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Abstract

Aim: The aim of the current report was to generate and explore new hypotheses into
how, in a pathophysiological sense, atherosclerosis and periodontitis could be linked.
Material and Methods: Two different biomedical informatics techniques were used:
an association-based technique that generated a ranked list of genes associated with the
diseases, and a natural language processing tool that extracted the relationships
between the retrieved genes and lipopolysaccharide (LPS).

Results: This combined approach of association-based and natural language
processing-based literature mining identified a hit list of 16 candidate genes, with
PONT1 as the primary candidate.

Conclusions: Further study of the literature prompted the hypothesis that PON1 might
connect periodontitis with atherosclerosis in both an LPS-dependent and a
non-LPS-dependent manner. Furthermore, the resulting genes not only confirmed
already known associations between the two diseases, but also provided genes or
gene products that have only been investigated separately in the two disease states,
and genes or gene products previously reported to be involved in atherosclerosis.
These findings remain to be investigated through clinical studies. This example of
multidisciplinary research illustrates how collaborative efforts of investigators from
different fields of expertise can result in the discovery of new hypotheses.
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Increasing evidence is appearing in the
literature that cardiovascular diseases
(CVDs) and periodontitis are associated
and possibly causally linked (Janket
et al. 2003, Cueto et al. 2005, Soder
et al. 2005, Spahr et al. 2006). Perio-
dontitis is a chronic infectious disease of
the supporting tissues of the teeth. The
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aetiology of the disease is strongly
related to the colonization of the perio-
dontal tissues by a complex mix of anae-
robic, Gram-negative bacteria. However,
Gram-positive bacteria also constitute a
significant component of subgingival bio-
film (Pihlstrom et al. 2005). The ensuing
inflammatory reaction is responsible for
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the slow progression of loss of periodontal
ligament and alveolar bone; if left
untreated, teeth become mobile and even-
tually exfoliate (Pihlstrom et al. 2005).

The underlying pathology of athero-
sclerotic CVD is the chronic formation
and extension of atherosclerotic lesions in
blood vessels. It is generally appreciated
that atherosclerosis has a marked inflam-
matory component and might be consid-
ered an inflammatory disease (Ross 1999,
Mullenix et al. 2005). Moreover, bacteria
may influence atherosclerotic plaque pro-
gression either by colonization or perhaps
more likely by leaving a ‘‘fingerprint’
due to infection of plaque invading leu-
kocytes (Ott et al. 2006). Either way,
bacteria may precipitate an increased
inflammatory state in the vessel walls,
predisposing for plaque rupture and
thrombosis formation (Cairo et al. 2004).

The current hypothesis on the epide-
miological association between CVD
and periodontitis deals with the notion
that in periodontitis the ulcerated pocket
epithelium forms a porte d’entrée for
microorganisms to enter the circulation
and distant organs (Loos 2005). Indeed,
transient low-grade bacteraemias occur
in chronic periodontitis, possibly daily,
for example during chewing and tooth
brushing (Kinane et al. 2005), and bac-
teria from the oral cavity and other
bodily locations have been identified in
atherosclerotic plaques (Fiehn et al.
2005). Moreover, a direct relationship
between periodontal microbiology and
subclinical atherosclerotic lesions has
been observed (Desvarieux et al.
2005). Thus it is thought that bacteria
and/or bacterial components such as
endotoxin might exacerbate inflamma-
tory processes in atherosclerotic lesions
(Tabrizi et al. 2007), resulting in the
increased chance for fibrous plaque rup-
ture and thrombus formation, with con-
sequently ischemia in the distal tissues.

For both CVD and periodontitis,
genetic susceptibility is widely accepted
(Loos et al. 2005, Nordlie et al. 2005,
Yoshie et al. 2007). In fact, a common
genetic background for atherosclerosis
and periodontitis has been suggested
(Kornman & Duff 2001, Nichols et al.
2001, Mattila et al. 2005). Especi-
ally, both diseases might be linked due
to a genetically determined hyper-
responsive inflammation trait or a
genetically determined lack of appropri-
ate control of the immune reactions to
bacteria and/or bacterial components
such as endotoxin (lipopolysaccharide
or “‘LPS’’) (Chun et al. 2005).

