed the infecting dentine
caries microbiota. Most of them have been based on culturing
dentine bacteria on various media. In these studies, bacteria of the
genera Streptococcus, Actinomyces, Lactobacillus, Bifidobacterium,
Rothia, Arachnia, Eubacterium, Propionibacterium, Veillonella and
Prevotella have been isolated (Edwardsson, 1987; Hahn et al., 1991;
van Houte, 1994).

More recent culture-independent studies have revealed an even
more complex array of bacteria in dentine caries. Using molecular
techniques, such as clonal analysis of the 16S rRNA bacterial gene,
they have confirmed earlier results and added S. mutans, non-
mutans streptococci, Actinomyces, Lactobacillus, Bifidobacterium,
Propionibacterium, Veillonella, Selenomonas and Atopobium to the
list (Becker et al., 2002; Chhour et al., 2005; Munson et al., 2004;
Aas et al., 2008). Later studies have confirmed these results and
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further confirmed a substantial dominance of lactobacilli in deep
dentine caries (Gross et al., 2010; Gross et al., 2012). However, a
drawback of 16S rRNA sequencing and similar molecular techniques
is that they cannot reveal phenotypic information on the detected
taxa (Nyvad et al., 2013).

Dentine caries as a microbial habitat

From a microecological point of view, the dentine carious lesion
forms a complex environment. With limited contact surfaces with
the outside world, a carious lesion forms a fairly self-contained
ecological habitat. Proposed key microecological determinant
factors (or stress factors) include pH, access to nutrition and oxygen
concentration (Marquis, 1995; Bowden and Hamilton, 1998; Marsh,
2003; Takahashi and Nyvad, 2011).

Microbial ecological determinants

pH

The available knowledge on intralesion pH is limited, but the
existing studies indicate a pH of 4.9 to 5.5 in active dentine carious
lesions (Kitasako et al., 2002; Kuribayashi et al., 2012). It has been
suggested that the major acid production takes place in the surface
plaque overlying the lesion (Kidd, 2000; Kidd, 2004). However,
nothing is known about how intralesion pH fluctuates, or whether
there is a pH gradient going from the superficial layers to the
advancing caries front. The quite robust effect of the dentine buffer
capacity on this process is also unknown (Haapasalo et al., 2007).

Nevertheless, it is reasonable to hypothesize that the pH would
fluctuate analogously to what is seen in plaque biofilm (Bowden
and Hamilton, 1998; Kidd, 2004; Chaussain-Miller et al., 2006),
as a result of bacterial acid production in response to fermentation
of dietary carbohydrate, and that acid tolerance ought to be an
important ecological determinant for the dentine caries microbiota
(Marchant et al., 2001).

Nutrients

The availability of nutrients in the near vicinity may also be crucial
for dentine caries bacteria because they depend on continuous access
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to sustenance to uphold the metabolic activity (Marsh, 2003). In
the superficial layers of the lesion the source of these presumptive
nutrients could be saliva (proteins and glycoproteins) or ingested
food components.

Even though dietary nutrients might not be able to diffuse to the
deeper parts of the lesion bacteria do survive there, as well as under
fillings for prolonged periods (Weerheijm and Groen, 1999; Maltz
et al., 2012), indicating that there must be alternative sources of
nutrients. These sources could plausibly be components from
dentinal fluid, degraded dentine or dead bacterial cells. Both saliva
and dentine fluid contain many glycosylated proteins (Wiig et al.,
2000; Larmas, 2003; Helmerhorst and Oppenheim, 2007), which
could be degraded and used by the microbiota. Due to the large
variability in glycosylation in host proteins, this would require an
extensive collection of complementary enzymes, created by bacterial
cooperation, which has been demonstrated in bacteria from dental
plaque (Bradshaw et al., 1994; Wickstrom et al., 2009).

Oxygen

The knowledge on the oxygen tension conditions in carious dentine is
very limited. However, as dental plaque has for long been considered
anaerobic (Marquis, 1995; Bowden and Hamilton, 1998), it stands
to reason that this might also be the case in dentine caries. It is also
feasible that the oxygen tension increases closer to the cavity surface,
but to our knowledge, this has not been demonstrated.

Low or fluctuating pH, varying access to nutrients and variation
in oxygen tension, coupled with complex interactions with
other microorganisms in the vicinity make the dentine caries
microenvironment quite challenging for the microbiota. The
bacteria can utilize various coping strategies to compensate for
these environmental stress factors. However, this coping capacity
varies significantly between different taxa (Marquis, 1995; Marsh,
2003). Moreover, it has been shown that organisms lacking a specific
coping mechanism can interact or collaborate with other bacteria,
which enables them to survive stresses they could not have managed
themselves (Marquis, 1995). To our knowledge, the coping strategies
of the dentine caries microbial community have not yet been studied.
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Aciduric bacteria in dentine caries

It seems reasonable to assume that a pH of around 5 in the immediate
environment in the dentine caries lesion would influence the resident
microbiota in some way. In plaque, it has been suggested that a low
pH results in a shift to a more acid producing as well as acid tolerant
microflora, which would push the balance toward demineralization
(Takahashi and Nyvad, 2008; Takahashi and Nyvad, 2011). It has
previously been reported that non-mutans streptococci are more
aciduric when isolated from carious lesions than from caries-free
subjects (Sansone et al., 1993; van Houte et al., 1996) and that S.
oralis displays several different phenotypes simultaneously within
the same plaque sample populations.

In a chemostat model using a few model species, it has also been
demonstrated that a pH drop will induce a shift in the microbiota in
direct proportion to the level of acidity, toward more acid producing
and acid tolerant species (Bradshaw and Marsh, 1998). A more
recent study employing stable isotope probing (SIP) on supragingival
plaque from children revealed that the number of genera able to
metabolize lactate from glucose under acidic conditions (pH 5.5)
corresponded very well with those at neutral pH (7.0) but that
the diversity of active genera dropped rapidly at pH 4.5, with
domination of Lactobacillus spp. and Propionibacterium spp.
(McLean et al., 2012).

There are two mechanisms behind this adaptation to acidic
conditions in the microbiota. Change of phenotype describes
the process by which microorganisms change their activity (i.e.
metabolism, protein synthesis, enzymatic profile etc.), or adapt
in order to survive changing environmental demands. Change of
genotype refers to the process of microbial selection, where certain
bacteria prevail over others due to innate genetic traits, in this case
acid tolerance or even a preference for acidic environments (Paddick
et al., 2005; review by Takahashi and Nyvad, 2011). It should
be noted, however, that these acid tolerance studies have been
performed on plaque microorganisms, while similar studies using
dentine caries bacteria are missing.
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Physiological and chemical aspects of the

dentine caries lesion

New developments in operative dentistry have reactualized the
question of how much carious dentine must be removed before
restoration (Kidd, 2004; review by Schwendicke et al., 2013).
Traditionally, removal of all soft and discolored dentine has been
advocated, but this concept has been challenged, and several
alternative operative methodologies are currently being studied
(review by Ricketts et al., 2013).

Pioneer work by Johansen and Parks (1961) using electron
microscopy to study carious dentine concluded that most of
the carious dentine retained the same structure even after being
demineralized, but that following a “second wave” of destruction
the collagenous matrix was also destroyed and replaced by a biomass
of bacteria. Later research has shown that the dentine caries lesion
can be roughly divided into two distinct zones, the outer and inner
carious layer (Kuboki et al., 1977; Fusayama, 1979; Dung and Liu,
1999). The outer layer is completely demineralized, with denatured
collagen fibers and large amounts of invading microorganisms; the
inner layer is only partly demineralized, with reversibly denatured
collagen and very few microorganisms (Ogawa et al., 1983). When
excavating a carious lesion, it is only the outer carious layer that
needs to be removed. In contrast, the inner layer should be preserved
to the largest extent because it can remineralize as well as reorganize,
and new collagen cross-links can be established (Shimizu et al., 1981;
Beeley et al., 2000).

Operative procedures

The traditional way to remove carious dentine has been to use rotary
instruments: high-speed diamonds to get access to the dentine caries
lesion, then spherical burs in the low-speed handpiece to remove the
necrotic dentine. Over the last decade, several optional methods have
become available, such as chemo-mechanical, laser and air abrasion
excavation, (see reviews by Banerjee et al., 2000; Li et al., 2014).

The interest in the development of alternative dentine excavation
methods has largely been a reaction to the renewed discourse on
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how much carious dentine needs to be removed or alternatively, how
much carious tissue can safely be left after excavation (Kidd, 2004;
review by Schwendicke et al., 2013). The foundation for removing
all soft and discolored dentine has also been questioned because it
is based on rather crude clinical criteria and not in scientific fact
(Banerjee et al., 2000; Kidd, 2000). It also heavily emphasizes the
operator’s subjective judgment of the status of the carious dentine.
Furthermore, it is unclear how these clinically observable parameters
relate to the histologic patterns found in dentine caries, and evidence
now indicates that removal of all caries-affected dentine is not needed
as long as the final restoration provides a sufficient seal toward the
oral cavity (Thompson et al., 2008; Maltz et al., 2012; Ricketts et
al., 2013). However, more long-term clinical studies are needed to
confirm these concepts.

Diagnostics in dentine excavation

Various methods have been proposed to supply the clinician with
more objective ways to determine how much of the carious dentine
needs to be removed and when to stop excavating, including self-
limiting methods such as chemo-mechanical excavation or the
use of ceramic burs (Neves et al., 2011; Almahdy et al., 2012).
Unfortunately, there is no consensus today on how to clinically
determine the endpoint of excavation or even where that endpoint
should be (Kidd, 2010), and most clinicians still use visual and
sensory input as their main assessment techniques.

Bacteria in dentine as a diagnostic tool

One way to determine the excavation endpoint — or rather, to
determine how common clinical criteria such as color, wetness and
hardness might be related to level of tissue destruction — could be to
assess the bacterial content in the carious dentine after excavation
(Kidd et al., 1993; Bjorndal et al., 1997; Lula et al., 2009; Orhan et
al., 2008). Studies have shown that even with vigorous excavation,
microorganisms will always persist in the clinically caries free cavity
floor (Maltz et al., 2011). In Paper I we wanted to ascertain whether
the (at the time new) chemo-mechanical excavation method Carisolv
was on a par with conventional drilling in removing carious tissue,
using bacterial numbers as our measure point.
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Chemo-mechanical excavation

Since Carisolv contains chloramines (0.5% NaOCI), which have
an antibacterial action (Kneist and Heinrich-Weltzien, 2001), we
wanted to assess whether this would yield any additive effect on the
microbiota in dentine caries excavation (Paper I).

