
Periodontal therapy alters gene
expression of peripheral blood
monocytes

Papapanou PN, Sedaghatfar MH, Demmer RT, Wolf DL, Yang J, Roth GA, Celenti R,
Belusko PB, Lalla E, Pavlidis P. Periodontal therapy alters gene expression of
peripheral blood monocytes. J Clin Periodontol 2007; 34: 736–747. doi: 10.1111/
j.1600-051X.2007.01113.x.

Abstract
Aims: We investigated the effects of periodontal therapy on gene expression of
peripheral blood monocytes.

Methods: Fifteen patients with periodontitis gave blood samples at four time points:
1 week before periodontal treatment (#1), at treatment initiation (baseline, #2), 6-week
(#3) and 10-week post-baseline (#4). At baseline and 10 weeks, periodontal status was
recorded and subgingival plaque samples were obtained. Periodontal therapy
(periodontal surgery and extractions without adjunctive antibiotics) was completed
within 6 weeks. At each time point, serum concentrations of 19 biomarkers were
determined. Peripheral blood monocytes were purified, RNA was extracted,
reverse-transcribed, labelled and hybridized with AffymetrixU133Plus2.0 chips.
Expression profiles were analysed using linear random-effects models. Further
analysis of gene ontology terms summarized the expression patterns into biologically
relevant categories. Differential expression of selected genes was confirmed by
real-time reverse transcriptase-polymerase chain reaction in a subset of patients.

Results: Treatment resulted in a substantial improvement in clinical periodontal status
and reduction in the levels of several periodontal pathogens. Expression profiling over
time revealed more than 11,000 probe sets differentially expressed at a false discovery
rate of o0.05. Approximately 1/3 of the patients showed substantial changes in
expression in genes relevant to innate immunity, apoptosis and cell signalling.

Conclusions: The data suggest that periodontal therapy may alter monocytic gene
expression in a manner consistent with a systemic anti-inflammatory effect.
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Periodontitis is an inflammatory disease
of infectious aetiology, caused by the
bacterial biofilm that adheres to the
tooth surfaces, resulting in loss of sup-
porting periodontal tissues and,
ultimately, tooth loss (Pihlstrom et al.
2005). It is a fairly common disorder,
with its mild/moderate forms affecting

the majority of the adult population and
severe disease being prevalent in
approximately 10–15% (Papapanou
1996).

In the past two decades, accumulating
evidence has suggested an association
between periodontitis and systemic
inflammation, atherosclerosis and vas-
cular disease (for a review, see Behle &
Papapanou 2006). These observations
are in line with the literature suggesting
that several common infectious inflam-
matory conditions may promote ather-
ogenesis and increase the risk for
cardiovascular and cerebrovascular
events (Hansson 2005, Elkind & Cole
2006). A number of biologically plausi-

ble mechanisms have been proposed to
mediate such an association. One possi-
bility is that transient bacteraemias,
known to occur after manipulation of
the periodontal tissues, may result in
bacterial translocation at distant sites.
Indeed, the presence of bacterial DNA
of oral origin has been documented
within endarterectomy specimens or
atheromatic plaques in both experi-
mental (Lalla et al. 2003) and human
studies (Haraszthy et al. 2000, Stelzel
et al. 2002, Fiehn et al. 2005), while
a recent study demonstrated the pre-
sence of viable periodontal pathogens
in atherosclerotic plaques (Kozarov
et al. 2005). Another possibility is that
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inflammatory mediators, produced in
abundance locally in inflamed perio-
dontal tissues, may enter the circulation
and contribute to a sustained elevated
state of systemic inflammation. In fact,
several studies have demonstrated that
patients with periodontitis display high-
er plasma levels of acute phase proteins,
such as C-reactive protein (CRP), and
pro-inflammatory cytokines, such as
IL-6, after adjustment for common
confounders (Loos et al. 2000, Slade
et al. 2000, Wu et al. 2000, Slade et al.
2003). Additional mechanisms include a
molecular mimicry pathway (Epstein
et al. 2000, Lamb et al. 2003), possibly
mediated through antibody responses to
bacterial heat-shock proteins of oral
origin, as well as a role of periodontitis
as a significant contributor to a subject’s
overall pathogen burden (Epstein et al.
2000) that has been associated with
a vascular disease risk.

Lately, several studies have examined
the effect of periodontal therapy on a
number of surrogate markers of vascular
disease to help clarify the mechanisms
that might mediate the relationship
between periodontal infection and vas-
cular disease. Intervention studies on the
effects of periodontal treatment on
endothelial dysfunction have concluded
that mechanical periodontal therapy
alone (Mercanoglu et al. 2004, Elter
et al. 2006) or supplemented by local
(Tonetti et al. 2007) or systemic anti-
biotics (Seinost et al. 2005) results in
significant improvements in endothelial
function. Other investigators have
reported that standard mechanical perio-
dontal therapy (D’Aiuto et al. 2004a),
particularly when enhanced by adjunc-
tive locally delivered antibiotics
(D’Aiuto et al. 2005, 2006), results in
significant reductions in serum CRP,
IL-6 and improvements in lipid profiles.

In earlier in vitro studies, our group
has demonstrated that one of the
principal periodontal pathogens, the
Gram-negative bacterium Porphyro-
monas gingivalis, induces its uptake by
human macrophages and promotes foam
cell formation (Giacona et al. 2004) and
also enhances mononuclear cell adhe-
sion to human aortic endothelial cells
(Roth et al. 2007). Given the integral
role of the monocyte in the host immune
system, bridging innate and adaptive
immunity, as well as in the inflamma-
tory process of atherosclerosis (Ross
1999), we investigated the effects of
comprehensive periodontal therapy on
the gene expression of peripheral blood

monocytes in patients with severe perio-
dontitis. Our findings demonstrate that
local, mechanical periodontal therapy
has discernible effects on gene expression
patterns of peripheral blood monocytes,
consistent with a potential anti-inflamma-
tory/anti-atherogenic effect.