In addition to clinical and pathophy-
siological research, the use of biomedi-
cal informatics (BMI) is another avenue
into exploring possible mechanisms by
which complex diseases are interrelated.
The science of BMI applies informatics
techniques to organize bio-molecular
data on a large scale and relate it to
clinical practice (Luscombe et al. 2001).
The combination of medical and bioin-
formatics approaches is expected to
result in significant advantages in both
understanding mechanisms of disease
and inter-individual  susceptibility,
which in turn will open new possibilities
in individualized medical health care
(Kohane 2000). Information retrieval
tools developed for analyzing biomedi-
cal literature can be helpful in system-
izing the existing knowledge and in
displaying it in such a way that relations
can become visible (Shatkay 2005), and
they have been proven useful for litera-
ture-based hypothesis generation (e.g.
Smalheiser & Swanson 1998, Weeber
et al. 2003). Two main approaches to
automatically retrieve and extract infor-
mation from biomedical literature can
be distinguished: (1) computation of the
co-occurrence of biomedical concepts
and (2) extraction of the actual relations
between biomedical concepts using nat-
ural language processing. In this report,
we started with a variation of the co-
occurrence-based approach where we,
similar to (Glenisson et al. 2004), rather
than using direct co-occurrence, create
concept vectors representing the textual
context surrounding a concept. The
advantage of using this approach is
that two concepts do not actually have
to co-occur in any given abstract of a
journal article for an association to be
created. Instead, the genes can be asso-
ciated because they share many com-
mon concepts; the more the common
concepts, the higher the association
score. We used this association-based
approach to generate a ranked hit list of
genes associated with the diseases perio-
dontitis and atherosclerosis, after which
the exact relationships between the
retrieved genes were identified using a
natural language processing-based tool
in order to elucidate previously
unknown connections between the dis-
eases. The common component of
Gram-negative periodontal pathogens
is LPS, and thus LPS might constitute
the trigger for events related to a possi-
ble link between periodontitis and ather-
osclerosis. In order to provide a disease
context for the genes, LPS was included
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in the model. The results were thereafter
analyzed and judged for relevance by
domain experts (BL, HC). This ap-
proach exemplifies the benefit of using
BMI tools to assist the clinician and the
basic scientist and their complementary
expertise to advance the understanding
of potential relationships between com-
plex diseases and generate new hypoth-
eses for further research.

Material and Methods

Creating a concept profile of periodontitis
and atherosclerosis from textual data

The initial step in generating a ranked
hit list of genes associated with perio-
dontitis and atherosclerosis was to pro-
duce a concept profile for both diseases.
First, two separate sets of MEDLINE
(MEDLINE 2007) abstracts annotated
with  Medical Subject Headings
(MeSH) (Lipscomb 2000) terms for
either periodontitis or atherosclerosis
were retrieved (1995-2005). MeSH
headings are manually assigned to
abstracts by indexers at the National
Library of Medicine (NLM 2007). The
MeSH headings were used to retrieve
the abstracts as they provide important
metadata for a document: they describe
what the document is about in a consis-
tent way, thus reducing the need for
term variation when the search is con-
ducted in the MEDLINE database. For
example, the MeSH term ‘‘perio-
dontitis”* will be assigned to a document
if a document is judged by the indexer to
be about periodontitis even if a syno-
nym for periodontitis is being used in
the document instead of the MeSH
term. Using Collexis technology (van
Mulligen et al. 2000, Collexis 2007), the
documents were indexed with two the-
sauri: MeSH and the Gene Ontology
(Ashburner et al. 2000). For every docu-
ment, this resulted in a list of concepts
that were rank-ordered according to
their Term Frequency x Inverse Docu-
ment Frequency (TF-IDF) scores, as a
measure of their relevance (Gerard &
Christopher 1988). Each document has
thus been transformed into a document
profile. For each disease, all document
profiles containing the disease were
then aggregated into one concept profile
by averaging the rank of all concepts
over all profiles, thereby creating
one extended disease profile for perio-
dontitis and one for atherosclerosis.
In this way, a document-centered
profile has been transformed into a
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disease-centered profile. The two separate
disease profiles were then aggregated into
one periodontitis—atherosclerosis profile
by averaging over concepts again.