Enzymes in dentine caries

Dentine has been described as a biologic composite made up of
hydroxyapatite and collagen, where the collagen acts as scaffolding
for the mineral phase (Tjdderhane et al., 2012). The dentine caries
process involves dissolution of the mineral as well as the organic
matrix, where demineralization is caused by acids produced by oral
microorganisms as a byproduct of their metabolism of fermentable
carbohydrates (Takahashi and Nyvad, 2011).

Collagen biology

Collagen type 1 molecule
a,(l)-chain
a,(l)-chain

Telopeptide Telopeptide
region region

i
R .
a,(l)-chain: 139 kDa

The collagen molecules are cross-linked with pyridinoline and deoxypyridi- a(l)-chain: 129 kDa

noline at the telopeptide regions (arrows).

Figure 1. Collagen type I structure and cross-linking. After Garnero
etal., 1998.

Roughly 90% of the dentinal organic matrix is composed of collagen
type 1. The molecule is heteropolymeric and arranged in a triple-
helix consisting of three intertwined collagen molecules (one o,- and
two a,-chains; Figure 1). The majority of the molecule conforms
to the triple-helix configuration, but at both ends there is an
uncoiled telopeptide region. It is in the telopeptide region that the
intermolecular cross-links are situated. The triple-helix configuration
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makes the molecule highly resistant to general proteolysis, and
specific proteases are required to degrade it, including MMPs and
cathepsins (Tersariol et al., 2010).

Collagen degradation

The mechanisms behind dentine collagen degradation in dentine
caries are still unclear. They were for a long time attributed to
the action of acids or unspecific bacterial proteases originating
from the dentine caries microbiota. However, acids alone cannot
degrade collagen (Katz et al., 1987), and other in vitro studies
have demonstrated that the oral microbiota lacks the enzymatic
competence to degrade intact collagen (van Strijp et al., 1994; van
Strijp et al., 1997). So the question remains: How can collagen
degradation in dentine caries be explained?

MMPs in general

More recent research has focused on the role of host-derived matrix
metalloproteinases (MMPs) in connection with collagen degradation
in dentine caries (Tjaderhane et al., 1998), and today these enzymes
together with cysteine cathepsins are considered the main players
in the degradation of collagen in dentine caries (Nascimento et al.,
2011; review by Chaussain et al., 2013).

MMPs are a group of genetically distinct but structurally related
endopeptidase enzymes, produced by connective tissue cells (fibro-
blasts, osteoblasts and odontoblasts) as well as polymorphonuclear
leukocytes (PMN cells) and other inflammatory cells (Hannas et
al., 2007). Considered as a group, they are able to degrade most
extracellular molecules (Visse and Nagase, 2003). In addition, MMPs
have other functions in tissue remodeling and tissue development (for
reviews, see Mazzoni et al., 2009; Hannas et al., 2007).

Action of MMP-8

The MMP-8 molecule consists of several parts (Figure 2): a pre-
domain, a prodomain with the cysteine switch, a hinge region and a
catalytic domain with the Zn** binding site. Moreover, a hemopexin
domain is attached to the catalytic domain via a flexible hinge
(Hannas et al., 2007). The hemopexin domain mediates interaction
with other proteins and recognizes substrates.
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MMP-8 molecule

& G - g

( J Predomain _ Catalytic domain

(:) Prodomain —~ Flexible hinge region
‘ Hinge region X Hemopexin domain
C Cysteine switch Zn* Zinc binding site

Figure 2. MMP-8 molecular structure. After Hannas et al., 2007.

In dentine matrix, MMP-8 is deposited in folded, inactive proMMP
form (Figure 3). When the cysteine switch is disrupted, the prodomain
is released and the Zn** active site shifts into active form. Disrupting
of the cysteine switch, thus activating MMP-8 can transpire as a
consequence of low pH or enzymatic cleavage by cysteine cathepsins
or propeptides from other MMPs (Tjaderhane et al., 2013a).

MMP-8 activation

Cysteine switch

S K

1. Inactive MMP-8 2. Active MMP-8

Figure 3. MMP-8 activation mechanism. After Tjdderhane et al.,
2013a.
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MMPs in dentine

In dentine, MMP-2, -3, -8, -9, -14 and -20 have been consistently
detected (Martin-De Las Heras et al., 2000; Mazzoni et al., 2007;
Mazzoni et al., 2011; Boushell et al., 2011). Of these, MMP-8 is
considered the main collagenolytic species in dentine (Sorsa et al.,
2004; Sorsa et al., 2006). The dentinal MMP-8 probably originates
from the dental pulp, where odontoblasts and other pulpal cells
express it (Palosaari et al., 2003). The enzyme is secreted into
the predentine matrix in inactive zymogen form (proMMP) at
dentinogenesis and becomes trapped within the organic phase of
dentine when mineralization takes place (Martin-De Las Heras et
al., 2000; Tjaderhane et al., 2001; Sulkala et al., 2007; Mazzoni
et al., 2007). It could also be that MMPs, including MMP-8, are
distributed from the dentinal fluid via the dentinal tubules (Sulkala
et al., 2002; Zehnder et al., 2011; Zehnder et al., 2014; Chibinski et
al., 2014). Studies on the localization of MMP-2 and -9 in dentine
have revealed higher concentrations in the dentine closer to the pulp,
with diminishing amounts in the more superficial layers, which could
support the latter hypothesis (Niu et al., 2011). It has also been
demonstrated that MMP-2 secretion is upregulated in odontoblasts
related to caries-affected dentinal tubules (Boushell et al., 2011).

MMP mechanism

The mechanism by which MMP-8 contributes to collagen
degradation in dentine caries has been suggested to be a stepwise
process: (i) — Hydroxyapatite is dissolved by bacterial acidic
action, thereby revealing the previously mineral-protected collagen
molecules as well as other extracellular (ECM) components, such as
proMMPs. (ii) — The acid induced pH drop to between 4 and 5 also
activates proMMP-8 (Tjaderhane et al., 1998). MMPs are neutral
proteases, and are not active at such a low pH, but they are also very
robust and can withstand long periods of low pH without becoming
denatured, thus losing their bioactive properties (Tezvergil-Mutluay
et al., 2013). (iii) — When the pH increases again (due to the pH
fluctuation cycles) (Chaussain-Miller et al., 2006), the now activated
MMP-8 might exert its catalytic properties and degrade collagen. (iv)
— The fragmented collagen — gelatin — can then be further degraded
by the gelatinases MMP-2 and -9 or other nonspecific proteases of
either bacterial or endogenous origin.
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Evidence supporting MMPs in dentine

There is a growing body of data supporting the proposed role of
MMPs in dentine caries. A recent cross-sectional study by our
group revealed a very strong relationship between elevated salivary
levels of MMP-8 and dentine caries. Subjects with manifest dentine
caries exhibited much higher salivary MMP-8 concentrations than
subjects without manifest caries. The source of MMP-8 could not be
determined, but a plausible explanation might be that the salivary
MMP-8 originated from carious dentine. Other studies indicating
a role of MMPs in the dentine caries process have demonstrated
that specific inhibition of MMP activity can reduce caries activity
in rats (Tjaderhane et al., 1999; Sulkala et al., 2001), and that in
vitro addition of active MMP-8 to saliva has a negative influence on
remineralization (Nordbg et al., 2003).

To date, most studies involving host-derived MMPs and dentine have
discussed dentine adhesive breakdown mechanisms, as MMPs have
been implicated in the breakdown of dentine bonding systems over
time (Tjaderhane et al., 2013a). The suggested mechanism in this
case is the acidic conditions created during acid etching activating
latent proMMP in the dentine. The MMPs then degrade the collagen
fibrils in the hybrid layer over time, thus diminishing the stability
of the bond (review by Tjaderhane et al., 2013b). This concept is
supported by several studies that demonstrate that inhibition of
MMPs does prevent part of the collagen degradation (Tjiderhane
et al., 2013a).

MMPs in the oral cavity

MMPs have been detected in saliva, dental plaque, gingival
crevicular fluid (GCF) in relation to periodontal disease, and carious
dentine (Hannas et al., 2007; Ingman et al., 1994; Sorsa et al., 1995;
Tjaderhane et al., 1998). There are studies supporting the idea that
MMPs enter the saliva via GCF from the gingival pocket, especially
in cases of periodontal disease (Uitto et al., 1990; Sorsa et al., 1990).
There is also some evidence that MMPs might be secreted directly by
the salivary glands, but this has not been demonstrated for MMP-8
(Mikeli et al., 1994).
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Inhibition of MMP-8

The proteolytic action of MMP-8 is naturally downregulated by
tissue inhibitor of matrix metalloproteinase (TIMP-1), which has
been detected in the dentinal tubules of both healthy and carious
human dentine using immunohistochemistry. Furthermore, the
TIMP-1 levels were higher in carious than in healthy dentine
(Leonardi and Loreto, 2010). Another finding was that the TIMP-1
distribution showed the same pattern as MMP-8, with concentrations
higher toward the pulp and decreasing toward the enamel-dentine
junction (EDJ), indicating a possible role of TIMP-1 as an inhibitor
of MMP-8 in the dentine carious process (Niu et al., 2011). TIMP-
1 has also been detected in saliva directly from the salivary glands
(Holten-Andersen et al., 2008).

Balance and regulation — MMP and TIMP

It has been proposed that an imbalance between the enzyme and its
inhibitor could result in increased tissue breakdown in periodontal
disease, and that the MMP-8/TIMP-1 ratio can be used as an
indicator of this equilibrium, allowing monitoring of the risk for
increased tissue destruction (Gursoy et al., 2011). This imbalance
has not been discussed previously in the context of dentine caries.

Role of cathepsins

MMPs are not the only potent proteolytic enzymes found in dentine.
Members of the cysteine cathepsin family of enzymes have also been
detected in healthy dentine as well as in pulp tissue (Tersariol et al.,
2010; Vidal et al., 2014). These enzymes were originally thought to
be active only within the lysosomes but have been demonstrated to
have a range of other functions, including in the oral cavity (for a
review, see Dickinson, 2002). As of today, cathepsin B and K have
been detected in dentine (Vidal et al., 2014).

More recent studies have indicated a role of cysteine cathepsins in
dentine caries, where they are believed to contribute to degradation
of collagen by (i) activating MMPs, (ii) splicing off telopeptides
and (iii) degrading collagen (Figure 4) (Garnero et al., 2003;
Nascimento et al., 2011; Tjaderhane et al., 2013a). A recent study
also demonstrated a higher abundance of both cathepsin B and K

31



in caries-affected dentine as compared to intact dentine (Vidal et
al., 2014). However, our investigations did not include cysteine
cathepsins, which were beyond the scope of this thesis.