Materials and Methods

Overview

The design and methods of the study
were approved by the Columbia Uni-
versity Medical Center Institutional
Review Board. In brief, subjects gave
their consent, were examined and a first
blood sample was obtained 1 week
before the commencement of perio-
dontal therapy (#1). A second blood
sample was obtained 1 week later, on
the day of treatment initiation (baseline,
#2). All periodontal treatment including
periodontal surgery and tooth extrac-
tions, if necessary, but no local or
systemic adjunctive antibiotics, was
completed within a 6-week time win-
dow and a first post-treatment blood
sample was obtained at 6 weeks post-
baseline (#3). A second post-treatment
blood sample (#4) was obtained 4 weeks
thereafter, i.e., at 10 weeks post-base-
line, at which point a final examination
was also carried out. Figure 1 provides
an overview of the study design.

Subject sample

Patients were recruited among those
seeking treatment at the clinic for post-
doctoral Periodontics, Columbia Uni-
versity College of Dental Medicine. To
be eligible for enrollment, patients had
to be diagnosed with severe perio-
dontitis, with radiographic evidence of
bone loss extending to X30% of the
root length at multiple teeth. Additional
inclusion criteria were: age X18 years;
the presence of X2 teeth/quadrant with
a pocket depth of X6 mm and conco-
mitant attachment loss of X3 mm;
a minimum of 20 teeth present; no prior

periodontal therapy; no systemic condi-
tions or genetic disorders that entail the
diagnosis of periodontitis as a manifes-
tation of systemic diseases (Interna-
tional Workshop for the Classification
of Periodontal Diseases and Conditions,
1999); no use of systemic antibiotics or
regular use of anti-inflammatory drugs
for the preceding 6-month period; no
diabetes mellitus; no current use of
tobacco products or of nicotine replace-
ment medication; and not currently
pregnant. A total of 15 subjects, seven
males and eight females, were enrolled.
All participants were informed about the
scope and procedures of the study and
informed consent was obtained.

Clinical examination

At baseline and 10 weeks (time points
#2 and #4), all patients underwent a full-
mouth examination at six sites per tooth
at all teeth present, except third molars.
A single, calibrated examiner recorded
the following variables:

Probing depth (PD): Defined as the
distance between the gingival margin
and the bottom of the probeable pocket
to the nearest whole millimetres.

Location of the gingival margin: The
distance between the cemento-enamel
junction (CEJ) and the gingival margin
recorded to the nearest whole milli-
metres. This measure was given a posi-
tive sign in case of gingival recession and
a negative sign when the gingival margin
was located coronal to the CEJ. The
distance was deemed non-readable when-
ever the CEJ was obscured by dental
restorations or was impossible to identify.

The algebraic sum of the above two
parameters was used to compute the
clinical attachment level (CAL).

The presence of dental plaque (PL),
without the use of any disclosing agent,
and bleeding on probing (BOP) was
recorded dichotomously. The latter was
deemed positive if it occurred within 15 s
after the assessment of PD.

All recordings were entered chair-side
into a computer software and were
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Fig. 1. Study flow chart.
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uploaded to a server at the Statistical
Analysis Center, Columbia University
Medical Center.

Blood sampling and processing

Approximately 55 ml of blood was
obtained by venipuncture from each
patient at each of the four time points
(#1–#4). Five millilitres were collected
in untreated Vacutainert blood collec-
tion tubes (Becton-Dickinson, Franklin
Lakes, NJ, USA) and were used to
obtain serum by centrifugation at
1300 g for 10 min. Serum was aliquoted
and stored at � 701C until further ana-
lysis. Fifty ml were collected in Vacu-
tainer cell preparation tubes with
sodium heparin, and were used to har-
vest peripheral blood mononuclear cells
(PBMCs). A 1:1 dilution with PBS was
made and the diluted blood sample was
centrifuged at 1000 g in Ficoll tubes
(Sigma Accuspin, St. Louis, MO,
USA). After washing and counting of
the cells in a phase haemacytometer
(Hauser Scientific, Horsham, PA,
USA), PBMCs were re-suspended in
80 ml of MACS buffer (PBS pH 7.2,
0.5% BSA and 2 mM EDTA) and incu-
bated on ice with 20ml of CD14
microbeads (Miltenyi Biotec, Auburn,
CA, USA) per 107 total cells for
15 min. After washings, the cell suspen-
sion was applied to a MACS LS separa-
tion column (Miltenyi Biotec) placed in
the magnetic field of a MACS separator
(Miltenyi Biotec). Thereafter, the col-
umn was removed from the separator
and CD14-positive cells were collected
by washings in MACS buffer.

Dental plaque samples

Subgingival PL samples were obtained
at baseline and 10 weeks (time points #2
and #4), from the same eight to 10
interproximal surfaces/subject in a ran-
domly selected maxillary quadrant,
using sterile curettes as described earlier
(Papapanou et al. 2000). The samples
were analysed with respect to 11 bacter-
ial species (Aggregatibacter actinomyce-
temcomitans, P. gingivalis, Tannerella
forsythia, Treponema denticola, Fuso-
bacterium nucleatum, Prevotella interme-
dia, Campylobacter rectus, Micromonas
micros, Eikenella corrodens, Veillonella
parvula and Actinomyces naeslundii)
according to the checkerboard DNA–
DNA hybridization method (Socran-
sky et al. 1994), as described earlier
(Papapanou et al. 2004).

RNA extraction, reverse transcription, in

vitro cRNA synthesis

CD14-positive cells were vigorously
pipetted in Trizol (Invitrogen Life Tech-
nologies, Carlsbad, CA, USA). After
incubation with chloroform and centri-
fugation at 12,000 g, RNA in the upper
aqueous phase was precipitated by mix-
ing with isopropyl alcohol, further cen-
trifugation and washing in 75% ethanol.
Further purification of the extracted
RNA was achieved using the RNeasy
total RNA isolation kit (Qiagen, Valen-
cia, CA, USA) according to the manu-
facturers’ instructions. The purified
RNA was quantified spectrophotometri-
cally. One hundred nanograms of total
RNA was amplified and reverse tran-
scribed using the GeneChip expression
30-amplification two-cycle cDNA synth-
esis kit (Affymetrix, Santa Clara, CA,
USA) and the MEGAscript T7 tran-
scription kit (Ambion, Austin, TX,
USA) according to the manufacturers’
instructions. Synthesis of biotin-labelled
cRNA and subsequent fragmentation
were performed using the IVT labelling
kit (Affymetrix, Santa Clara, CA, USA).
The cRNA yield was determined spec-
trophotometrically at 260 nm. Fragmen-
ted cRNA was stored at � 801C until
hybridization.