Matching the periodontitis—
atherosclerosis profile with gene concept
profiles

The next step was to produce gene
profiles that could be matched with the
periodontitis—atherosclerosis profile. The
National Centre for Biotechnology In-
formation (NCBI) EntrezGene (Maglott
et al. 2005, EntrezGene 2007) April
2005 database dump was used as a
source of information on genes. For
each human, mouse, and rat gene,
all available annotation information,
PubMed identifiers, and Gene Refer-
ences Into Function (GeneRIFs) were
extracted. The concept profiles for the
genes in the Entrez Gene database were
created in a similar fashion as the
disease fingerprint, again using Collexis
technology.

The periodontitis—atherosclerosis pro-
file was thereafter matched with each
gene profile and rank-ordered using a
cosine vector-matching score (Salton
1989). The result of the match is a list of
genes ranked by contextual similarity. Due
to the explorative nature of the present
study, we limited ourselves to the resulting
list of genes with at least a 30% contextual
similarity, where it has to be understood
that the best match is set at 100%.

Exploring relationships between genes in
the hit list — interaction with LPS

Assuming bacteraemia is occurring in
periodontitis, the presence of bacteria/
bacterial components could trigger a
systemic inflammatory response, which
favours an atherosclerotic process
(Nichols et al. 2001). A common com-
ponent of Gram-negative periodontal
pathogens is endotoxin, i.e. LPS, which
may constitute the trigger for events
related to a possible link between perio-
dontitis and atherosclerosis. We used
PathwayStudio (PathwayStudio 2007),
a software application developed for
navigation and analysis of biological
pathways, gene regulation networks
and protein interaction maps to explore
how the previously identified genes
interconnect with LPS in a pathophysio-
logical model of atherosclerosis. The
genes from the hit list with >30%
similarity were entered into PathwayS-

tudio and the option ‘‘find only direct
interactions between selected nodes’’
was used to build a network. PathwayS-
tudio has been described in more detail
by Nikitin et al. (2003) and PathwayS-
tudio (2007). Briefly, PathwayStudio
finds connections between concepts,
called ‘‘nodes’’, by searching through
a database of interactions derived
from the literature by the natural lan-
guage processing software MedScan
(Novichkova et al. 2003). MedScan per-
forms a full grammatical and semantic
analysis of MEDLINE (Novichkova et
al. 2003, Daraselia et al. 2004). When
parsing a MEDLINE document, a
semantic interpreter of the natural lan-
guage processing component transforms
the syntactic structure into a semantic
structure. The output of the semantic
parse is the input for an ontological
analysis that was developed by Darase-
lia et al. (2004), in which an ‘‘entity’’ is
represented as a protein, a cellular
object, a cellular process or a small
molecule, and ‘‘controls’® describe
functional relationships between these
entities. Relations between entities are
stored in a relational database, and
these relations can then be displayed
and explored through a graphical
interface. The underlying facts that con-
tributed to the relation between two
entities are provided as complete refer-
ences and links out to PubMed (PubMed
2007).

The default option of the direct inter-
action algorithm in PathwayStudio only
detects direct relationships between two
nodes; mechanisms that require a new
intermediate node (a node not present in
the original list of nodes that was pro-
vided as input) would not be detected.
Such intermediate nodes, however,
might represent knowledge that the
scientist entering the genes was not
aware of at the time of input, such as
factors acting as enhancers/modifiers for
a critical step in a pathway, or co-factors
needed in order for a transcription factor
to bind to DNA. The direct interaction
algorithm therefore also provides an
option to include these kinds of inter-
mediate nodes; such an intermediate
node allows the creation of a triplet
that connects two input nodes. We
used this option to create a second net-
work, where we could find intermediate
nodes between the original nodes in our
first network. When a new node is added
to the network, all links, to and from that
node to all other nodes in the network,
are displayed.

