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Background: Periostin is a matricellular protein essential for tissue integrity and maturation and is be-
lieved to have a key function as a modulator of periodontal ligament (PDL) homeostasis. The aim of this
study is to evaluate whether periodontal disease-associated pathogen-related virulence factors (endo-
toxins/lipopolysaccharides [LPS]) and proinflammatory cytokines alter the expression of periostin in PDL
cells.

Methods: Human PDL cultures were exposed to inflammatory mediators (tumor necrosis factor-a
[TNF-a]), bacterial virulence factors (Porphyromonas gingivalis LPS) or a combination in a biomechanically
challenged environment. Culture conditions were applied for 24 hours, 4 days, and 7 days. Periostin and
TGF-b inducible gene clone H3 (bIGH3) mRNA expression from cell lysates were analyzed. Periostin and
bIGH3 proteins were also detected and semiquantified in both cell lysates and cell culture supernatants by
Western blot. In addition, periostin localization by immunofluorescence was performed. Analysis of variance
and Fisher tests were used to define the statistical differences among groups (P <0.05).

Results: In a mechanically challenged environment, periostin protein was more efficiently incorporated
into the matrix compared to the non-loaded controls (higher levels of periostin in the supernatant in the
non-loaded group). Interestingly, chronic exposure to proinflammatory cytokines and/or microbial virulence
factors significantly decreased periostin protein levels in the loaded cultures. There was greater variability
on bIGH3 levels, and no particular pattern was clearly evident.

Conclusions: Inflammatorymediators (TNF-a) and bacterial virulence factors (P. gingivalis LPS) decrease
periostin expression in human PDL fibroblasts. These results support a potential mechanism by which
periostin alterations could act as a contributing factor during periodontal disease progression. J Peri-
odontol 2013;84:694-703.
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P
eriostin (gene POSTN) is an 835 amino acid in
humans, 90 kDa secreted adhesion molecule
of the fasciclin family that contains four tandem

Fas domains homologous to Fasciclin-I.1 Periostin is
highly expressed in the periodontal ligament (PDL)
and other fibrous connective tissues, such as peri-
osteum, perichondrium, tendons, cornea, and heart
valves.2 Periostin knock-out (KO) mice have been
reported as normal at birth, but later develop dwarf-
ism and a compromised periodontium.3 In the peri-
osteum and PDLs, periostin has been demonstrated
as essential for tissue integrity, tooth development,
the eruption process,3-5 recruitment and attachment
of osteoblast precursors,6 andmodulator of osteoblast
differentiation.7 Moreover, periostin can be described
as the protein that reflects periodontal functionality
because of its higher expression in response to oc-
clusal loading or orthodontic movement.7

Periostin is highly homologous to transforming
growth factor-b (TGF-b) inducible gene clone H3
(bIGH3) (68 kDa). Both genes are induced by
TGF-b1, known to regulate matrix production under
biomechanical stimulation,6 and colocalize in the
PDL.8 Both fasciclins modulate the matrix–cell in-
teractions, relevant to connective tissue repair and
remodeling, as well as fibroblast attachment and
spreading.9,10

In humans, the main reason for loss of periodontal
tissue integrity is periodontal disease caused by bac-
teria acting in a susceptible host.11 Many inflam-
matory mediators and cytokines have been reported
to act in this scenario, leading to alveolar bone loss. In
addition, TGF-b signaling is involved in fibroblast–
epithelial cell interaction in periodontitis associated
with aggressive matrix destruction.12

In brief, periostin is key in maintaining periodontal
stability in relation to mechanical function. Periodontal
diseases imply both bacterial pathogenesis and host
response mediated by cytokines. Therefore, we hy-
pothesize that inflammatory mediators and bacterial
virulence factors act as a complex regulatory path-
way that modifies the periostin expression under
mechanical stimulation, which constitutes a cofactor
for periodontal destruction and disease progression.
Hence, the aim of this study is to analyze the influence
of inflammatory and infectious processes on peri-
ostin expression.