Gene chip hybridizations

We used Affymetrix Human Genome
U-133 Plus 2.0 arrays that include
54,675 probe sets to analyse more than
47,000 transcripts including 38,500 well-
characterized human genes. Hybridiza-
tions, probe array scanning and gene
expression analysis were performed using
the gene chip Core Facility at the Colum-
bia University Genome Center, according
to the manufacturer’s instructions.

Real-time reverse-transcription

polymerase chain reaction (RT-PCR)

Three hundred nanograms of total RNA
was reverse-transcribed using the Super-
Script II kit (Invitrogen, Carlsbad, CA,
USA) and random hexamer primers
according to the manufacturer’s proto-
col. The following TaqMans gene
expression assays (Applied Biosystems,
Foster City, CA, USA) were used to
quantify differential gene expression of
the following eight genes: for CD36 anti-
gen (thrombospondin receptor), gene
expression assay Hs0169627_m1; for
fibrinogen-like 2 (FGL2), Hs0173847_m1;

for chondroitin sulphate proteoglycan 2
(versican; CSPG2), Hs0171642_m1; for
toll-like receptor 8 (TLR8), Hs0152972_
m1; for toll-like receptor 2 (TLR2),
Hs0152932_m1; for integrin a M (com-
plement component 3 receptor 3 subu-
nit; ITGAM), Hs0355885_m1; for toll-
like receptor 1 (TLR1), Hs0413978_m1;
and for glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), Hs99999905_
m1. These assays were chosen to inde-
pendently quantitate gene expression
levels of selected genes identified as
strongly differentially expressed by
means of the gene chip analysis. Expres-
sion assays were performed on an ABI
7300 real-time PCR system (Applied
Biosystems) according to the manufac-
turer’s protocol. All samples from each
patient were run in triplicate and in the
same PCR experiment. Samples using no
template and no retrotranscriptases were
used as controls and were always nega-
tive for amplification.

Assessment of serum mediators

The concentrations of 19 biomarkers
were assessed using multiplex assays
(Linco Research Inc., St Charles, MO,
USA) for Luminex technology, accord-
ing to the manufacturer’s instructions.
The assays used were (i) the cardiovas-
cular disease panel 1, for the assessment
of adiponectin, matrix metalloprotei-
nase-9, myeloperoxidase, total plasmi-
nogen activator inhibitor 1, soluble E-
selectin, soluble intercellular adhesion
molecule 1 and soluble vascular cellular
adhesion molecule 1; (ii) the cardiovas-
cular disease panel two for the assess-
ment of CRP, serum amyloid A and
serum amyloid P; and (iii) the high-
sensitivity human cytokine panel for
the assessments of the following
cytokines: IL-1b, IL-2, IL-4, IL-5,
IL-6, IL-7, IL-8, IL-10 and TNF-a.

Data analysis

Clinical and serological data

In all analyses, SAS version 9.1 (SAS
Institute, Cary, NC, USA) was used and
the individual patient was the computa-
tional unit. Clinical and microbiological
variables were averaged within each
patient on each occasion.

The serum analyte data were trea-
ted as follows: all analyte values were
first natural LN transformed to avoid
skewness. The values obtained from the
pre-treatment (#1) and baseline (#2)
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time points were averaged to create a
combined pre-treatment value (point 0).
A standardized within-person z-score
was then created for each of three time
points [point 0, early post-treatment
(based on values obtained from sample
#3), late post-treatment (based on values
obtained from sample #4)] by subtract-
ing the mean within person (across time)
analyte value from the analyte value at
each of the three aforementioned time
points and dividing by the within-patient
analyte standard deviation (SD). Thus,
the calculation of a within-person z-score
for analyte i, time j and person k yielded:
Zkij 5 (valuekij–meanki)/(SDki). A total of
57 z-scores (19 analytes � 3 time points)
were computed for each patient.

The standardized z-scores were sub-
sequently used in the calculation of a
subject-based, summary inflammatory
score (SIS) at each of the three time
points, by averaging of 19 analyte
z-scores. The use of z-scores, rather
than the actual analyte values, in the
computation of SIS prevented any one
analyte from artificially dominating the
SIS as a result of scaling differences.
z-Scores corresponding to the anti-
inflammatory mediators IL-10 and adi-
ponectin were multiplied by (� 1)
before their inclusion in the SIS. Thus,
a positive SIS reflected a state of ele-
vated systemic inflammation at the time
point of interest relative to the mean
value across all three time points.
Accordingly, a negative SIS value
reflected a relatively reduced level of
systemic inflammation.

As a final step, differences between
SIS at point 0 and the SIS at the early
and late post-treatment time points were
used to define the cumulative systemic
inflammatory response at 6 and 10
weeks post-baseline, respectively.

Gene expression data

Affymetrix array data were first normal-
ized and summarized using the log-scale
robust multi-array analysis (RMA) (Iri-
zarry et al. 2003) with default settings.
Differential expression was assayed
using a standard mixed-effects linear
model approach, in which patient effects
were considered random with a normal
distribution, and treatment status was
considered a fixed effect with three
levels (pre-treatment, post-treatment
time 1 and post-treatment time 2). A
secondary analysis was performed using
a fixed-effects linear model with a
patient–treatment interaction term to

assess whether patient-subgroup-speci-
fic changes in expression could be
explained by chance. p-Values from
the patient–treatment interaction term
were used to rank the probe sets, and
significance thresholds were determined
using the Bonferroni criterion or q-value
(Storey & Tibshirani 2003). For each
probe set, a fold change was computed
by dividing the raw expression value at
the final post-treatment time point (#4)
by the mean raw expression value of the
two pre-treatment points (#1 and #2).