Results

Genes identified by the association-based
method

A ranked list of genes associated with
the diseases periodontitis and athero-
sclerosis was generated. The gene para-
oxonase 1 (PONI1) was identified as
having the strongest influence in the
relationship between atherosclerosis
and periodontitis and was therefore set
by default at 100% similarity. All the
other genes in Table 1 have similarity
percentages relative to PON1. We con-
centrated on genes with at least 30%
similarity; in this way 16 genes were
identified (Table 1). By manual investi-
gation of available literature using
advanced PubMed queries containing
both MeSH terms and synonyms not
provided by MeSH, three distinguished
groups emerged:

1. Seven genes or gene products that
previously have been suggested to
have a similar function in both dis-
eases: CDI14 molecule (CD14)
(Hajishengallis et al. 2002, 2004),
toll-like  receptor 2 (TLR2)
(Hajishengallis et al. 2002, 2004),
adiponectin, C1Q and collagen
domain containing (ADIPOQ) (Iwa-
moto et al. 2003), toll-like receptor 4
(TLR4) (Hajishengallis et al. 2002,
2004), 5,10-methylenetetrahydrofo-
late reductase (MTHFR) (Kornman
& Duff 2001), Fc fragment of IgG,
low affinity Ila, receptor (FCGR2A)
(Naito et al. 2006), apolipoprotein E
(APOE) (Li et al. 2002, Lalla et al.
2003, Gibson et al. 2004).

2. Three genes or gene products that
have been separately investigated in
both diseases, but never before sug-
gested to play a connecting role:
tumor necrosis factor receptor super-
family, member 11b (TNFRSF11B)
(Garlet et al. 2003, Rothenbacher
et al. 2006), chemokine (C-X-C
motif) ligand 10 (CXCL10) (Silva
et al. 2005, Schoppet et al. 2006),
chemokine (C-C motif) receptor
2 (CCR2) (Taubman et al. 2005,
Veillard et al. 2005).

3. Six genes or gene products that have
only been suggested to play a role in
atherosclerosis and not periodontitis:
paraoxonase 1 (PON1) (Ng et al.
2005, Rodriguez Esparragon et al.
2006), paraoxonase 2 (PON2) (Ng
et al. 2006), oxidised low density
lipoprotein (lectin-like) receptor 1
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Table 1. Ranked list of genes with at least 30% similarity between periodontitis and atherosclerosis relative to the highest similarity (set at 100%),
identified using an association-based based method

Gene symbol Full name Periodontitis Periodontitis  Atherosclerosis Percent Group
and atherosclerosis similarity
PONI1 Paraoxonase 1 No No Yes 100 3
CD14 CD14 molecule Yes Yes Yes 85 1
TLR2 Toll-like receptor 2 Yes Yes Yes 71 1
ADIPOQ Adiponectin, C1Q and collagen domain Yes Yes Yes 66 1
containing
PON2 Paraoxonase 2 No No Yes 56 3
TLR4 Toll-like receptor 4 Yes Yes Yes 48 1
OLR1 Oxidised low density lipoprotein No No Yes 48
(lectin-like) receptor 1
MTHFR 5,10-Methylenetetrahydrofolate reductase Yes Yes Yes 47 1
CXCL16 Chemokine (C-X-C motif) ligand 16 No No Yes 45 3
SCARBI Scavenger receptor class B, member 1 No No Yes 43 3
TNFRSF11B  Tumor necrosis factor receptor superfamily, No Yes Yes 40 2
member 11b
FCGR2A Fc fragment of IgG, low affinity Ila, receptor Yes Yes Yes 40 1
CXCL10 Chemokine (C-X-C motif) ligand 10 No Yes Yes 36 2
ADD1 Adducin 1 alpha No No Yes 32 3
CCR2 Chemokine (C-C motif) receptor 2 No Yes Yes 32 2
APOE Apolipoprotein E Yes Yes Yes 30 1

Official gene symbols and full names are used (HUGO Gene Nomenclature Committee 2007, Wain et al. 2002). Advanced PubMed searches were
performed to find documents that mention a gene together with each separate disease or with both diseases combined. If no such documents were found,
the corresponding entry contains No, otherwise Yes. The group column refers to the groupings made based on these advanced PubMed searches.

(OLR1) (Vohra et al. 2006), chemo-
kine (C-X-C motif) ligand 16
(CXCL16) (Sheikine et al. 2005),
scavenger receptor class B, member
1 (SCARB1) (Rodriguez Esparragon
et al. 2006), adducin 1 alpha (ADDI1)
(van Rijn et al. 2006).

No genes were found by this method
to have only been linked to periodontitis
and not to atherosclerosis.