MATERIALS AND METHODS

Cell Populations
Primary human PDL (hPDL) fibroblasts obtained from
maxillary premolar teeth of two adult healthy patients
(one male and one female, aged 29 and 35 years,
respectively) are used in this study and are identical to
those cells used in a recent study regarding cell pro-
liferation and differentiation.13 Both cell populations

were generously donated by the group of Dr. William
V. Giannobile (senior author of that study), University
of Michigan, Ann Arbor, Michigan. Cells were main-
tained in Dulbecco’s modified Eagle’s medium‡ sup-
plemented with 10% fetal bovine serum,§ antibiotics
(100 U/mL penicillin and 100 µg/mL streptomycin),
antifungal (1:1,000 amphotericin B), and 2 mM glu-
tamine, at 37�C in a humidified atmosphere of 95% air–
5% CO2. Cells were removed from the growth surface
with a trypsin solution (0.25% trypsin, 0.1% glucose,
andcitrate–saline buffer [pH7.8])iand subsequently
used for experiments. Von Kossa staining was done
and compared to two other hPDL cell populations to
confirm the fibroblastic phenotype. The populations
with less mineralization potential after 1 week of
supplementation with L-ascorbic acid (1:1,000 di-
lution of a 50 mg/mL stock solution¶) and sodium
phosphate (1:100 dilution of a300mmol stock#)were
selected.Cellswereusedbetweenpassages 4 and7 for
experiments.Threeseparateexperimentsweredonefor
all primary hPDL populations. The analysis of each
sample was done in triplicate.

Porphyromonas gingivalis LPS Purification
P. gingivalis (Pg 2561) (American Type Culture
Collection [ATCC] 33277) was grown in prereduced
Brucella broth enriched with 5 mg/mL hemin and 1
mg/mL menadione in an atmosphere of 5% hydrogen,
10% carbon dioxide, and 85% nitrogen at 37�C. Lipo-
polysaccharides (LPS) were extracted from bacteria by
the method of Darveau and Hancock.14 LPS was then
subjected to sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and stained by silver
and blue** stainings. The same tests were performed
with other strains to compare purity of the LPS de-
rivative, including commercial LPS (Escherichia coli
[E. coli] 055:B5††) and derivates from E. coli DSM
1103, Pg W83, and Fusobacterium nucleatum
(F. nucleatum) VPI 4355.‡‡

After purification, LPS preparation was lyophilized,
resuspended in Connaught Medical Research Labo-
ratories media, and stored at -20�C for additional
in vitro use.

Cell Culture Conditions
Cells were plated in flexible-bottom six-well plates§§

at 250,000 cells per well. At 24 hours after seeding,

‡ DMEM, Invitrogen, Grand Island, NY.
§ Invitrogen.
i Invitrogen.
¶ Sigma-Aldrich, St. Louis, MO.
# Sigma-Aldrich.
** Coomassie brilliant blue, Invitrogen.
†† L2880, Sigma-Aldrich.
‡‡ E. coli DSM 1103 = 25922 ATCC; P.gingivalis W83 = BAA-308 ATCC;

F. nucleatum VPI 4355 = 25586 ATCC, American Type Culture
Collection, Manassas, VA.

§§ BioFlex Culture Plates coated with Collagen I, Flexcell International,
Hillsborough, NC.
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wells were assigned to four different groups: 1) con-
trol; 2) PgLPS; 3)TNF-a; and4) TNF-a+PgLPS. The
media were changed to fresh media supplemented
with 10 ng/mL TNF-a,ii 200 ng/mL Pg LPS, or
a combination. All supplemented media included
L-ascorbic acid (1:1,000 dilution of a 50 mg/mL
stock solution¶¶). Cultures were subjected to bio-
mechanical stimulation## (loaded with 14% stretching
at six cycles per minute) during the entire experiment
(24 hours, 4 days, and 7 days). Media were changed
every 24 hours.

To compare with non-loaded culture conditions,
a similar set of cultures was done in regular six-well
plates and supplemented in the same way. In this
case, 10 ng/mL TGF-b1*** was also added to
compare its stimulatory effect versus the stimulatory
effect of mechanical stimulation. In each set of
cultures (loaded in flexible-bottom wells and non-
loaded in regular plates) one unstimulated condition
was also analyzed. These unstimulated conditions
included culture in regular plates without TGF-b1
and culture in flexible-bottom plates without me-
chanical stimulation.