To more precisely identify the within-
patient change in gene expression over
time due to treatment, as opposed to
biological and assay variability, we com-
pared the absolute value of fold change
between the baseline and final post-treat-
ment time point with the absolute value of
baseline only fold change, i.e., the differ-
ence between the two pre-treatment
values. The latter fold change served as
a control reflective of biological and assay
variability. In these computations, absolute
values of treatment fold change were used
in order to avoid diluting treatment-related
changes by averaging up- and down-regu-
lated probe sets within each patient.

Gene ontology (GO) analysis was per-
formed using ermineJ (Lee et al. 2005),
with the Gene Score Resampling method.
The interaction p-values described above
were used as an input to identify biologi-
cally relevant groups of genes showing
changes in expression with treatment.
Gene symbols and descriptions were
derived from the most recent Affymetrix
annotation file available at the time of
analysis (HU-U133_Plus_2_annot_csv.
zip) downloaded from http://www.affy
metrix.com/Auth/analysis/downloads/taf/
HGU133_Plus_2_annot_csv.zip

The gene expression data have been
deposited with GEO (accession number
GSE6751).

Expression levels based on real-time
RT-PCR data were computed by means
of the SDS v1.2 relative quantification
software (Applied Biosystems) using the
DDCt method to normalize all values
versus the endogenous control, GAPDH.
Differential expression at time points #3
and #4 was calculated by using the aver-
age of the two pre-treatment time points
(#1 and #2) as the calibrator sample.

Results

The mean age of the enroled patients
was 44.4 years (SD 14.0, range 24–77).
With respect to race, four patients were

White, two Black, seven reported a
mixed race and two declined to report.

Within the 6-week treatment window,
patients attended an average of 6.3 treat-
ment visits (SD 1.1, range 4–8), including
an average of 3.7 periodontal surgery
appointments (SD 0.9, range 2–6). An
average of 2.9 teeth per patient were
extracted (SD 2.6, range 0–8). Figure 2
summarizes the pre- and post-treatment
clinical status of the patients with respect
to BOP, number of deep pockets
(X6 mm) and periodontal bacteria. As
can be seen in Fig. 2a, the pre-treatment
BoP scores ranged from 39% to 100%
(mean 81%, SD 17%) while the post-
treatment scores ranged from 7% to 42%
(mean 25%, SD 11%). Figure 2b shows
that the number of deep pockets per
subject was reduced from a pre-treatment
average of 69.2 (SD 32.8, range 36–80) to
a post-treatment average of 9.2 (SD 10.5,
range 1–18). Figure 2c shows that therapy
resulted in a substantial reduction in the
levels of several periodontal pathogens
including P. gingivalis, T. forsythia,
T. denticola, P. intermedia and C. rectus.
The levels of health-associated bacteria
such as E. corrodens, V. parvula and
A. naeslundii were slightly elevated after
therapy.

The primary analysis of differential
expression using a standard mixed-
effects linear model showed that there
were no significantly altered probe sets
based on a Bonferroni correction
(family-wise error rate of 0.05), and a
single probe set based on false discovery
rate (FDR) as estimated with a q-value
(corresponding to CLCC1, chloride
channel CLIC-like 1, FDR o0.05).
Thus, there was little evidence of
changes in expression that were consis-
tent across all patients. However, exam-
ination of patient–treatment interactions
in a separate analysis indicated substan-
tial alterations in expression: 390 probe
sets fulfilled the Bonferroni criterion for
an overall p-value of 0.05 (i.e., in-
dividual po 9.14 � 10� 7), and a total
of 11,714 probe sets were differentially
expressed with a maximum FDR of
o0.05. Examination of the data using
clustering (see Supplementary Data) and
visual inspection revealed that there
were indeed large changes in expression
but only in a subset of patients.

To further explore the potential
patient specificity of changes in expres-
sion, we examined the magnitude of
changes in each patient. Figure 3 illus-
trates the variability in fold change for the
390 top probe sets across subjects, by
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plotting the median absolute value of the
fold change for each patient at point #4
over the average baseline expression, as
well as the fold change between the two
pre-treatment time points (#1 and #2), as

a control for random variability. Corro-
borating the existence of patient-specific
effects, some patients showed large fold
changes, while others showed changes in
expression that were not distinguishable

from background noise. In particular,
there were six patients, by ascending
order of fold change #8, 11, 45, 40, 36
and 35, with the most significant (com-
pared with baseline time-point controls,
po0.01, paired one-sided t-test) and the
most pronounced change in expression
after treatment as compared with pre-
treatment (‘‘top responders’’).

Figure 4 provides a visualization of the
top 100 differentially expressed probe
sets, listed by an ascending p-value. The
figure also lists the FDR of each particu-
lar probe set, its fold change at time point
#4 over the average expression at time
points #1 and #2, as well as the corre-
sponding fold change exclusively based
on the six ‘‘top responders’’. Multiple
genes related to immune function are
included among the top differentially
expressed genes. With respect to the
directional effect of the differential
expression, 83 out of the top 100 probe
sets, 80.5% of the top 390 and 55% of the
11,714 probe sets with an FDR of o0.05
were down-regulated post-treatment.
Among the 100 top probe sets, the mag-
nitude of this differential expression for
the entire patient group was modest
(maximum absolute fold change 1.4) but
was sizeable in the top responders (max-
imum absolute fold change range 10.4).

Table 1 presents real-time RT-PCR
data on the expression levels of seven
genes selected among the top 100 listed
in Fig. 4, in three ‘‘top responders’’
(patients # 35, 36 and 40). Expression
levels at time points #3 and #4 are
presented as a ratio of expression at
these time points over the average
expression at time points #1 and #2.
The RT-PCR data confirmed the micro-
array-based observations: indeed, CD36
was on average found to be down-regu-
lated by 23-fold, FGL2 by 10-fold,
GSPG2 by 30-fold, TLR8 by 19-fold,
TLR2 by ninefold, ITGAM by 15-fold
while TLR1 was moderately down-
regulated in two of the three patients
(average ratio 0.87).