Interactions between LPS and the genes
identified by the association-based
method

The entity-relationship tool PathwayS-
tudio was used to find direct interactions
between genes from the association-
based analysis and LPS; it was found
that LPS directly regulates nine of the
rank-listed genes (CXCLI10, OLRI,
CCR2, CD14, TLR2, TLR4, FCGR2A,
SCARBI, and APOE) (Fig. 1). The
genes for which PathwayStudio could
not find a direct link to LPS were PONI1,
PON2, MTHFR, TNFRSF11B, ADDI,
ADIPOQ, and CXCL16. To confirm that
no interaction with LPS could be found
in the literature between LPS and the
genes mentioned, a manual advanced
search in PubMed was conducted.
The search revealed that PONI,
TNFRSF11B, ADIPOQ, and CXCL16
are regulated by LPS (bin Ali et al.
2003, Xu et al. 2005, Chung et al.
2006, Peake et al. 2006). This leaves

PON2, ADDI1, and MTHFR for which
no link with LPS could be found. How-
ever, a structurally similar molecule to
LPS called lipoarabinomannan has been
shown to induce an increase in ADD1
(encoded by the ADDI gene) protein
phosphorylation (Hestvik et al. 2003).
The next step was to let the direct
interaction algorithm in PathwayStudio
search for intermediate nodes between
the original nodes in our first network.
The resulting network, which allowed
new nodes to be incorporated, is shown
in Fig. 2. In addition to the 16 original
rank-listed genes that were provided as
input nodes, three new nodes (i.e. nodes
not in the original list of 16 genes) have
been added to the model: interleukin 8
(IL8), LPS-binding protein (LBP), and
signal transducer and activator of tran-
scription 1, 91kDa (STATI1). LPS
directly regulates IL8, LBP, and
STATI in the model (Fig. 2). IL8 has
been explored previously as a connect-
ing concept between periodontitis
and atherosclerosis by, for example,
Fokkema et al. (2003) and can thus be
added to group 1. LBP has been inves-
tigated in both diseases separately
(Dunzendorfer et al. 2004, Ren et al.
2004), but has not previously been sug-
gested to link the two diseases, which
qualifies it for group 2. STATI has been
shown to be part of the vascular smooth
muscle cell apoptosis pathway, which
occurs in atherosclerotic plaques, con-
tributing to plaque instability (Rosner
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et al. 2006), but has not been mentioned
together with periodontitis in the litera-
ture, which qualifies it for group 3.

Discussion

This study was initiated to employ new
techniques in BMI for hypothesis gen-
eration concerning the epidemio-
logical link between periodontitis and
atherosclerosis.

Relationships between the hit list of
genes and the two diseases

Among the 16 genes in the hit list using
the association-based method, the PON1
gene was identified as having the high-
est association with atherosclerosis and
periodontitis. Epidemiological, genetic,
and biochemical studies have brought
forward that PON1 encodes for a protein
that has a protective effect against ather-
osclerosis, although the exact mechan-
ism behind the effect is unclear (Ng
et al. 2005, Ng et al. 2006). An
advanced PubMed search did not
retrieve any documents mentioning
PONT1 in relation to periodontitis, but
theoretically it may be associated
with this condition. One study reported
that PONT1 activity is regulated at the
mRNA level in a gender-specific man-
ner by LPS (bin Ali et al. 2003), the
common component of many perio-
dontal bacteria. Moreover, Ozer et al.
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Fig. 1. Direct links found in PathwayStudio (Nikitin et al. 2003, PathwayStudio 2007) between the entered genes and lipopolysaccharide. Red
circles denote proteins, red diamond shapes denote ligands, red rattle shapes denote receptors, and green circles denote small molecules. Grey

dotted lines denote regulation, blue lines denote expression, and purple lines denote binding.