Collagen degradation by proteolytic enzymes

Figure 4 illustrates the basic differences between the proteolytic
enzymes discussed (adapted after Garnero et al., 2003). Unspecific
proteases cleave the collagen molecule only in the telopeptide region.
Consequently, because the telopeptides are involved in inter- and
intramolecular cross-links, this might detach individual collagen
molecules from each other, affecting fibril integrity (Figure 4a).

Degradation of collagen

C-terminal

A. Unspecific proteases (U) — cleaves C. Cathepsin K (K) — cleaves both

in the telopeptide regions in the telopeptide region as well
as at multiple sites in the helix

SV AVAVAVAVAAVAVAVAVAVAVE= region

B. MMPs (C) — cleaves at a specific NAVAVAVAVAVAVAVAVAVAVAV)

site in the helix region

NAVAVAVAVAVAVAVAVAVAVAV:

Collagen Collagen

(3/4) (1/4)

Figure 4. Collagen type I enzymatic degradation. After Garnero et
al., 2003.

However, the only enzymes capable of cleaving the collagen molecule
in the triple-helix region are the collagenase MMPs and cathepsin
K. The MMPs cleave the collagen molecule between amino acids
775 and 776 creating two specific fragments, % and % of the intact
molecule (Figure 4b).
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In contrast, cathepsin K can cleave the collagen molecule at multiple
sites, both in the C-terminal telopeptide region as well as at four sites
along the triple helix region (between amino acids 9 and 10, 21 and
22,96 and 97 [« ], 99 and 100 [a,], 810 and 811 [a,] and 814 and
815 [«&,]; Figure 4c).

Final remark

In order to enhance our understanding of the dentine caries process,
it is of paramount importance that we learn more about the involved
microbiota and the host factors. And even more important is to
understand the dynamics between these factors. Hopefully, the new
insights gained in this thesis, added to the current knowledge base,
will assist in finding new possibilities for prevention and treatment
of caries.
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AIMS

I. To compare the number of bacteria remaining in dentine after
excavation using conventional drilling with burs or using chemo-
mechanical excavation with the Carisolv system.

II. To investigate the composition of the aciduric microbiota on
various levels in medium-sized dentine carious lesions, using solid
pH-selective media.

III. To study the possible relationship between the concentration of
MMP-8 in saliva and the number of manifest caries lesions in a large
number of subjects.

IV. (i) — To develop a method for producing demineralized dentine
matrix substrate from healthy human teeth for future studies. (a) In
particular the method should allow for retention of insoluble collagen
and its associated proteins, with retained protein bioactivity and
minimal protein loss. (b) Furthermore, the method must not interfere
with the assays used for assessment of MMP-8 and hydroxyproline
in the samples. (ii) — To study the effect on demineralization using
EDTA or acetic acid and the effect of using different buffers (PBS and
TESCA) on the demineralized substrate.
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HYPOTHESES

Overarching hypotheses:

1. Excavation of dentine caries using either the traditional mechanical
method or the selective chemo-mechanical method does not incur
any difference in the number of bacteria remaining in the caries-free
cavity floor (I).

2. Different caries lesions have different composition of bacteria (II).

3. Relevant (acid-tolerant) bacteria can successfully be isolated from
dentine caries lesions using pH-selective agars (II).

4. Subjects with manifest caries lesions have elevated amounts
of MMP-8 in their saliva (III).

5. This high value of MMP-8 is connected to caries, and is not
dependent on other factors such as periodontal disease (III).

6. Demineralization of dentine using EDTA or a weak acid in a

dialysis system allows for a nondestructive demineralization process
with retained enzymatic activity (IV).
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MATERIALS AND METHODS

MICROORGANISMS IN DENTINE CARIES

Clinical procedures

Subjects

Selection

Consecutive adult patients presenting for a regular dental exami-
nation at either the Department of Cariology at the Faculty of
Dentistry or the Rosengard Public Dental Clinic were invited to
participate in the study.

Inclusion criteria

The inclusion criterion for either study was having at least one
primary caries lesion without symptoms. Furthermore, the lesion
should be situated proximally in premolars or buccally in incisors,
canines, or premolars. It should also be of moderate extent, i.e.,
including approximately half the dentine thickness as judged
on bitewing radiographs. Buccal lesions were assessed for depth
clinically.

Exclusion criteria were teeth with symptoms or other pathology
(periodontal or endodontic), young age, medical conditions, and the
subject declining the offer to participate.

Clinical procedures

A pretreatment examination including bitewing radiography, pulp
vitality testing, medical history, and clinical examination was
performed. Patients who fulfilled the inclusion criteria and agreed to
participate were enrolled in the study. Pulp vitality was established
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using both thermal and electronic vitality testing (Model 2006
Vitality Scanner, Analytic Technology, Redmond, USA). The extent
of the carious lesion was determined clinically for buccal lesions
(incisors, canines, and premolars) and radiographically for proximal
lesions in premolars. Bitewing radiographs were taken of all teeth
with proximal caries lesions. After sampling and excavation, the
cavity was restored using convention methods and materials.

Carious lesions

Clinical data

Tooth number, sample surface, consistency and color of the carious
dentine, as well as lesion morphology (closed or open cavity) was
recorded (Nyvad and Fejerskov, 1986) using a modified protocol by
Bjorndal et al. (1997).

Randomization

Paper I included 22 subjects (6 females, 16 males; age 20-68 years,
median 36 years). Twelve teeth were excavated using chemo-
mechanical method (CMM; Carisolv, MediTeam; Sivedalen,
Sweden) and ten with rotating instruments (conventional drilling
with low-speed burs).

Of the original 22 subjects, a subpopulation of 10 subjects was
selected for further microbiological analysis of the acid-tolerant
microbiota (Paper II). These subjects were all recruited from the
Department of Cariology at the Faculty of Dentistry (2 females,
8 males; aged 25-68 years, mean 42 years, median 38 years). In
this group five lesions were excavated using the chemo-mechanical
method and five using conventional drilling.

Ethical aspects
The study was approved by the Ethical Research Committee at Lund
University (Dnr: LU 273-99).

Dentin sample collection and excavation procedure
Excavation procedure

In cases where the dentine lesion was covered by enamel, access
was obtained by using a small spherical diamond in the high-speed
handpiece. A rubber dam was placed and the outer layer of plaque
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debris, as well as the topmost layer of carious dentine, gently removed
using a sterile spoon excavator. The cavity was rinsed meticulously
using sterile saline (CCS, Sweden) and dried with a cotton pellet.
Antibacterial compounds were not used for presampling cleaning of
the rubber dam and operation area due to the risk of influencing the
microbiota residing in the carious dentine.

Sampling procedure

Carious dentine was sampled by slowly rotating a sterile No. 16
round bur (Hager & Meisinger, Diisseldorf, Germany) in the carious
dentine until the bur was filled with dentine (Figure 5). The bur was
prewetted in sterile saline to facilitate better adherence. The sampling
technique was modified from Bjorndal et al. (1997). In Paper I two
sites were sampled: the superficial layer (before excavation) and the
floor of the carious lesion (when judged as clinically caries free).

Figure 5. Sampling bur with carious dentine (left) and healthy den-
tine (right).

Cavity excavation ensued, and when the cavity was judged as caries
free according to normal clinical criteria (i.e., probe should not stick
in the dentine, coupled with no tug-back sensation) a new rubber
dam was applied and a second sample taken after repeating the steps
described above.
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In Paper II three sites were sampled: the superficial layer (before
excavation), the approximate center (after partial excavation,
approximately 1.5-2 mm from the superficial sample), and the floor
of the carious lesion (after completed excavation).

Chemo-mechanical method

The sampling procedure in the cases excavated using the chemo-
mechanical method was almost identical to above. The difference was
that all excavation steps were performed using the Carisolv system
(gel and special hand instruments). After access to the carious lesion
had been established and the first sample had been taken, the carious
dentine was covered with a viscous droplet of Carisolv gel. After 30
s the carious dentine was gently scraped using the specially designed
hand instruments in order to remove the softened carious tissue. This
was repeated until the dentine surface was hard (determined as for
drilling above). Residual Carisolv gel was removed with a cotton
pellet soaked in saline and the cavity thoroughly rinsed. Samples
were taken as for drilling, including rubber dam application and
rinsing of the cavity.

Aseptic procedures

All excavation and sampling was performed under rubber dam using
aseptic technique, including washing of the operation field with
copious amounts of sterile saline prior to every sampling step, use of
separate sterile burs and handpieces for each sample and operator
hand wash and new sterile gloves for each sample.

Reproducibility

To assess the accuracy and reproducibility of the sampling method,
ten extracted teeth with and ten without dentine caries were sampled
as described above (in vitro). The sampled dentine was scraped off
the burs after 2 min and immediately weighed on a laboratory grade
scale (Sartorius, model #2400, Gottingen, Germany). Results were
analyzed statistically.

Microbiological procedures

The sampling burs were immediately placed in sterile vials containing
3 ml of prereduced transport fluid (RTF) (Syed and Loesche, 1972)
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and glass beads (Paper I: 2 mm @, 0.6 g; Paper II: 1 mm @, 0.3 g). The
dentine samples were dislodged from the bur by vortexing the vials
for 30 s (Whirlimixer, Fisons Scientific Apparatus, Leicestershire,
England), and the bur was subsequently removed from the vial using
sterile tweezers in order to minimize ion leakage from the metal.

Paper 1

The dentine samples were diluted tenfold and 100 ul of diluted
sample was plated on different agar plates in duplicate: blood agar
(BHI agar, Difco, Detroit, MI, USA, supplemented with 5% human
blood) for total microbial counts, Rogosa Lactobacilli selective agar
(SL, Merck, Darmstadt, Germany) for the isolation of lactobacilli
(Rogosa et al., 1951), and mitis salivarius agar (MSA, Difco) for the
isolation of oral streptococci. All agars were incubated aerobically at
37° C. Incubation times were 2—4 days for blood agar, 4 days for SL
agar, and 2 days for MSA. Duplicates of the blood agar plates were
also incubated anaerobically at 37° C for 7 days.