GO analysis identified 211 classes as
significant at a p-value of 0.05. Table 2
lists the top 100 differentially expressed
classes along with the fraction of probes
within the class that underwent a signifi-
cant change in expression (i.e., with an
FDR of o0.05). In all but a single GO
group within the top 100 differentially
expressed classes, the fraction of signifi-
cantly changed probes exceeded 50%.
Thus, the significance of these classes
was supported by large numbers of
differentially expressed genes. A wide

Fig. 2. Subject based percentage of BOP (a), number of pockets X6 mm deep per subject (b),
and mean bacterial levels in PL (c) at treatment initiation (‘‘pre-treatment’’) and at the final
examination (‘‘post-treatment’’). X-axis describes the patient number. Species abbreviations
are as follows: Aa, Aggregatibacter actinomycetemcomitans; Pg, Porphyromonas gingivalis;
Tf, Tannerella forsythia; Td, Treponema denticola; Pi, Prevotella intermedia; Fn, Fusobac-
terium nucleatum; Cr, Campylobacter rectus; Mm, Micromonas micros; Ec, Eikenella
corrodens; Vp, Veillonella parvula; An, Actinomyces naeslundii.
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range of biological processes was repre-
sented among the differentially expressed
GO classes, including apoptosis, endocy-
tosis, signal transduction, fatty acid meta-
bolism, antimicrobial humoral response
and oxidative phosphorylation.

Finally, Fig. 5 illustrates the differ-
ences in patient-based SIS between time
point #3 and pre-treatment (‘‘Early SIS
change’’, Fig. 5a), and time point #4
and pre-treatment (‘‘Late SIS change’’),
Fig. 5b. While eight out of 15 patients
appeared to display an overall decrease in
their levels of serum inflammatory mar-
kers at the end of active therapy (point
#3), a rebound towards higher levels of
systemic inflammation appeared to occur
between the third and fourth examination
time points. Interestingly, all six ‘‘top

responders’’ were among the ones with
a positive late SIS change.

Discussion

To our knowledge, this is the first study
to examine the relationship between the
treatment of a localized infection, i.e.,
periodontitis, on global gene expression
signatures of peripheral blood cells. In a
group of patients with severe perio-
dontitis, we demonstrate that local,
mechanical anti-infective periodontal
therapy has discernible effects on gene
expression patterns of peripheral blood
monocytes, i.e., on a cell population
known to play an integral role in the

host immune system as well as in the
process of atherogenesis.

Given the attention that has been
directed lately towards the systemic
effects of periodontal infections, the
present intervention study is particularly
timely, and a number of elements of its
design and findings deserve further
comment. First, we enroled subjects
with a significant oral infectious burden,
as demonstrated by the pre-treatment
clinical periodontal data and the base-
line levels of periodontal pathogens in
their subgingival plaque (Fig. 2). To be
able to account for temporal variation in
gene expression signatures and serum
inflammatory mediator levels unrelated
to the provided intervention, we
obtained a pair of pre-treatment blood
samples 1 week apart and carried out
double pre-treatment gene expression
and serological assessments. The anti-
infective periodontal therapy included
in all instances non-surgical debride-
ment, followed by a minimum of two
sessions of periodontal surgery (range
2–6), depending on each patient’s indi-
vidual treatment needs. Teeth deemed to
be non-salvageable were always
extracted, and treatment of endodontic
infections was also provided when
needed, in an attempt to eradicate all
sources of oral infection during active
treatment to the extent possible. How-
ever, we deliberately elected not to
administer adjunctive antibiotics (sys-
temic or local), to preclude confounding
due to concomitant effects on occult
non-oral infections. Importantly, all
therapy was completed within a window
of 6 weeks, and two post-treatment
blood draws, one immediately upon
completion of therapy and one 4 weeks
later, were obtained. Parallel to the
study of monocytic gene expression
signatures that were the study’s primary
outcome, we also assessed multiple ser-
um inflammatory mediators, to be able
to correlate differences in gene expres-
sion to the actual systemic inflammatory
status of the patients. Although inclu-
sion of an untreated control group was
not feasible for ethical reasons, enroll-
ment of patients into the study occurred
consecutively over a 2-year period, pre-
cluding any systematic, treatment-unre-
lated seasonal effect on gene expression
or mediator levels. Collectively, our
data provide a rather comprehensive
view of the early effects of periodontal
therapy on systemic inflammation.

Our findings demonstrate that perio-
dontal therapy had discernible effects in
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Fig. 3. Variability in fold change for top genes across subjects. The median absolute value of
the fold change for the top 390 probe sets (those meeting the Bonferroni criterion at a family-
wise error rate of 0.05) is plotted for each patient. The light bars represent the fold change in
expression between the two pre-treatment time points, representing background variability in
expression. The dark bars indicate the fold change in expression between the last point (10-
week) and the average baseline expression. Patient 11 had gene expression data for only one
baseline time point so the control value could not be computed. The error bars indicate
interquartile ranges.

Table 1. Differential expression of selected genes post-treatment in the three ‘‘top responders’’
assessed by real-time RT-PCR

Patient no. Gene

CD36 FGL2 CSP2 TLR8 TLR2 ITGAM TLR1

35 0.02 0.08 0.01 0.02 0.03 0.03 0.63
36 0.04 0.07 0.01 0.05 0.09 0.05 0.74
40 0.08 0.17 0.07 0.08 0.20 0.12 1.23
Average 0.04 0.10 0.03 0.05 0.11 0.07 0.87

Values represent the expression ratio at time point #4 over the average expression at the two pre-

treatment time points.