(2005) demonstrated that paraoxonase-
induced interruption of bacterial com-
munication represents a novel mechan-
ism to modulate quorum sensing by
bacteria; this could possibly take place
both in biofilms of periodontal infec-
tions and in biofilms in atherosclerotic
plaques. However, the consequences for
host immunity are yet to be determined
(Ozer et al. 2005). While a low PONI1
activity is associated with CVD (low
inhibition of LDL oxidation), its role in
inflammation is only recently suggested.
In patients with systemic lupus erythe-
matosus (SLE) also a lower PONI1
activity was found in comparison with
controls; genetic polymorphisms in the
PONI1 gene were associated with this
lower activity (Tripi et al. 2006). Similar
to an increased prevalence of CVD in

patients with SLE, increased CVD in
periodontitis cases could be related to
the genetic polymorphisms in the PON1
gene as found in SLE. The resulting
lower PON1 activity results in increased
levels of oxidized LDL, which subse-
quently promotes foam cell forma-
tion and atherosclerotic streaks in the
arterial cell walls (Tripi et al. 2006).
PON1 might thus connect periodontitis
with atherosclerosis in both an LPS-
dependent and a non-LPS-dependent
manner.

We made a distinction between (1)
genes or gene products that previously
have been suggested to link perio-
dontitis with atherosclerosis by some
common biological mechanism, (2)
genes or gene products that have been
associated with both diseases separately

but have not before been suggested to
link the two diseases, and (3) genes or
gene products that previously have only
been associated with atherosclerosis.
These groupings are interesting in dif-
ferent ways. The first group of genes or
gene products, i.e. CD14, TLR2, ADI-
POQ, TLR4, MTHFR, FCGR2A,
APOE, and IL8, does not provide
increased insight into a possible link
between the diseases because they
have previously been reported as such
in the literature, but they add to the
validity of the methods used in this
paper. The second group of genes or
gene products, i.e. TNFRSFI11B,
CXCL10, CCR2, and LBP, is interesting
as they represent two separate knowl-
edge domains (periodontitis and athero-
sclerosis), between which these genes or
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Fig. 2. Links found in PathwayStudio (Nikitin et al. 2003, PathwayStudio 2007) between the entered genes and lipopolysaccharide, allowing
for new nodes representing new genes that constitute a three-way connection. Red circles denote proteins, red diamond shapes denote ligands,
red rattle shapes denote receptors, and green circles denote small molecules. Grey dotted lines denote regulation, blue lines denote expression,

and purple lines denote binding.

gene products might constitute pre-
viously unknown links (for example,
common genetic variations or common
susceptibility pathways). This is a desir-
able outcome because it is evident that
the two knowledge domains are working
on the same genes independently from
each other and would benefit from
cross-collaboration. These links would
have been very time-consuming to find
without the use of a text-mining method,
because they would require a list of all
genes or gene products investigated in
the two different domains, which can
then be searched for overlap that has
previously not been reported in the
literature. Manual extraction of gene
names from review articles might be
used for this purpose, but then recent
findings might be missed, and there
is also a possibility that the review
articles used are not complete. The last
group of genes or gene products (group

3), i.e. PON1, PON2, OLR1, CXCLI16,
SCARBI1, ADDI, and STATI, might
provide new targets for periodontitis
research, because even though they
have never been mentioned together
with periodontitis in the literature, they
came up high on the output of genes
from the association-based method.
These genes or gene products were
found because their concept profiles
shared many common concepts with
the common concept profile that was
created for periodontitis and athero-
sclerosis. These genes would have
been very hard to find using the NLP-
based method, because there is no direct
link in literature between them and
periodontitis. Also, diseases are not
included as concepts in PathwayStudio,
which means that such experiments
cannot be carried out using only
PathwayStudio. Small molecules (e.g.
LPS) are however included as concepts
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in PathwayStudio, and the use of LPS in
a model with periodontitis- and athero-
sclerosis-connected genes to put them in
a disease context are discussed in the
next section.

No genes or gene products were
found that have only been described in
periodontitis but not atherosclerosis.
This might be due to the cut-off level
used (30% contextual similarity). There
is currently no gold standard available
for where to set the cut-off and this
might be an important issue for further
research. Another reason might be the
method used to generate the concept
profiles, such as the thesaurus used for
indexing or the weighting of the con-
cepts in the concept profiles. Recently,
Jelier et al. (2007) reported on how they
created text-derived concept profiles of
genes to support assessment of DNA
microarray data, and Schuemie et al.
(2007) used concept profile technology



1022 Hettne et al.

together with cross-species homology
searches to predict implicit and explicit
biologically meaningful functions for a
proteomics study of the nucleolus. In
these studies the approach was validated
by showing its good performance in
classification experiments. Both authors
used slightly different algorithms to
create the actual concept profiles, but
the basic methodology is the same as the
one used by the authors of this paper. It
might be desirable to be able to manu-
ally alter the concept profiles before the
actual matching procedure takes place.
However, the purpose of this paper is to
show how a text-mining method auto-
matically can retrieve a hit list of genes
that can be used for further in-depth
analysis by field experts aided by a
BMI tool, and how altering the concept
profiles manually at a very early stage in
the analysis might provide an undesir-
able bias.