Paper 11

Isolation of the acid-tolerant microbiota

The dentine samples were diluted ten- and hundredfold in prereduced
phosphate buffered saline at pH 7.2. pH agar (Todd-Hewitt broth
[Difco Lab; Detroit, MI, USA] supplemented with Bacto agar, glucose
and citrate-phosphate buffer) buffered to pH 5.5, 5.0, 4.5, or 4.0
was used for selection of aciduric microorganisms (Svensiter et al.,
2003). Blood agar (BA, BHI agar [Difco Lab] supplemented with 5%
human blood) (Holdeman et al., 1977) was used for total counts. The
pH agars and the BA were inoculated and incubated anaerobically
for 7 days at 37° Cin a 95% N, and 5% CO, atmosphere. The
number of colony-forming units (CFUs) per sample (3 ml RTF) was
determined using a light microscope at 40 x magnification (Leica GZ
6; Buffalo, NY, USA). pH agars with 30 to 300 individual colonies
were selected and individual morphological colony types recorded.
One colony of each morphological colony type was recultured on
BA and incubated in an atmosphere of 9% H,, 6% CO, and 85%
N, for 7 days. Isolates were kept frozen (-18° C) in skim milk until
identification.

40



Identification of microbial groups

The frozen isolates were thawed, incubated anaerobically for 24 h on
BA, and subjected to Gram staining. Gram-positive cocci were tested
for catalase on brain heart infusion agar (Difco Lab). Gram-positive
cocci were inoculated in Bacto Todd-Hewitt broth (Difco Lab) for
fermentation and enzymatic testing (Beighton et al., 1991b; Beighton
et al., 1991a; Whiley and Beighton, 1998). The minimal criteria for
identification of various streptococci were as described by Chavez de
Paz et al. (2005). Gram-negative cocci were identified as Veillonella
spp. based on cell size, obligate anaerobic growth, and increased
growth in the presence of lactate but not glucose (Holdeman
et al.,, 1977). Gram-positive, catalase-negative rods growing in
palisade formation on Gram-stained smears were considered to be
Lactobacillus spp. confirmed by cultivation on Rogosa SL-agar.
Large Gram-positive oval cocci (4-8 pum) showing budding and
hyphae were regarded as yeasts. Gram-positive, catalase-negative
pleomorphic rods with obligate anaerobic growth with occasional
bifid shapes were preliminarily grouped as Bifidobacterium spp.
Gram-positive, catalase positive short pleomorphic rods with club-
shaped or rudimentary branched forms were considered to be
Propionibacterium spp. (Holt et al., 1993).

PROTEOLYTIC ENZYME ACTIVITY IN DENTINE CARIES
MMPs in saliva (Paper llI)

The methodological descriptions below regarding participants,
clinical and radiographic examination, saliva sampling, and
biomarker analysis have been described previously (Lundegren et

al., 2012; Rathnayake et al., 2013b).

Participants

A sample of adults (age 18-87 years; mean 48.6 + 16.9 years) from
the south of Sweden were randomly selected and invited to partake
in a clinical study on oral health. Of this sample, 966 persons were
accessible and thus formed the initial sample. Clinical examination
was performed on 451 of these individuals (232 women and 219
men) (Lundegren et al., 2011). Of these, 441 contributed with
complete saliva samples (Rathnayake et al., 2013a).
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Clinical examination

Four calibrated dentists at the Faculty of Odontology, Malmo
University, performed 90% of the clinical examinations. A standard
clinical and radiographic examination was performed, including
caries parameters such as DMFT, number of manifest caries lesions
(D, lesions clearly involving dentine, as seen on bitewing radiographs
and evident cavitated lesions on other surfaces; MCL), plaque index
(PI), saliva sampling, and bleeding on probing (BOP).

The study was approved by the Research Ethical Committee at Lund
University (Dnr: 513/2006).

Saliva sampling and chair-side tests

Stimulated saliva was collected in graded test tubes and secretion rate
was determined (ml/min). Salivary mutans streptococci, lactobacilli
and buffer capacity were determined using Dentocult® SM-Strip
mutans and Dentocult® LB, respectively (Orion Diagnostica, Espoo,
Finland) according to the manufacturer’s instructions. Remaining
saliva was frozen at —20°C until further processed. Individual saliva
samples were centrifuged and the supernatant transferred to 1.5 ml
Eppendorf tubes and subsequently frozen at —80°C.

Analysis of MMP-8 and TIMP-1

MMP-8 was analyzed by a time-resolved immunofluorometric assay
as described by Rathnayake and coworkers (2013b). Monoclonal
MMP-8- antibodies 8708 and 8706 (Medix Biochemica, Kauniainen,
Finland) were used as capture and tracer antibodies respectively. The
tracer antibody (8706) was labeled using europium chelate and the
assay buffer contained 20 mM Tris-HCI (pH 7.5), 0.5 M NaCl, 5
mM CaCl,, 50 pM ZnCl,, 0.5% bovine serum albumin, 0.05%
sodium azide and 20 mg/l diethylenetriaminepentaacetic acid. Saliva
samples were diluted in assay buffer and incubated for 1 h, followed
by incubation for a further 1 h with tracer antibody. Enhancement
solution was added, and after 5 min, fluorescence was measured
using a 1234 Delfia Research Fluorometer (Wallac, Turku, Finland),
(Hanemaaijer et al., 1997; Gursoy et al., 2010). MMP-8 had a
detection limit of 0.08 ng/ml and a coefficient of variation of 7.3%.
TIMP-1 (Amersham Biotrak, GE Healthcare, Buckinghamshire, UK)
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was analyzed by enzyme-linked immunosorbent assay kits according
to the manufacturer’s instructions. The interassay coefficient of
variation for TIMP-1 was 8.2%, and the detection limit for the assay
was 1.25 ng/ml. Total protein concentration was determined using
the Bradford assay (Bradford, 1976).

MMPs in dentine (Paper IV)

Dentine collection

The teeth used for the dentine powder were collected from the Oral
Surgery unit in Oulu University, Finland, and extracted as part of
normal treatment, with the patient’s consent and approval from
the Ethical Committee, Faculty of Medicine, University of Oulu
(protocol #19/2006). Immediately after extraction the teeth were
brought to the laboratory for processing. The enamel was removed
using high-speed burs, the roots separated from the crown and the
dental pulp removed.

Dentine powder procedure

The resulting crown dentine was deep-frozen using liquid nitrogen
and ground to a fine powder in a tissue grinder (Retsch Cryomill,
Haan, Germany) and subsequently frozen at =80 °C until use.

Dentine Powder Flow chart
AA demineralization EDTA demineralization 1. Demineralization
/ \ / \ 2. Analysis directly after
Pellet Supernatant Pellet Supernatant demineralization

l l

Treatment (0, 1 weeks) (0, 1 weeks) 3. Buffer incubation

N\

TESCA buffer PBS buffer TESCA buffer PBS buffer
/ & / \4 / & / & 4. Analysis after buffer
Pellet Supernatant Pellet Supernatant Pellet Supernatant Pellet Supernatant incubation

Figure 6. Flowchart describing the demineralization and buffer
incubation process.
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Demineralization process

EDTA

10 g of thawed dentine powder was aliquoted into three equal
portions and placed in a dialysis tube (Pur-A-Lyzer 10 ml 12-14 kDa;
Sigma-Aldrich, St. Louis, MO, USA) with 8 ml of 0.5 M EDTA (pH
7.4). The tubes were shaken thoroughly to suspend the powder in
the liquid and placed in a large beaker containing 350 ml of 0.5 M
EDTA under constant mixing using a magnetic stirrer (300 rpm).
To prevent excessive sedimentation of the powder, the tubes were
removed from the beaker and agitated twice per day. The EDTA in
the beaker was replaced every 48 h and the procedure repeated until
the powder had dissolved entirely. This process demanded four times
48 h of EDTA treatment (total EDTA treatment 192 h). To wash
away the EDTA within the dialysis tubes, the liquid in the beaker
was changed to laboratory grade water (350 ml) for 24 h before
the water was changed, and was agitated as described above. The
water wash procedure was repeated four times (total water wash 192
h). The resulting demineralized dentine matrix (DDM; suspended in
water) was subsequently frozen at —80 °C until use.

Acetic Acid

6 g of thawed dentine powder was aliquoted into three equal
portions. Each portion was placed in a dialysis tube as above and
8 ml 1 M (pH 2.4) acetic acid (AA) was added. The rest of the
demineralization process was performed as described above except
that EDTA was substituted with AA.

DDM retrieval process

EDTA-derived pellet

After the demineralization procedure, the DDM was suspended
in remaining analysis water (from the EDTA washout process).
Separation of insoluble DDM was achieved by centrifugation at
5000 rpm (3913 G) for 10 min in a cooled (4 °C) centrifuge (Hettich
Universal 320R; Hettich 1431 rotor, Tuttlingen, Germany). The
resulting supernatant was decanted using a pipette. To retrieve as
much DDM as possible, the supernatant was recentrifuged, and
the resulting pellet added to the pellet from the first centrifugation.
The resulting pellets from the three dialysis tubes and from the re-
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centrifuged supernatant were pooled before treatment. Total final
pellet wet weight was 4.30 g (from 10 g dry dentine powder). The
resulting supernatants were also pooled.

Acetic acid-derived pellet

The same protocol as for the EDTA-derived pellet above was used.
The resulting pellets from the three dialysis tubes and from the
recentrifuged supernatant were pooled before treatment, as were the
supernatants. Total final pellet wet weight was 2.8 g (from 6 g dry
dentine powder).

Analyses of DDM directly after demineralization

Soluble protein

Soluble protein concentration in the DDM directly after
demineralization (pellet and supernatant) was estimated in order to
determine suitable dilutions for SDS-PAGE analysis, using Bio-Rad
Protein Assay with the standard protocol for microtiter plates (Bio-
Rad, Richmond, CA, USA). The samples were undiluted, except for
pellet samples, which were diluted in PBS to 100 mg/ml and shaken
in a vortex mixer. 10 ul of blank, standard, and sample respectively
were put in duplicates in the wells of a microtiter plate, and 200
ul Dye Reagent 1:5 was added to each well. The plate was gently
shaken (PMS-1000, Grant-Bio, Cambridge, UK) for 10 min to mix
the contents in the wells. Reading of the plate was performed at 595
nm using a plate reader (ELx-800, Bio-Tek, VT, USA).