CD36, thrombosponding receptor; FGL2, fibrinogen-like 2; CSPG2, chondroitin sulfate proteogly-

can 2 (versican); TLR8, toll-like receptor 8; TLR2, toll-like receptor 2; ITGAM, integrin, alpha M

(complement component 3 receptor 3 subunit); TLR1, toll-like receptor 1.
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Fig. 4. Visualization of the top 100 differentially expressed genes over time. Samples are grouped according to the time point obtained. ‘‘Fold
change’’ describes the ratio of expression at time point #4 over the average expression at time points #1 and #2. ‘‘Fold change responders’’
describes the corresponding ratio exclusively based on the six patients with the most pronounced changes in gene expression (‘‘top
responders’’, pats. # 8, 11, 35, 36, 40 and 45). Gene symbols in brackets (‘‘[]’’) are based on a separate sequence analysis for genes for which
Affymetrix provided no annotation. Probe sets indicated by ‘‘—’’ in the gene symbol column did not have any associated gene symbol.
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Table 2. Top 100 differentially expressed gene ontology groups. ‘‘# genes’’ and ‘‘# probes’’ describe the number of genes and probes , respectively,
included in each group

Gene ontology (GO) group description GO ID Corrected
p-value

#
Genes

#
Probes

Fraction of significantly
changed probes

1 Negative regulation of progression through cell cycle GO:0045786 5.98E-10 176 582 74
2 Regulation of apoptosis GO:0042981 1.196E-09 126 379 69
3 Ubiquitin-dependent protein catabolism GO:0006511 2.333E-09 137 390 70
4 Translation GO:0043037 2.712E-09 157 396 69
5 Endocytosis GO:0006897 2.919E-09 136 402 75
6 Modification-dependent protein catabolism GO:0019941 2.92E-09 116 338 69
7 Induction of apoptosis GO:0006917 8.834E-08 142 454 76
8 Positive regulation of signal transduction GO:0009967 1.081E-07 108 303 66
9 RNA metabolism GO:0016070 1.556E-07 127 352 69

10 Regulation of I-kappaB kinase/NF-kappaB cascade GO:0043122 1.724E-07 98 273 64
11 Anti-apoptosis GO:0006916 1.907E-07 121 323 73
12 Protein metabolism GO:0019538 2.343E-07 178 494 75
13 Negative regulation of apoptosis GO:0043066 2.387E-07 141 360 74
14 Protein kinase cascade GO:0007243 3.698E-07 111 350 72
15 Nuclear mRNA splicing, via spliceosome GO:0000398 4.399E-07 156 412 69
16 RNA splicing, via transesterification reactions with bulged

adenosine as nucleophile
GO:0000377 4.627E-07 154 406 69

17 Regulation of programmed cell death GO:0043067 4.743E-07 86 255 69
18 Regulation of Rho protein signal transduction GO:0035023 4.895E-07 72 264 77
19 Positive regulation of I-kappaB kinase/NF-kappaB cascade GO:0043123 5.289E-07 92 250 64
20 Positive regulation of apoptosis GO:0043065 9.354E-07 129 417 74
21 Secretory pathway GO:0045045 0.000001469 146 439 74
22 Actin cytoskeleton organization and biogenesis GO:0030036 0.000002869 130 455 79
23 Induction of programmed cell death GO:0012502 0.000006975 109 310 72
24 Regulation of translation GO:0006445 0.000008306 94 252 67
25 Negative regulation of cell proliferation GO:0008285 0.00001519 164 426 77
26 Protein targeting GO:0006605 0.0000216 101 268 74
27 Biological process unknown GO:0000004 0.00002282 107 271 72
28 Rho protein signal transduction GO:0007266 0.00002294 90 334 77
29 Cell division GO:0051301 0.00002324 176 488 78
30 Interphase of mitotic cell cycle GO:0051329 0.00002346 50 156 69
31 ATP metabolism GO:0046034 0.00002794 33 71 62
32 ATP synthesis coupled proton transport GO:0015986 0.00002942 49 116 66
33 Golgi vesicle transport GO:0048193 0.00007368 96 288 73
34 Dephosphorylation GO:0016311 0.00007535 149 428 75
35 Organelle organization and biogenesis GO:0006996 0.0001081 158 483 80
36 rRNA processing GO:0006364 0.0001347 87 200 67
37 Negative regulation of transcription GO:0016481 0.0001359 101 321 77
38 mRNA export from nucleus GO:0006406 0.0001403 46 108 65
39 RNA splicing GO:0008380 0.0001422 73 206 65
40 Negative regulation of transcription from RNA polymerase II

promoter
GO:0000122 0.000153 77 199 75

41 Positive regulation of transcription, DNA-dependent GO:0045893 0.0001635 98 383 80
42 Translational initiation GO:0006413 0.0001662 58 181 66
43 Fatty acid metabolism GO:0006631 0.0001915 129 338 74
44 Negative regulation of nucleobase, nucleoside, nucleotide

and nucleic acid metabolism
GO:0045934 0.0001919 64 205 74

45 Protein amino acid dephosphorylation GO:0006470 0.0001922 139 403 76
46 Mitosis GO:0007067 0.000196 148 392 75
47 Negative regulation of transcription, DNA-dependent GO:0045892 0.0001973 122 332 78
48 Cell cycle arrest GO:0007050 0.0001988 78 233 66
49 Regulation of small GTPase mediated signal transduction GO:0051056 0.0002001 96 333 79
50 MAPKKK cascade GO:0000165 0.0002034 79 221 71
51 Actin filament-based process GO:0030029 0.0002068 106 364 79
52 ATP biosynthesis GO:0006754 0.0002079 54 123 67
53 Ribosome biogenesis GO:0007046 0.0002647 99 219 68
54 Chromatin modification GO:0016568 0.0003129 119 371 79
55 Cytoskeleton organization and biogenesis GO:0007010 0.0004188 106 331 81
56 Regulation of translational initiation GO:0006446 0.0004491 37 112 58
57 Carboxylic acid metabolism GO:0019752 0.0005162 159 416 79
58 Establishment and/or maintenance of chromatin architecture GO:0006325 0.0005255 150 463 77
59 Response to virus GO:0009615 0.0005433 85 163 67
60 rRNA metabolism GO:0016072 0.0006408 85 196 68
61 M phase of mitotic cell cycle GO:0000087 0.0007082 134 349 74

Periodontal therapy and monocyte gene expression 743

r 2007 The Authors. Journal compilation r 2007 Blackwell Munksgaard



monocytic gene expression. A compar-
ison of gene expression levels at the last
visit with the average pre-treatment
levels revealed that more than 11,000
probe sets were differentially expressed
with an FDR of o0.05, although the
overall magnitude of these effects in the
entire group was limited. However, the
data also showed much more profound
effects in a subset comprising approxi-
mately one-third of the enrolled cohort
(Fig. 3), with a maximum absolute fold
change for the top differentially
expressed probe set amounting to 10.4
in this ‘‘responder’’ group (Fig. 4).