mRNA Assay and Reverse Transcriptase-
Quantitative Polymerase Chain Reaction
At the times mentioned above, supernatant was re-
moved, and cells were washed twice with phosphate-
buffered saline (PBS) and collected by scraping in lysis
buffer. RNA was then isolated.†††

Reverse transcriptase-polymerase chain reaction
(RT-PCR) was performed using a thermal cycler‡‡‡

immediately after RNA isolation. The RT mix§§§ was
made for a final volume of 50 µL complementary
deoxyribonucleic acid (cDNA) (2 µg RNA and oligo-dT
primer). The probes used in the quantitative PCRiii were
POSTN (Hs01566748_m1), bIGH3 (Hs00932734_m1),
and GAPDH (Hs99999905_m1). Each plate contained
triplicates of the cDNA templates. The 2DDCt method
was used to calculate gene expression levels relative
to GAPDH.

Western Blot of Lysates and Supernatant
In a different set of cultures, at the times mentioned
above, 1 mL supernatant was collected from each
group, concentrated using 30,000 membrane cen-
trifugal filters,¶¶¶ diluted in 400 µL PBS, and stored at
-80�C until analysis. Excess supernatant was re-
moved, and cells were washed twice with PBS and
collected by scraping. Cell–PBS mixture was spun at
3,000 rpm for 10 minutes at 4�C to pellet the cells. Cell
pellets were resuspended in lysis buffer (0.1 M Tris
[pH 6.8], 2% SDS, 1% b-mercaptoethanol, and 1:100
protease inhibitor cocktail), vortexed for 5 minutes,
and incubated on ice for 30 minutes. The lysates
were centrifuged again (12,000 rpm for 10minutes at
4�C), and protein supernatants were collected.

For both cell lysates and cell culture supernatant,
total protein concentration was quantified using the
microassay Bradford method### and read using
a plate reader**** at a wavelength of 595 nm.
Total protein (25 µg) from each solution was run
on 10% SDS-PAGE gels (100 V, 2 hours), electro-
blotted onto polyvinylidene difluoride membranes
(90 V, 90 min), blocked (5% milk in Tris-buffered
saline with 0.1% of Tween 20 [pH 7.4], 1 hour), and
immunoprobed for periostin (0.25 mg/mL in 5% milk,
rabbit polyclonal to periostin†††† overnight; 1:4,000
goat antirabbit immunoglobin [IgG]–horseradish
peroxidase [HRP],‡‡‡‡ 1 hour). Membranes were
stripped (25 mM glycine and 1% SDS [pH 2.0], for 2
hours), blocked again, and immunoprobed for
bIGH3 (0.15 mg/mL in 5% milk, biotinylated anti-
human bIGH3§§§§ overnight; 1:3,000 donkey anti-
goat IgG–HRP,iiii 1 hour), and stripped, blocked, and
probed one more time for GAPDH (0.167 mg/mL, in 5%
milk, antihuman/mouse/rat GAPDH¶¶¶¶ overnight;
1:4,000 donkey antigoat IgG–HRP,#### 1 hour).
Immunopositive bands were detected by enhanced
chemiluminescence***** and autoradiography.

Immunolocalization of Periostin in Cell Cultures
After 7 days of exposure to the different culture con-
ditions in another set of cultures, actin, periostin, and
49,6-diamidino-2-phenylindole (DAPI) staining was
performed. Briefly, the culture medium was removed,
the cells were washed twice with PBS, and fixation
was performed in 4% paraformaldehyde for 10 min-
utes. Cells were then permeabilized by applying
0.25% non-ionic surfactant††††† for 10 minutes. Fil-
amentous actin (F-actin) distribution was revealed
with green fluorescent dye‡‡‡‡‡ (1:40 dilution) for 20
minutes. Immunofluorescence staining for periostin
was performed by using an affinity-purified rabbit
polyclonal antibody§§§§§ (1:400 dilution) over-
night. Immunologic reaction was visualized by us-
ing a sheep polyclonal secondary antibody to rabbit

ii Abcam, Cambridge, MA.
¶¶ Sigma-Aldrich.
## Flexcell FX-5000 Tension System, Flexcell International.
*** Recombinant human TGF-b1, Invitrogen.
††† Trizol Plus RNA Purification Kit, Invitrogen.
‡‡‡ PTC-200 Peltier Thermal Cycler, MJ Research, GMI, Ramsey, MN.
§§§ Taqman Reverse Transcription Reagents Kit, Applied Biosystems,