SDS-PAGE

Uncentrifuged DDM samples (10 pl/sample) were diluted in 10 pl
Laemmli SDS sample buffer together with 5% 2-mercaptoethanol,
and heated to 100 °C for 5 min. From this mixture, 5 ul was
transferred to SDS-PAGE gel in duplicate. Electrophoresis separation
of the demineralized dentine proteins was carried out in a 7.5%
SDS-PAGE Ciriterion TRIS-HCI precast gel (Bio-Rad Laboratories,
Hercules, CA, USA) for 50 min at 200 V. As collagen control rat-
tail collagen was used (Sigma-C8897, Sigma-Aldrich). The gels were
stained with 0.1% Coomassie blue on an Orbital shaker (Bellco
Glass Inc., NJ, USA) for 30 min and fixed in a 10% acetic acid and
40% methanol solution for 30 min, after which they were de-stained
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in a 10% acetic acid and 20% methanol solution for 3x5 min. The
resulting gels were then dried for 24 h before scanning (Hewlett
Packard Scan]Jet 4¢/T, Palo Alto, CA, USA).

Treatment of DDM

Buffers

1000 mg (wet weight) of EDTA- and AA-derived DDM was
suspended in 20 ml TESCA buffer (50 mM TES, 0.36 mM CaCl,, pH
7.4) or PBS buffer (0.15 M, pH 7.2) with 0.02% NaN,) and mixed
for 30 s (Whirlimixer, Fisons Scientific Equipment Limited, London,
UK). The resulting suspension was transferred in 2 ml aliquots to a
total of nine Eppendorf tubes (in duplicate) and immediately frozen
(TO) or incubated in a tube rotator at room temperature for 1 week
(T1) before freezing at —80 °C until further analysis.

Posttreatment analyses

Preparation of buffer-incubated samples

The DDM frozen in TESCA and PBS buffer (T0 and T1) was thawed
at room temperature. Separation was achieved by centrifugation at
5000 rpm (2711 G) for 10 min in a cooled centrifuge (Hettich). The
resulting supernatant was decanted using a pipette and saved for
further analysis. Each pellet was then resuspended in 1000 pl PBS
buffer. These suspended pellets were used for all subsequent analyses.

SDS-PAGE
The thawed DDM from the posttreatment samples were analyzed
using the same SDS-PAGE method as described above.

Collagen

The collagen concentration was estimated by measuring the
concentration of hydroxyproline (HYP) using the QuickZyme Total
Collagen Assay (QuickZyme Biosciences, Leiden, The Netherlands)
according to the manufacturer’s instructions. This was done for TO
pellet and TO and T1 supernatant samples. Briefly, standards and
samples were hydrolyzed in a thermoblock (Stuart Block Heater
SBH130D/3, Bibby Scientific Limited, Staffordshire, UK) in 6 M
HCI at 95 °C for 20 h. Hydrolyzed standards and samples were
transferred to a 96-well assay plate and assay buffer added. The
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plate was incubated at room temperature for 20 min on a plate
shaker. Detection reagent was added and the plate incubated for 60
min at 60 °C, cooled on ice to room temperature, and read at 540
nm in a plate reader (ELx-800).

MMP-8

Levels of active MMP-8 levels in the pellet samples were analyzed
using the QuickZyme Human MMP-8 activity assay (QuickZyme
Biosciences) according to the manufacturer’s instructions. Briefly,
anti-MMP-8 was pipetted to a precoated (F(ab’)2 goat anti-mouse)
96-well assay plate and incubated at 37 °C for 2 h. After washing,
standards and samples were added to the plate and the plate was
incubated at 2-8 °C over night. After new washing, assay buffer
was added and the plate incubated at 37 °C for 1 h before adding
detection reagent. After 6 h the plate was read at 405 nm in a plate
reader (ELx-800).

Statistical analysis

Paper I

Total numbers of CFUs were determined and CFU/0.1 ml RTF (i.e.,
the concentration in the original sample) was calculated. The data
was analyzed using the Wilcoxon paired samples and the Mann-
Whitney U tests. Comparison of the two excavation methods was
achieved by computing the relative proportional difference between
the superficial and cavity-floor samples and analyzed using the
Mann-Whitney U test. Baseline numbers of CFUs in the lesions
before excavation was analyzed using the Mann-Whitney U test.

Paper 11

The differences in CFU count between the different sample sites
were compared using the Wilcoxon signed-rank test for dependent
samples. This was done separately for all agar media used.

Paper 111

Multiple linear regression analysis was used for perusal of
relationships between variables. All variables were included in
the final model. One-way ANOVA test of variance was used for
analyses between groups of subjects based on number of manifest
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caries lesions present in the subjects. These groups were assigned as
follows: MCL 0, no manifest caries lesions; MCL 1-2, 1-2 manifest
caries lesions and MCL > 3, 3 or more manifest caries lesions. The
one-way ANOVA results were then subjected to Scheffe’s post-hoc
multiple comparison analysis to discern differences between and
within groups.

Paper IV
All statistical analyses were performed using two-way ANOVA
analysis.

Software used

The statistical analyses were performed on a Macintosh computer
using IBM SPSS 20.0 software (IBM Corporation; Somers, NY,
USA), except for Paper I, where STATISTICA 4.1 (StatSoft, Tulsa,
OK, USA) was used. A P value of less than 0.05 was regarded as
statistically significant.
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RESULTS

Paper |

Reproducibility

Mean sample weight for carious dentine was 0.30 = 0.05 mg (mean
+ SD) and 0.38 + 0.09 mg for caries-free dentine. The difference was
statistically significant (two-tailed t-test; P = 0.02). Volume-wise, the
samples were roughly equal, as determined by ocular inspection in
a microscope.

CFUs in lesions before excavation

There were no statistically significant differences in CFU count
between the excavation groups before excavation, regardless of
agar medium or incubation atmosphere (BA aerobic P = 0.099; BA
anaerobic P = 0.509; SL P = 0.380; MSA P = 0.355).

CFUs in lesions after excavation

The numbers of CFUs decreased significantly after final excavation
except for bacterial growth on SL agar, where the decrease was not
significant. Table 1 shows the medians and ranges of the CFU counts
before and after final excavation, as well as the P values for the
decrease. Figure 7 gives a graphical description of numbers of CFUs
before and after final excavation for the different agar media used.

Comparison of excavation methods

There were no statistically significant differences in proportional
CFU count between the excavation methods except for BA aerobic,
where the chemo-mechanical method was significantly more effective

(P = 0.033).
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Table 1. Bacteriological data of microorganisms before and after final excavation

P-value Superficial caries After final excavation
Blood agar (aerobic)
Median 1.99x10° 0.5x10"
Range 1-5.9x10° 0-8.5x10%
Samples without growth 0 7 (Carisolv = 6)
Decrease CME 0.002*
Decrease CE 0.03*
Decrease combined 0.0001***
Blood agar (anaerobic)
Median 6.25x10? 2x10*
Range 5-1.2x10° 0-7.6x10°
Samples without growth 0 5 (Carisolv = 4)
Decrease CME 0.012*
Decrease CE 0.17
Decrease combined 0.003**
Rogosa SL-agar
Median 0 0
Range 0-4.6x10° 0-1.4x10°
Samples without growth 15 18 (Carisolv = 11)
Decrease CME 0.22
Decrease CE 0.27
Decrease combined 0.06
Mitis Salivarius agar
Median 8.75x10° 0
Range 0-2.3x10° 0-7.4x10°
Samples without growth 3 12 (Carisolv = 8)
Decrease CME 0.009**
Decrease CE 0.21
Decrease combined 0.0028**

Bacteriological data (total cfu/0.1ml RTF) of microorganisms in superficial dentine and
after final excavation (n=22). CME = Chemomechanical excavation; CE = Conventional
excavation.

Table 1.
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agar.

Paper Il

Total bacterial load in lesions

The total number of bacteria recovered from the carious lesions
using BA ranged from 5.88 X 10° to 5.85 X 10° (median 2.64 X 10°,
mean 2.75 X 10°, range 5.80 X 10°), showing up to a hundredfold
difference in total bacterial load between lesions (Figure 8).

Influence of lesion characteristics
There was no clear relationship between lesion characteristics and
total bacterial load.

Location of bacteria in dentine caries lesions

Table 2 shows how the total recoverable microbiota (BA) were
distributed in the lesions. The majority of the cultivable bacteria were
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situated in the superficial or middle region of the lesion. Regardless
of agar medium used, a similar pattern could be discerned: with
deeper sample site, the numbers of recoverable microorganisms were
significantly diminished in most cases (Wilcoxon Signed Ranks test,
P < 0.05; Figure 8). The sole exception was the pH 4.0 agar.

Site in lesion

T T T T T
BA 55 50 45 40 BA 5.5 50 4.5

Superficial Center Cavity floor
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Agar medium

Figure 8. Growth of microorganisms at different lesion depths at pH
4.0-5.5. Circles represent individual samples, showing the actual
number of cultivable CFUs on the various media and sampling sites.
Filled circles represent the median from each medium and sampling
site. BA = blood agar; DL = detection limit (< 30 CFU/sample).

Influence of pH

The pH selective agars influenced the number of CFUs that could be
retrieved. With decreasing agar pH, CFU numbers declined, which
can be interpreted as increased selection pressure. The differences in
CFU count between different pH agars were statistically significant
(P < 0.0001). Figure 8 clearly illustrates this drop in retrievable CFUs
with decreasing pH. The decline seems to be more pronounced than
the decrease due to lesion depth.
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Detailed data on CFU counts on the various pH select

comparison to BA is given in Table 3.
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Composition of acid-tolerant flora

A few examples of the composition of the acid-tolerant microflora
subpopulation in comparison with the corresponding total
recoverable microflora (BA) are given in Figure 9 and 10.

This pattern of diversity was found in most of the cases, and both
the size and composition of the aciduric subpopulation differed
significantly between the carious lesions.

Blood agar
78%

Figure 9. (Subject 11, pH 5.0, center) Total counts on pH 5.0 were
22% of the corresponding count on BA. The aciduric subpopulation
was composed of 82 % streptococci, 4 % Gram-positive rods and
14% other microorganisms.

Lactobacilli
Blood agar . ) 8.9%
98% ”

Figure 10. (Subject 16, pH 5.0, center) Total counts on pH 5.0 were
2% of the corresponding count on BA. The aciduric subpopulation
was composed of 90.7 % streptococci, 8.9 % lactobacilli and 0.4 %
Gram-positive rods.
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This would seem to indicate that increasing acidity exerts a
substantial selection pressure on the microbiota present and, to a
somewhat lesser extent, that the location within the carious lesion
dictates local ecological factors which in turn control the maximum
possible sustainable microflora.

Paper Il

Impact of manifest caries lesions

The groups based on number of manifest caries lesions (MCL) were
analyzed by ANOVA for a number of known caries and periodontal
variables. MMP-8, plaque index (PI), MMP-8/TIMP-1 ratio, total
protein concentration, number of remaining teeth and bleeding
on probing (BOP) all were significantly different between groups
(Table 4). Other variables, such as age, gender, TIMP-1, saliva
secretion rate, and levels of lactobacilli and mutans streptococci,
showed no statistically significant differences between groups.