Several genes with interesting biolo-
gical functions were encountered among
the top 100 differentially expressed
(Fig. 4), and were in their vast majority

down-regulated. These observations
were largely confirmed by real-time
RT-PCR data (Table 1). The top gene,
CD36, encodes for a glycoprotein that
serves as a receptor for thrombospondin,
which may function as a cell adhesion
molecule by binding to collagen throm-
bospondin, anionic phospholipids and
oxidized LDL. CD36 expression has
recently been shown to be related to
macrophage activation (Puig-Kroger
et al. 2006), while soluble CD36 has
been related to accelerated atherosclero-
sis in type 2 diabetes, and has been
proposed to represent a marker of meta-
bolic syndrome and a potential surrogate
marker for atherosclerosis (Handberg
et al. 2006). The third top gene
(CSPG2) codes for chondroitin sulphate

proteoglycan (versican), an important
protein in wound healing and tissue
remodelling that was recently shown to
promote blood coagulation by suppres-
sing the activity of tissue factor pathway
inhibitor-1 (Zheng et al. 2006), to be
induced in infiltrated monocytes during
experimental myocardial infarction in
an animal model (Toeda et al. 2005)
and to be involved in oxidative stress-
induced apoptosis (Wu et al. 2005).
Similarly, the gene encoding for the
integrin a M chain (ITGAM), which
was also found to be down-regulated,
contributes to the formation of a leuco-
kyte-specific integrin that is important in
the adherence of neutrophils and mono-
cytes to stimulated endothelium and the
firm adhesion and transmigration of

Table 2. (Contd.)

Gene ontology (GO) group description GO ID Corrected
p-value

#
Genes

#
Probes

Fraction of significantly
changed probes

62 Energy-coupled proton transport, down electrochemical
gradient

GO:0015985 0.0007109 49 116 66

63 mRNA transport GO:0051028 0.0008505 47 113 63
64 Receptor mediated endocytosis GO:0006898 0.0009344 29 79 76
65 DNA replication GO:0006260 0.0009652 138 402 78
66 Cell motility GO:0006928 0.0009984 161 490 80
67 Protein ubiquitination GO:0016567 0.001189 61 171 74
68 Calcium-mediated signaling GO:0019722 0.001319 29 101 70
69 Second-messenger-mediated signaling GO:0019932 0.001362 57 134 70
70 Antimicrobial humoral response (sensu Vertebrata) GO:0019735 0.001445 97 200 71
71 DNA-dependent DNA replication GO:0006261 0.001464 52 119 68
72 G1/S transition of mitotic cell cycle GO:0000082 0.001495 24 69 62
73 Response to endogenous stimulus GO:0009719 0.001563 167 450 77
74 I-kappaB kinase/NF-kappaB cascade GO:0007249 0.001565 40 101 64
75 Detection of biotic stimulus GO:0009595 0.001595 21 41 54
76 Oxidative phosphorylation GO:0006119 0.001642 55 128 67
77 RNA export from nucleus GO:0006405 0.001829 56 127 66
78 Positive regulation of transcription from RNA polymerase II

promoter
GO:0045944 0.001918 42 166 75

79 Ribosome biogenesis and assembly GO:0042254 0.001955 75 166 68
80 Regulation of cell growth GO:0001558 0.002472 126 350 81
81 Positive regulation of cell proliferation GO:0008284 0.002495 127 315 75
82 tRNA aminoacylation GO:0043039 0.002611 44 95 67
83 Chemotaxis GO:0006935 0.002619 118 225 76
84 Membrane lipid metabolism GO:0006643 0.0027 32 85 67
85 Protein amino acid glycosylation GO:0006486 0.002737 111 286 75
86 ER to Golgi vesicle-mediated transport GO:0006888 0.002759 71 218 74
87 Cell growth GO:0016049 0.002879 122 360 79
88 Microspike biogenesis GO:0030035 0.002922 7 28 54
89 Hexose metabolism GO:0019318 0.002941 52 127 71
90 Regulation of Cdc42 GTPase activity GO:0043088 0.003189 8 26 50
91 Activation of protein kinase activity GO:0032147 0.00321 46 137 70
92 Protein import into nucleus GO:0006606 0.003246 51 171 68
93 Phagocytosis GO:0006909 0.003729 20 54 69
94 Organ morphogenesis GO:0009887 0.003855 127 372 81
95 Proton transport GO:0015992 0.004084 54 135 73
96 Purine ribonucleoside triphosphate biosynthesis GO:0009206 0.004127 43 88 67
97 Regulation of cellular physiological process GO:0051244 0.004351 110 303 79
98 Positive regulation of transcription GO:0045941 0.004509 91 303 79
99 Cellular defense response GO:0006968 0.004552 107 234 74

100 Induction of apoptosis by extracellular signals GO:0008624 0.004555 39 137 78

‘‘Fraction of significantly changed probes’’ describes the percentage of probes that underwent a change in expression with FDRo0.05.

FDR, false discovery rate.
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leucokytes at sites of platelet deposition
(Wang et al. 2005).

Interestingly, genes coding for TLR
8, 2, 1 and 4 were also found to be
down-regulated after treatment. TLRs
are highly conserved proteins that play
a fundamental role in the recognition of
pathogen-associated molecular patterns
and mediate the production of necessary
cytokines for the development of effec-
tive innate immunity (Morris et al.
2006). Multiple roles of TLR signalling
in atherosclerosis have been described
(Edfeldt et al. 2002, Mullick et al. 2005,
Bjorkbacka 2006). TLR-4 was shown to
be expressed by macrophages in murine
and human lipid-rich atherosclerotic
plaques and up-regulated by oxidized
LDL (Xu et al. 2001). Interactions of
oral pathogens with TLR-2 have been
demonstrated (Harokopakis & Hajishen-
gallis 2005, Hajishengallis et al. 2006,
Harokopakis et al. 2006) and proposed
to be involved in the atherosclerotic
process (Hajishengallis et al. 2002).