Invitrogen.
iii 7500 Real-Time PCR System, Applied Biosystems.
¶¶¶ Millipore, Billerica, MA.
### Bio-Rad, Hercules, CA.
**** Multiskan Ascent, Thermo Labsystems, Thermo Fisher Scientific,

Waltham, MA.
†††† ab14041, Abcam.
‡‡‡‡ Santa Cruz Biotechnology, Santa Cruz, CA.
§§§§ R & D Systems, Minneapolis, MN.
iiii Santa Cruz Biotechnology.
¶¶¶¶ R & D Systems.
#### Santa Cruz Biotechnology.
***** Thermo Fisher Scientific.
††††† Triton X-100, Acros Organics, Geel, Belgium.
‡‡‡‡‡ Alexa Fluor-488 phalloidin, Invitrogen.
§§§§§ ab14041, Abcam.
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conjugatedwith red fluorescent dyeiiiii (1:200dilution)
for 1 hour. Slides were then treated with an antifade
agent containing DAPI¶¶¶¶¶ (stains for DNA) and
covered with glass coverslips. All stained slides
were imaged using a confocal microscope#####

using the same settings.

Statistical Analyses
Western Blot signal was semiquantified using imag-
ing software.****** Immunopositive bands were
normalized to GAPDH and by assigning a relative
value of 1 to the control group at every time point.
mRNA fold changes were calculated relative to each
control group per time point.

Analysis of variance (ANOVA) and Fisher tests
were used to define the statistical differences among
groups (P <0.05). Tests were run independently at
every time point. Data are shown as mean – SE.

RESULTS

Pg LPS Characterization
Pg cultivation was confirmed by BANA test for posi-
tiveness.15 After the LPS extraction from bacteria by
the method of Darveau and Hancock,14 silver staining
confirmed its presence in the SDS-PAGE gel. Fur-
thermore, compared to commercial LPS derived from
E. coli 055:B5 and those derived from E. coli DSM
1103, Pg W83, and F. nucleatum VPI 4355, the blue
staining confirmed no gross amounts of protein
contamination of the LPS preparation from Pg 2561
(ATCC 33277) (data not shown).

mRNA Assay
Under non-loaded conditions, periostin mRNA ex-
pression showed a high variability among the groups
with an unclear pattern (Fig. 1A). No statistically
significant differences were found (P >0.05, ANOVA).

Interestingly, under biomechanical stimulation,
an acute increase in mRNA periostin levels was
observed at 24 hours (1 – 0.0, 1.11 – 0.04, 1.63 –
0.08, 1.38 – 0.10). The increase was significant
for TNF-a and TNF-a + Pg LPS compared to control
(P <0.003 and P <0.016, respectively, Fisher test)
and compared to Pg LPS (P <0.005 and P <0.047,
respectively, Fisher test). In contrast, chronic expo-
sure to inflammatory mediators and bacterial virulence
factors, separately or combined, led to a reduction
in mRNA periostin expression levels at 4 days (1 –
0.0, 0.87 – 0.06, 0.61 – 0.05, 0.59 – 0.25) and sig-
nificantly at 7 days (1 – 0.0, 0.78 – 0.05, 0.54 – 0.12
[P <0.015, Fisher test], 0.57 – 0.09 [P <0.018, Fisher
test]) (control, Pg LPS, TNF-a, and TNF-a + Pg LPS,
respectively) (Fig. 1B).

bIGH3 mRNA expression followed a very similar
pattern, under both non-loaded (Fig. 1C) and loaded
(Fig. 1D) conditions. However, no significant dif-

ferences were found at any treatment or any time
(P >0.05, ANOVA).

Protein Analyses
After 7 days under non-loaded conditions, TGF-b1
clearly increased periostin protein expression com-
pared to the unstimulated situation (Fig. 2A,
U versus C). Thus, treatment with TGF-b1 was es-
tablished as the non-loaded control. In a similar way,
mechanical stimulation clearly increased periostin
protein expression compared to the unstimulated
situation (Fig. 2B, U versus C). Thus, mechanical
stimulation was established as loaded control. De-
tection of periostin in supernatant from cultures
mechanically stimulated required longer exposure
times for the same amount of total protein (25 µg).
Thus, a higher proportion of total protein remained
incorporated within the cell layer.