The post-hoc analysis (Scheffe’s) of the MCL subgroups further
disclosed that the significant difference in most cases was between
the no-caries (MCL 0) and the caries (MCL 1-2) or high-caries
(MCL =3) groups, whereas no significant differences were found
between the caries and high-caries groups (Table 5).
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Table 5. Post-Hoc analysis of ANOVA results in Table 4

Variable MCL group MCL group P-value
MMP-8 MCLO MCL1-2 0.009
MCL>3 <0.001
MCL1-2 MCL>3 NS
TIMP-1 MCLO MCL1-2 NS
MCL>3 NS
MCL1-2 MCL>3 NS
MMP-8/TIMP-1 MCLO MCL1-2 NS
MCL>3 0.024
MCL1-2 MCL>3 0.04
Protein concentration MCLO MCL1-2 NS
MCL>3 0.011
MCL1-2 MCL23 NS
Bleeding on probing MCLO MCL1-2 0.009
MCL>3 NS
MCL1-2 MCL>3 NS
Plaque index MCLO MCL1-2 0.023
MCL>3 0.046
MCL1-2 MCL>3 NS

One-way ANOVA adjusted by Scheffe's Post Hoc test. NS = not significant.

Table 5.

Impact of variables on manifest caries

In order to determine the impact of the variables, a multiple
linear regression model with MCL as the dependent variable was
performed. In this regression model (R?= 0.070; regression model

P = 0.001), the only statistically significant predictor variable was
MMP-8 (P = 0.001; Table 6).

Impact of variables on MMP-8

Using MMP-8 as the dependent variable (R* = 0.225; regression
model P < 0.001), the predictor variables MCL and total protein
concentration were highly statistically significant (P = 0.001 or
lower), as was saliva secretion rate (P = 0.01).
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Paper IV

Analysis of DDM directly after demineralization

Soluble protein assay of original DDM

Directly after demineralization, soluble protein levels of the DDM
and supernatant were determined. With EDTA-demineralized
samples, the supernatant contained 245.2 g/ml and pellet 55.0 g/
ml soluble proteins. AA-demineralized samples demonstrated
completely different profiles: the supernatant contained 42.7 g/ml
soluble proteins and the pellet 198.4 g/ml.

SDS-PAGE of original DDM

The SDS-PAGE gel from directly after demineralization exhibited
distinct collagen type 1 bands in all samples. The characteristic 130
kDa and 115 kDa collagen type 1 bands corresponding to the a - and
o,-chains from human type 1 collagen, respectively, were present in
all instances (Figure 11). This demonstrated the presence of collagen
type 1 in all fractions of the original DDM, although in different
concentrations.

Analysis of DDM after buffer treatment

SDS-PAGE at start and after buffer incubation (TO and T1)

The SDS-PAGE gel from after the buffer treatment displayed the
same distinct collagen type 1 bands as the uncentrifuged DDM in
all instances, regardless of buffer used (PBS or TESCA) or treatment
time (no incubation or 1 week incubation), indicating that collagen
type 1 o,- and a,-chains were present in all samples (data not shown).

Collagen measurements after incubation in buffer (T0)

HYP levels in pellet for the different demineralization methods, buffer
solutions and fractions are given in Table 7. AA demineralization
yielded approximately twice the concentration of HYP compared
to EDTA demineralization. The difference due to demineralization
method was highly statistically significant (P < 0.001, Table 7).
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Table 7. Hydroxyproline (HYP) in pellet at TO

pg/ml
Treatment buffer Demineralization method Mean  +SD
TESCA EDTA 1017.33 78.79
AA 2396.74 331.15
PBS EDTA 1692.50 126.22
AA 2784.07 488.64

Mean concentration of HYP in samples directly after adding incubation buffer. N=3 per
treatment (in duplicate).

Table 7.
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SDS PAGE on 7.5% Criterion TRIS-HCL gel, 200V, 50 min.

10 pL samples 1:1 in sample buffer: Mw Std: Molecular weight
standard; Rat tail c.: Rat tail collagen; Acid demin.: Acetic acid
demineralized dentine; EDTA demin.: EDTA demineralized

dentine.
Un-centrifuged samples directly after demineralization was used.

Figure 11. SDS-PAGE gel showing distinct collagen bands in all

fractions.
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Figure 12. Hydroxyproline (HYP) in supernatant
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Figure 12.

Influence of buffers on collagen levels after incubation (TO to T1)
The total HYP concentration increased in the supernatant after
incubation at room temperature for 1 week (Figure 12a-b). This
increase was highly statistically significant (P < 0.001), as were buffer
treatment (P < 0.001) and the combination of demineralization
method/buffer treatment (P = 0.046).

MMP-8 assay after buffer treatment

Total MMP-8 levels in pellet samples for the different demineralization
methods, buffer solutions, and treatment times are given in Table 8.
No data is given for MMP-8 in the buffer supernatants, as levels
were below the detection limit. MMP-8 levels were higher at the
start of the buffer treatment period (TO) than after 1 week (T1).

AA-derived DDM displayed similar MMP-8 levels regardless of
buffer. EDTA-derived DDM, on the other hand, displayed much
elevated MMP-8 levels in TESCA buffer at TO, but by T1 this had
decreased to a level similar to PBS (Figure 13a-b).
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Figure 13. MMP-8 in supernatant
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Figure 13.

Table 8. Active MMP-8 in pellet at TO

ng/ml
Treatment buffer Demineralization method Mean +SD
TESCA EDTA 5.92 1.07
AA 4.86 1.64
PBS EDTA 1.81 1.68
AA 5.10 1.77

Mean concentration of active MMP-8 in samples directly after adding incubation
buffer. N=3 per treatment (in duplicate).

Table 8.

The active MMP-8 concentration change over time was statistically
significant (P = 0.01), as were demineralization method (P = 0.02)
and the combination of demineralization/treatment (P = 0.046) in a
statistical model encompassing the variables time, demineralization
method, and buffer, with MMP-8 as the dependent variable.
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DISCUSSION

This thesis began in the quest to study the microflora of dentine
caries, which was more inadequately understood at that time.
However, during the course of the investigation, it became clear
that host-related mechanisms might be involved in the dentine caries
process to a higher degree than previously anticipated. Thus, in order
to better comprehend the complete context, the studies on MMPs
and related factors were included.

Bacteria in dentine caries

Main findings

This thesis clearly demonstrates that both mechanical and chemo-
mechanical excavation will reduce total counts of remaining bacteria,
irrespective of excavation method chosen. It also suggests that after
excavation, some microorganisms will most likely persist in the
clinically caries-free dentine, which is in line with other researchers
in this field (Kidd, 2000). The clinical importance of these remaining
bacteria is unclear, but some studies report that bacterial numbers
up to 1 x 10> CFU/ml might be clinically insignificant (Kidd et al.,
1993; Bjorndal et al., 1997; Kneist and Heinrich-Weltzien, 2001;
Weerheijm et al., 1999).

Our results demonstrated abundant microbial variability between
the carious lesions. In essence, each lesion contains its own
microecosystem. Despite meticulous studies using both culturing
and molecular biology methods, these complex ecosystems have
been elusive to describe in a consistent manner. Bjorndal and Larsen
(2000) concluded that the ”composition of the microflora in each
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lesion is a reflection of the local environment, including the clinical
characteristics of that particular lesion,” a declaration that is fully
supported by our findings.

The ability to cope with low and fluctuating pH is a crucial trait
for a microorganism if it is to succeed within the dentine carious
lesion. To study this acid-tolerant subgroup of the total microbiota,
we utilized pH-selective agars and found that about 6 to 41% of the
total recoverable microbiota was able to grow on pH 5.5 agar, while
0 to 16.5% was able to grow on pH 5.0 agar. This demonstrates that
although a large proportion of the total recoverable microbiota is
acid-tolerant, the proportion of acid-tolerant microorganisms varies
between different carious lesions.

The considerable range of different bacterial species found in this
and other reports, implies that a greater variety of microorganisms
than previously thought might have the potential to form and
contribute to viable dentine caries ecosystems. Studies based on 16S
rRNA (PCR) and reverse-capture checkerboard techniques have
implicated an ecological niche in dentine caries for several new
species (Becker et al., 2002; Munson et al., 2004; Chhour et al.,
2005; Aas et al., 2008; Gross et al., 2010; Kianoush et al., 2014).
All of these microorganisms could be said to contribute to dentine
caries progression, as it is the local microbiota as a whole that needs
to be considered, not individual caries-promoting species (Gross et
al., 2012).

The solid pH-selective agar method was successful in selecting the
acid-tolerant fraction of the dentine caries microbiota, and can be
considered a useful tool to study this subgroup of the total lesion
flora.

Limitations

Many earlier studies on dentine caries microbiology do not specify
sample size, instead using terms like ”a full excavator”. In our
studies, sample size was clearly defined as a bur-full of dentin (Figure
5), which was confirmed clinically by ocular means. The robustness
of the method was confirmed in a pilot study on dentine weight
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before actual sampling of the subjects. The dentine sampling method
used a modified protocol based on Bjerndal and coworkers (1997)
and yielded results on a par with that study. The hard caries-free
samples displayed a significant tendency to weigh more despite
sample volumes being kept constant. Bjerndal, on the other hand,
reported slightly higher (but not significant) yields from carious
dentine in a study comparing soft carious dentine with inactive
carious dentine. These differences might be due to different sample
volumes or varying dentine-drying time. In a recent study using a
similar sampling technique, Maltz and coworkers (2012) confirmed
that the sampling method we used has a high reproducibility.

When taking samples from different layers of carious dentine there
is always the possibility that more superficial microorganisms could
be mechanically transferred to a deeper sampling site, thus confusing
the results. In order to minimize the risk of cross contamination
between layers during the sampling procedure, we used new sterile
burs for each sample and washed the cavity with sterile saline prior
to each step of sampling and excavation respectively.

The use of a low-concentration hypochlorite compound (0.5%
NaOCl) could in theory have influenced the number of recoverable
microorganisms in the chemo-mechanical excavation group.
However, no statistical difference was found between the different
excavation methods (P = 0.995). A study on storing dentine
samples in more concentrated chloramine solutions before
bacterial incubation experiments also concluded that it is safe to
use chloramines, and that the antibacterial effect will diminish to
negligible levels after washing, especially in the presence of organic
matter (Rolland et al., 2007). Furthermore, the low concentration,
low dose, and short contact time of hypochlorite, coupled with the
fact that the microbiota sampled was shielded by overlying dentine,
makes hypochlorite killing highly unlikely.