LPS as a trigger for events linking
periodontitis and atherosclerosis

There are many other biological path-
ways than the pathway triggered by LPS
through which the two conditions might
be connected, for example heat shock
proteins or cell surface fimbriae, but for
simplicity in this report we focused on
the LPS pathway. Although we realize
that the choice of LPS as the main
mediator provides a selection bias and
limits the results of the analysis, we
consider LPS to be a probable key
mediator in this crosstalk and its inclu-
sion in the model allows for a demon-
stration of what can be done using an
NLP-based BMI tool to further explore
automatically generated hypotheses. In
contrast to the association-based meth-
od, the NLP-based method has the
power to explain the findings in a model
together with LPS. However, the NLP-
based method needs genes or small
molecules as input in order to start the
analysis. For this purpose, the list of
genes from the association-based meth-
od was used. Starting with the first
group, i.e. genes or gene products that
previously have been suggested to link
the two diseases, all except MTHFR
were shown to be regulated by LPS in
the models generated by PathwayStudio
(Figs 1 and 2) or advanced manual
PubMed search. Thus, MTHFR might
constitute a non-LPS pathway. All of the
genes or gene products in the second
group, i.e. genes or gene productsthat

have been investigated in both diseases,
but never before been suggested to
link them together, were either in the
model or by advanced manual PubMed
search found to have LPS as a common
factor. Among the third group of genes
or gene products that have previously
been linked to atherosclerosis but not
to periodontitis, only PON2 could not
be connected to LPS either in the model
or by advanced manual PubMed search.
Thus the interpretation of the 16 genes
in a model together with LPS pro-
vides substantially more weight to the
concept that the link between perio-
dontitis and atherosclerosis may go
through LPS.

All genes or gene products mentioned
in this paper could potentially play a
role in the possible connection between
atherosclerosis and periodontitis. At the
same time, one should bear in mind that
the current tools in the biomedical
domain are not capable of delivering
clear-cut hypotheses. Thus, the interpre-
tation of the data and the judgements of
its value should always be made by field
experts and investigators. Their assess-
ments can lead to experimental studies
to test the generated hypotheses by
performing in vitro studies, animal mod-
els, and/or clinical and epidemiological
studies.

Conclusions

A text-mining exercise using associa-
tion-based and natural language-proces-
sing techniques was performed to
explore the epidemiological association
between CVD (in casu atherosclerosis)
and periodontitis. This approach identi-
fied a hit list of 16 candidate genes, with
PONT1 as the primary candidate. Further
study of the literature prompted the
hypothesis that PON1 might connect
periodontitis with atherosclerosis in
both an LPS-dependent and a non-
LPS-dependent manner. Furthermore,
the results not only confirmed already
known associations between the two
diseases, but also provided genes or
gene products that previously have
only been investigated separately in the
two disease states, and genes or gene
products only previously reported to be
involved in atherosclerosis. Of the genes
or gene products identified, all except
two were found to be regulated by LPS.
This research illustrates how BMI can
help the field of periodontology in
the discovery of new directions for

further research and generation of new
hypotheses.
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Clinical Relevance

Scientific rationale for the study:
New tools from the BMI field may
help to generate new hypotheses on
how periodontitis and cardiovascular
diseases are linked.

Principal findings: We identified 16
genes possibly to play a role in both

diseases, with PON1 as the primary
candidate. Genetic variations in
PON1 have been associated with
inflammatory conditions and athero-
sclerosis. Therefore, PON1 and other
genes identified in this study may
open up new research possibilities.

Practical implications: A combined
approach of association-based and
natural language processing-based
literature mining may help to under-
stand the link between periodontitis
and cardiovascular diseases.
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