As shown in Table 2, multiple GO
groups relevant to several biological
processes were differentially expressed

after treatment, and a majority of the
genes comprising these groups was in
fact significantly affected. Such groups
included apoptosis, endocytosis, chemo-
taxis and signal transduction (I-kB
kinase/NF-kB cascade; Rho protein sig-
nal transduction; small GTPase-mediated
signal transduction; MAPKKK cascade;
calcium-mediated signalling).

The effects of periodontal therapy
on the levels of serum inflammatory
mediators observed in this study are
not entirely consistent with earlier
reports (D’Aiuto et al. 2004a, b). The
post-therapy clinical periodontal data
obtained concomitantly with the final
blood draw suggest that the therapy
provided resulted in substantial reduc-
tions in gingival inflammation and
pocket depth compared with the pre-
treatment status. These data were
corroborated by the qualitative micro-
biological assessments that revealed a
considerable reduction in subgingival
levels of several periodontal pathogens
including P. gingivalis, T. forsythia and
T. denticola (Fig. 2c), although, in
accordance with the literature that sug-

gests that elimination of A. actinomyte-
mecomitans is consistently achieved
only though adjunctive systemic anti-
biotic therapy (Slots & Ting 2002),
A. actinomytemecomitans levels were
unaffected. Nevertheless, a review of
the PL scores at the last examination
showed considerable levels of supra-
gingival re-colonization, with average
post-treatment plaque scores ranging
between 52% and 77% (data not
shown). Thus, it appears plausible that
this rebound towards a recurrent bacter-
ial stimulus 4 weeks after completion of
therapy may underlie, at least in part, the
shift towards a state of elevated sys-
temic inflammation observed between
the completion of therapy and the final
examination. A comparison between the
present findings and similar data pub-
lished in the literature should be carried
out with caution for several reasons:
first, in the present report the systemic
inflammatory status of each participant
is characterized by a composite score
that took into account levels of 19
individual serum biomarkers. In con-
trast, the studies available today have
focused on a small number of inflam-
matory mediators, notably CRP and IL-
6. Second, the duration of periodontal
therapy as well as the post-treatment
time points at which these mediators
were assessed in other studies are dif-
ferent from the ones used here. For
example, in studies carried out by
D’Aiuto et al. (2004a, b), the therapeutic
phase ranged from 1 to 3 months after the
baseline visit, and the subsequent exam-
inations were performed at 2 and 6
months after the completion of the treat-
ment. Thus, the follow-up assessments of
systemic inflammation in these studies
are significantly more remote from base-
line than those in the present study and,
thereby, likely depending on a successful
long-term maintenance of the therapeutic
result. Finally, despite an overall favour-
able effect of periodontal therapy on CRP
levels, a substantial variation in indi-
vidual treatment responses has been
documented (D’Aiuto et al. 2005).

The observation that the most pro-
nounced differences in monocytic gene
expression occurred in patients who all
displayed a positive SIS at the last visit
is perplexing and somewhat counterin-
tuitive. Clearly, serum levels of inflam-
matory mediators are dependent on the
degree of activation of multiple cell
populations, and the recorded shifts in
gene expression signatures of peri-
pheral monocytes should be viewed as a

Fig. 5. Summary inflammatory score (SIS) change at completion of treatment (‘‘Early SIS
Change’’; (a) and at the last examination (‘‘Late SIS Change’’; (b). X-axis describes the
patient number. ‘‘Top responders’’ indicated by darker bars. For SIS computation, see
‘‘Materials and methods’’.
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result rather than a cause of the
patient’s systemic inflammatory status.
Nevertheless, despite the fact that the
vast majority of the top 100 differen-
tially expressed genes were down-regu-
lated, approximately 45% of the genes
changed with an FDR of 0.05 or less
were in fact up-regulated. Obviously, in
the interpretation of the biological pro-
cesses in play, the functions of the
involved genes are equally important
as are the directional effects of the
change in expression. Further studies
are needed to analyse in detail the
dynamics of the effect of periodontal
therapy on the level of specific biomar-
kers and its relation to monocytic gene
expression.
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Supplementary material

The following material is available for
this article online:

Fig. S1. Dendrogram for hierarchical
clustering of expression profiles for all
patient samples. Data for the top 500

probe sets showing interactions between
patient and treatment were used as input
for average linkage hierarchical cluster-
ing. Samples for several patients corre-
sponding to post-treatment time points
cluster together. This result supports the
idea that there is a relatively coherent
response in some patients that we refer
to as top responders in the main text,
especially in patients 35, 36 and 40.

Fig. S2. Visualization of the pairwise
correlations of the expression profiles
for each sample in the study. Data from
all probe sets was used as input. Darker
colors indicate lower correlations (cor-
relations less that 0.75 would be shown
as black, see scale bar). This figure
indicates that a subset of samples exhibit
substantially lower correlations with
other samples. These largely correspond
to post-treatment time points from
patients identified as ‘‘top responders’’,
for example samples from patients 40,
36, 35 and 45.

This material is available as part of
the online article from: http://www.
blackwell-synergy.com/doi/abs/10.1111/
j.1600-051X.2007.01113.x (This link
will take you to the article abstract).

Please note: Blackwell Publishing is
not responsible for the content or func-
tionality of any supplementary materials
supplied by the authors. Any queries
(other than missing material) should be
directed to the corresponding author for
the article.
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Clinical Relevance

Scientific rationale for the study: To
expand our knowledge on the sys-
temic effects of periodontal therapy,
we studied changes in gene expres-
sion of peripheral monocytes in
patients who received comprehen-
sive periodontal therapy without
adjunctive systemic antibiotics.

Principal findings: We observed dis-
cernible effects on monocytic gene
expression after therapy, particularly
pronounced in approximately one-
third of the patients, and affecting
genes relevant to innate immunity,
apoptosis and cell signalling.
Practical implications: Periodontal
therapy had profound, yet variable,

effects on gene expression signatures
of peripheral blood monocytes, i.e.,
on blood cells central to the process
of atherosclerosis. Our findings are
consistent with a systemic anti-
inflammatory effect of periodontal
treatment.
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