Why is acid tolerance important?

In this thesis, we were particularly interested in the acid-tolerant
microbiota of carious dentin due to its central role in demineralization
of dentine and progression of caries lesions. The pH in active dentine
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carious lesions can drop as low as 4.9 (Kitasako et al., 2002),
and consequently acid tolerance would be mandatory for causing
demineralization in infected dentine. To study the naturally adapted
acid-tolerant sub-microflora of the dentine microbiome, we used pH-
selective agars. The results demonstrated that a large proportion of
the total recoverable microbiota indeed was acid-tolerant but also
that the proportion of acid tolerant microorganisms tended to vary
between different carious lesions and, likewise, between different
sample layers. Kianoush et al. also (2014) demonstrated this in a
recent paper. As above, this could be explained by the variation in
ecological determinants in each lesion.

Several sample sites within the carious lesion

Prior studies have described the entire carious lesion as a unit,
thus not taking the ecological differences within different layers
of the lesion into account. Only two previous studies and one very
recent one have addressed comparable intralesion levels. Lima et
al. (2010) described the dentine caries microbiota from three layers
of deep dentine-caries lesions using a reverse-capture checkerboard
technique, whereas Banerjee et al. (2002) investigated dentine
caries bacteria from four different levels but instead used the FISH
(fluorescence in situ hybridization) technique to enumerate the
bacteria. Neither of these methods reveals phenotypic characteristics
such as acid tolerance of the microorganisms isolated. Moreover,
studies on moderately sized dentine carious lesions are rare in the
literature; preceding studies have tended to address carious lesions
in more advanced states. In a recent study on 25 teeth extracted due
to dentine caries and irreversible pulpitis, samples of carious dentine
were taken from four to five sites within each lesion (superficial to
sound dentine). At the same time, each sample site was also analyzed
for pH in order to be able to relate the microbiota to the pH at the
site it was sampled from. The dentine samples were subsequently
subjected to 454 sequencing in order to examine the microbiome. The
researchers found a clear difference between bacterial communities
from more-neutral pH regions as compared to those from more-
acidic ones, but they also found that a large part of the microbiota
(about 60% of the taxa) was present regardless of pH, suggesting a
core microbial community in dentine caries (Kianoush et al., 2014).
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Distribution of bacteria within the carious lesions

Using pH-neutral media, the major part of the microorganisms
was found in the superficial layer or in the center of the carious
lesions, never in the caries-free cavity floor. This suggests a distinct
distribution of microorganisms in the dentine carious lesion; the
advancing front of the lesion seems to harbor rather minute amounts
of bacteria.

Interestingly, the numbers of bacteria recovered from the various
sample sites were quite high even in the deeper layers (Figure 1). The
only statistically significant differences in numbers of bacteria were
obtained when the superficial and cavity-floor sample sites in the
lesions were compared (P = 0.036), but since the numbers of samples
were small, this conclusion must be confirmed by studies including
more lesions. Banerjee et al. (2002) also reported this finding.

The impact of acidity in the environment

Early studies demonstrated that approximately 29% of dentine
sample bacteria were able to grow on pH 5.2 agar, as opposed to
11% of the plaque bacteria overlying the carious lesion, indicating
an acidic environment in dentine caries lesions (Loesche and Syed,
1973). Our results did confirm this, but the variation was quite
sizeable (exemplified by Figure 9 and 10). Furthermore, with
decreasing agar plate pH, the number of recoverable microorganisms
decreased from max 40.8% at pH 5.5 to max 5.2% at pH 4.0.

Number of different taxa in dentine lesions

The pH of the agar plates did not affect only the number of CFUs
but also the number of recoverable bacterial groups. With lower
pH, fewer groups were recovered. Kianoush and coworkers (2014)
observed a similar decrease in bacterial diversity when comparing
active and nonactive dentine carious lesions. This suggests that an
acidic environment has a strong influence on the number of CFUs as
well as the composition of the dentine caries microbiota.

On the other hand, the mean number of bacterial groups recovered

from the various sample depths (at pH 5.0) was 6.0 (x 2.45)
superficially, 5.67 (= 1.70) in the center, and 3.33 (= 2.05) at the
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cavity floor, suggesting a fairly consistent number of taxa irrespective
of sample site. This is consistent with the findings of Lima et al.
(2010), who found no significant difference in prevalence of taxa
in three distinct layers in carious dentine using the reverse-capture
checkerboard technique, and is further confirmed by Banerjee et al.
(2002), who also found greater numbers of bacteria through the
lesion than previously reported.

Together, these results suggest that the pH of the dentine environment
exerts a strong ecological pressure on the resident microbiota whereas
the relative depth of the lesion seems to be of lesser importance.

Clinical implications

To be able to interfere with the caries process, it is important to
understand the environmental factors creating an ecosystem that
propagates decay. Methods for noninvasive caries management and
for management of caries deliberately left remaining under fillings
should be explored because the need for complete caries removal
has been questioned (Kidd, 2004) and clinical methods for placing
restorations over active dentine caries are now being advocated
(Maltz et al., 2007; Alves et al., 2010). Although it is also known
that substantial amounts of bacteria remain in the dentine after
both complete and incomplete caries removal (Mertz-Fairhurst et
al., 1998; Maltz et al., 2002; Lager et al., 2003), it appears that the
subsequent reduction of nutrient availability from the oral cavity
arrests further lesion progression (Maltz et al., 2007; Ricketts and
Pitts, 2009). Nonetheless, a significant amount of these bacteria
remain viable, even after prolonged periods under a restoration, and
this may be a clinical problem if the restoration fails and the seal
toward the oral cavity is broken (Thompson et al., 2008).

Remarks

In the beginning of the work on this thesis, studies on the dentine
caries microbiota was scarce and the base knowledge of the biologic
mechanisms involved in dentine destruction due to caries was
sporadic at best. During this time, several excellent research papers
emerged, pointing to a possible combined host-microbial etiology
behind the dentine carious process in the form of endogenous
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enzymes taking part in the collagen degradation process. To further
explore that concept, we decided to study these enzymes in relation
to dentine caries.

MMPs and dentine caries

MMPs in saliva (Ill)

Main findings

The main finding (IIT) was that salivary MMP-8 levels were elevated
in subjects with manifest caries lesions, compared with subjects with
no manifest caries lesions, regardless of age or gender. The MMP-8/
TIMP-1 ratio was also elevated but to a lesser degree. TIMP-1 alone
did not exhibit any significant difference between subjects with and
without manifest caries lesions. Our results also indicate that the
main difference in MMP-8 levels manifested between subjects with
and subjects without caries, with no statistical difference between
subjects with few or many carious lesions.

Limitations

The cross-sectional design of the study did not allow for an
association between caries activity and salivary MMP-8 levels.
However, the clear association between manifest carious lesions and
MMP-8 levels suggests a role of this collagenase in the dentine caries
process, which needs to be explored further.

The findings correlate well with a recent study where MMP activity
was found to be significantly higher in relation to active than chronic
dentine lesions (Nascimento et al., 2011). It is conceivable that
MMPs leak out into the saliva from the open caries lesions, but it
is impossible to establish a cause-effect correlation between salivary
MMP-8 and MCL from this study, because the source of MMP-8
is unknown. The MMP-8 may possibly originate from the carious
lesions, the GCEF, or even the salivary glands.

Source of MMPs

There is evidence suggesting that MMP-8 is released during dentine
demineralization, at least partially (Sulkala et al., 2007; Santos et
al., 2009). It has also been demonstrated that some of the dentinal
MMP-8 remains in the demineralized dentine, where it is believed
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to contribute to the continuing degradation of the demineralized
dentine matrix (Carrilho et al., 2009). Together, these i vitro findings
point to a role of dentine-derived MMP-8 in the degradation of
demineralized dentine matrix both during and after demineralization
and suggest a role in the dentine caries process as well.

Alternative intraoral sources of MMP-8 could be the salivary glands
or the GCF (Tjaderhane et al., 1998). This theory is supported by
previous studies demonstrating iz vitro cavity formation only with
externally added collagenase (Katz et al., 1987), the degradation of
dentine collagen by acid-activated salivary MMPs (Tjaderhane et
al., 1998), and the decrease in dentine caries progression by locally
administered MMP inhibitors (Sulkala et al., 2001).

In cases of low salivary secretion rate, the salivary concentration
of GCF-derived MMPs might increase because GCF flow does not
decrease in parallel with saliva. A few studies on Sjogren syndrome
and radiation therapy patients support this hypothesis (Wu et al.,
1997; Konttinen et al., 1998; Vuotila et al., 2002). However, there
is only one study where low salivary flow rate has been indicated
as a predictor for high salivary MMP-8 concentration (Collin et al.,
2000). In theory, this increased salivary MMP concentration could
increase the impact of GCF-derived MMPs on dentine caries.

MMP-8 and periodontal disease

Rathnayake and coworkers (2013b) found a weak correlation
between bleeding on probing (BOP) and MMP-8 levels using the
same research material as we used. This correlation was not reflected
in the current thesis, which may be explained by the use of different
statistical models for the analysis of the material.

MMP-8 and TIMP-1

It has been shown previously that an imbalance in the ratio between
MMP-8 and TIMP-1 (MMP-8/TIMP-1) correlates with extracellular
matrix breakdown in periodontal disease (Séguier et al., 2001) and
that the MMP-8/TIMP-1 ratio could be used as a salivary biomarker
to differentiate periodontitis patients from controls (Gursoy et al.,
2011). In the current study, the MMP-8/TIMP-1 ratio correlated
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with BOP and total protein concentration (P = 0.01) but much more
so with the number of manifest caries lesions (MCL; P < 0.001),
indicating a much stronger association. TIMP-1 did not correlate
significantly with any tested variable (MCL, BOP, or MMP-8). Our
interpretation is that the MMP-8/TIMP-1 ratio correlation mainly
depends on the MMP-8 component and not on the TIMP-1.

Other proteinases

Other proteinases, such as cysteine cathepsins, have been shown
to be involved in degradation of ECM proteins such as collagen,
proteoglycans, and laminin, and have also been verified both in
healthy dentine (Dickinson, 2002; Tersariol et al., 2010) and saliva
(Nascimento et al., 2011). Moreover, elevated levels of cathepsin B
have been found in carious dentine. The cathepsin activity increased
with increasing caries lesion depth, but unlike MMPs, there were no
differences in salivary cathepsin activities in relation to the severity
of caries lesions (Nascimento et al., 2011).

Salivary secretion rate and MMPs

The total protein concentration in saliva is partly a reflection of
salivary secretion rate; i.e. stimulated whole saliva contains less total
protein than unstimulated saliva. Naturally, proteins from other oral
sources are also diluted if the salivary flow rate is increased. Thus,
the salivary concentration of MMP-8 would be expected to correlate
well with salivary secretion rate, irrespective of source, if it correlates
with total protein, which it does (P < 0.001). However, there is
evidence to support that concentration of individual proteins does
not always follow the same pattern as the total protein (Rayment et
al., 2001).

Conclusions

Studies that directly evaluate MMP activity in partially demineralized
dentine are scarce; most are limited to the activity measured after
treating dentine with self-etching adhesives. Mazzoni and coworkers
(2013) demonstrated a significant increase in MMP activity in
dentine partially demineralized with weak (1%) phosphoric acid.
Nishitani et al. (2006) demonstrated up to a tenfold increase in
gelatinolytic activity of mineralized dentine powder. The activity
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could be completely eliminated with chlorhexidine, a well-known
inhibitor of both soluble (Gendron et al., 1999) and dentine-
bound MMPs (Carrilho et al., 2009). These findings indicate that
collagenolytic enzymes may be active and functional even in partially
demineralized dentine.

To be able to further study the influence of MMPs on the
dentine caries process, a suitable method for producing bioactive
demineralized dentine substrate was needed, leading to Paper IV.

MMPs in dentine (IV)

Main findings

The study (IV) describes a new method for dentine powder
demineralization without loss of enzyme bioactivity. The use of
a dialysis method also allows for retention of the majority of the
DDM components that otherwise would be partly lost due to the
demineralization process.

Dentine powder is rarely used for these kinds of studies owing
to difficulties in controlling the sample collection. However, the
finding that dentine collagen degrades over time is confirmed by
an earlier study using EDTA- and phosphoric acid-demineralized
human dentine beams (Carrilho et al., 2009), which indicates that
dentine powder would be appropriate for this kind of research. The
advantage over the dentine beam method would be a vastly larger
sample surface area, leading to shorter demineralization times, and
perhaps even weaker acids could be used with a desired effect. This
would mimic the conditions in dentine caries better than using strong
acids.

Demineralization of human dentine using dialysis has not been
reported before in the literature, to our knowledge. The results
showed that the enzymatic activity of the DDM was preserved to a
significant extent, measured by MMP-8 activity and degradation of
insoluble collagen.

The dialysis system also allowed for collection of soluble and
insoluble material simultaneously and for retention of the major
part of the constituents of the DDM, mainly collagen type 1 but
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also proteoglycans and other noncollagenous proteins (overview by
Tjaderhane et al., 2013a).

Limitations

Using a dialysis membrane with a pore size of 12 kDa retained
molecules like the a1- and a2-chains of collagen type 1, as well as
MMP-8 and proMMP-8 (molecular weights of 65 and 85 kDa,
respectively). It is likely that some loss of smaller DDM components
such as collagen telopeptides and hydroxyproline (<12 kDa),
occurred, especially if collagen degradation took place during the
demineralization phase, a process we are not sure of. This loss would
not have been critical, since the purpose of this study was to collect
and describe the insoluble DDM, including collagen and its bound
proteins, for the purpose of conducting future intervention assays.
When subsequent analyses were made of the crude uncentrifuged
DDM, collagen was demonstrated in all samples using SDS-PAGE
electrophoresis (Figure 10).

The protein analyses were performed to be able to compute sample
size for the SDS-PAGE analysis and should be interpreted with caution
because the method used assesses only the soluble protein fraction
accurately. However, a notable difference in the distribution of
soluble proteins between EDTA- and AA-demineralized samples was
observed. With EDTA, about 80% was detected in the supernatant
whereas with AA-demineralized samples, only 20% was found. This
finding is interesting; many of the demineralizing methods described
in the literature are used to purify dentine proteins for identification,
and while they might be excellent for demineralization, their
respective effects on the retention of noncollagenous proteins and
the bioactivity of enzymes are little known.

Demineralization agents

Because EDTA is a chelator that can be used at neutral pH, it
is considered an optimal demineralization agent of teeth for
immunohistochemistry (Sanjai et al., 2012). Furthermore, EDTA
is a potent MMP inhibitor, preventing activation of MMP during
the demineralization stage (Toledano et al., 2012). It has also been
demonstrated to possess antimicrobial properties (Banin et al.,
2006).
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Comparative studies between different decalcifying methods in
terms of preservation or loss of dentinal proteins are lacking.
Earlier dentine demineralization studies have often utilized HCI in
combination with guanidine, which is a powerful protein-denaturing
agent and, in our case would harm the enzymes. AA was chosen
for this study based on its weaker and presumably less denaturing
properties. Theoretically, AA probably activates MMPs due to its
low pH (2.4), but since MMPs have a pH optimum of 7, no or
very low activity would take place during the demineralization stage
(Okada et al., 1995). The activity could, however, increase during
dialysis with water in the washout stage of the dialysis.

Total collagen assessment

The total collagen assessments were performed using HYP as an
indicator of collagen levels after complete hydrolysis of the samples.
As can be seen in Table 7, the AA-derived DDM pellet levels of
total collagen were twice as high as the corresponding EDTA-derived
DDM. An explanation for this could be that the resulting DDM
from the diverse demineralization methods has differing water
retention capacity, which would influence the wet pellet weight. We
did not perform complete water removal by lyophilization, as the
process might harm bioactive molecules, and especially enzymes
(Roy and Gupta, 2004). In addition, repeated freezing and thawing
can activate MMPs (Nishitani et al., 2006).

Collagen degradation

The HYP levels increased in the supernatants of all samples (Figure
12a-b), which indicates that collagen is solubilized over time. For AA-
derived DDM samples a difference in PBS buffer was demonstrated
at T1 (Figure 12a-b). The reason for this could be that the AA
demineralization sequence had initiated hydrolysis of the molecules,
making them more prone to further degradation. However, the most
important finding regarding HYP is that solubilization of DDM
collagen can be demonstrated in dentine powder samples, similar to
dentine beams (Carrilho et al., 2009).

MMP-8
Table 8 presents the endogenously activated MMP-8 data from
the buffer-treated pellets. Corresponding supernatant data is not
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presented as the values were below detection level. For AA-derived
DDM the buffer did not affect the MMP-8 values, but in the EDTA-
derived DDM group, the MMP-8 values from PBS-treated samples
were much lower, indicating that EDTA demineralization could
effectively inhibit MMP activity and that Ca?* from the TESCA buffer
was needed to reactivate MMP-8. In contrast, AA demineralization
did not seem to inhibit MMP-8 as much.

This is supported by a previous study where dentine powder was
demineralized using four different agents, and AA yielded about
the double the amount of active MMPs (MMP-2 and -9) after
demineralization (Mazzoni et al., 2007). One explanation for higher
MMP-8 activity in AA-derived DDM could be acid activation
(Tjaderhane et al., 1998) or trace amounts of Ca?* being present.
This was mirrored by the fact that in EDTA-derived DDM, the use
of TESCA buffer enhanced MMP-8 activity to a great extent.

Figure 13 reveal that MMP-8 activity decreases with time, in
particular for EDTA-derived DDM in TESCA buffer. This decrease
in MMP activity was statistically significant (Figure 13a) and could
be attributed to depletion of necessary reagents or enzyme activity
regulation by feedback inhibition mediated by degradation products.
These enzyme activity-limiting processes could differ between the
buffers used.

Cysteine cathepsins

The presence of active MMP-8 and simultaneous degradation of
collagen in this experiment suggests that MMP-8 can contribute
to collagen breakdown. However, the action of other endogenous
enzymes was not assessed. Cysteine cathepsins have been implicated
in both activation of MMPs and collagen degradation (Tjaderhane et
al., 2013a; Nascimento et al., 2011), but inclusion of these enzymes
was beyond the scope of this study.

Buffers

TESCA buffer seemed to enhance collagen degradation over time
more than PBS buffer (Figure 13a). TESCA buffer also increased
MMP-8 activity in EDTA-demineralized DDM compared to PBS.
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This can be explained by the fact that TESCA buffer contains Ca?",
which is needed for MMP-8 to be able to exert its catabolic action.

Conclusions

The presented demineralization methods both provided insoluble
DDM substrates suitable for further intervention studies. However,
it was found that the substrates differed depending on the
demineralization method and buffers used. This needs to be studied
further in order to find an optimal technique to generate DDM with
retained proteins and bioactivity.
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CONCLUSIONS AND DIRECTIONS
FOR FUTURE WORK

I. The numbers of remaining microorganisms after excavation
were low for both methods used in the study. However, some
microorganisms always remained in the cavity floors even when
the cavities were judged as caries free using normal clinical criteria.
The consequences of these remaining bacteria are uncertain, but
several studies have demonstrated that they probably cannot do any
harm as long as the overlying restoration is intact. Future research
should be directed at clarifying the role of bacteria remaining under
restorations.

II. The microbiota from the manifest carious lesions studied showed a
marked diversity, both in numbers of microorganisms and in species
composition, which in turn adds to the conceptual idea that each
dentine carious lesion can be described as its own microecological
system. In turn, this fits very well with the ecological microbial
hypothesis, which states that changes in the oral environment force
the oral microbiota to adapt and that these events eventually lead
to an unbalanced ecosystem that promotes disease. Moreover, the
diversity of the found acid-tolerant microorganisms indicates that
a larger group of bacteria than was previously thought have the
ability to adapt to, survive in, and conceivably propagate dentine
caries lesions. The pH-selective agars used were able to select the
already acid-tolerant parts of the total dentine caries microflora, thus
making the study of them possible.
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III. Subjects with manifest caries lesions had significantly elevated
levels of salivary MMP-8 compared to subjects without caries
lesions, even when periodontal variables were included in the
statistical model. The level of TIMP-1 was not significant in any
case. However, the study could not reveal the source of the salivary
MMP-8. This is a project for future research.

IV. In this paper we demonstrate that it is possible to demineralize
relatively large amounts of dentine powder without losing MMP-
8 bioactivity and that demineralized dentine powder can be used
successfully as a substrate for laboratory studies on the mechanisms
behind dentine collagen degradation. However, the results also
indicate that different hard tissue demineralization methods may
influence the bioactivity of the resulting substrate as well as the
relative loss of proteins during the demineralization process. It would
be interesting to study these differences further in order to pinpoint
which demineralization method is appropriate depending on what
parameters are being studied.
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