Under non-loaded conditions, periostin protein
detected within the cell lysate (Fig. 3A) compared
to control was significantly lower at 4 days (1 – 0.0,
0.70 – 0.13 [P <0.008], 0.25 – 0.05 [P <0.001], 0.25 –
0.10 [P <0.001]) and 7 days (1 – 0.0, 1.12 – 0.08, 0.37 –
0.27 [P <0.001], 0.51 – 0.32 [P <0.001]) (control, Pg
LPS, TNF-a, TNF-a + Pg LPS, respectively). How-
ever, no significant differences were found in the
detection of periostin protein in the supernatant
except for an initial increase at 24 hours (1 – 0.0, 1.08 –
0.10, 2.11 – 0.78, 2.83 – 0.83 [P <0.035]) (control, Pg
LPS, TNF-a, TNF-a + Pg LPS, respectively) (Fig. 3B).
bIGH3 showed a similar pattern for all different
groups and time points (Fig. 4A): 24 hours: 1 – 0.0,
2.06 – 0.41 [P <0.037], 1.59 – 0.26, 1.69 – 0.46; 4
days: 1 – 0.0, 0.99 – 0.07, 0.62 – 0.04 [P <0.001],
0.64 – 0.12 [P <0.002]; 7 days: 1 – 0.0, 0.75 – 0.05
[P <0.022], 0.41 – 0.1 [P <0.001], 0.63 – 0.09
[P <0.001] (control, Pg LPS, TNF-a, TNF-a + Pg LPS,
respectively) (Fig. 5A). Detection of bIGH3 in the
supernatant was significantly reduced at both 4 days
(1 – 0.0, 0.89 – 0.10, 0.52 – 0.15 [P <0.026], 0.61 –
0.22) and 7 days (1 – 0.0, 1.14 – 0.09, 0.48 – 0.15
[P <0.003], 0.57 – 0.12 [P <0.011]) (control, Pg LPS,
TNF-a, TNF-a + Pg LPS, respectively).

In a similar way, in a mechanically challenged
environment, exposure to proinflammatory cyto-
kines (TNF-a) and/or microbial virulence factors
(Pg LPS) initially increased periostin levels. How-
ever, chronic exposure led to decreased periostin
protein levels within the cell lysate after 4 days (1 –
0.0, 1.14 – 0.02 [P <0.014], 0.81 – 0.05 [P <0.001],
0.74 – 0.04 [P <0.001]) and 7 days (1 – 0.0, 0.91 –
0.07, 0.55 – 0.02 [P <0.001], 0.53 – 0.05 [P <0.001])

iiiii ab6793-1 conjugated with Texas Red, Abcam.
¶¶¶¶¶ ProLong Gold antifade reagent with DAPI, Invitrogen.
##### Fluoview 500 confocal microscope, Olympus America, Center

Valley, PA.
****** NIH ImageJ software, National Institutes of Health, Bethesda, MD.
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(control, Pg LPS, TNF-a, TNF-a + Pg LPS, respec-
tively) of exposure (Figs. 3A and 5B). Interestingly,
the proportion of periostin protein detectable in the
supernatant in relation to the cell lysate was lower
than in non-loaded conditions, as mentioned pre-
viously (Fig. 2). Furthermore, there were some differ-
ences among different treatment groups not found
in non-loaded cultures. In this case, periostin in the
supernatant was reduced by the effect of TNF-a, Pg
LPS, or the combination, at 24 hours (1 – 0.0, 0.55 –

0.08, 0.25 – 0.06 [P <0.005],
0.74–0.32),4days(1–0.0,0.48
– 0.14 [P <0.026], 0.56 – 0.16,
0.62 – 0.21), and 7 days (1 –
0.0, 0.52 – 0.17 [P <0.032], 0.43
– 0.09 [P <0.013], 0.53 – 0.22
[P <0.038]) (control, Pg LPS,
TNF-a, TNF-a + Pg LPS, re-
spectively) (Fig. 3B).

Although alterations were
also noticed for bIGH3 un-
der biomechanical stimulation,
there was greater variability
of the results over time (Fig. 4).
bIGH3 seemed to be downregu-
lated by proinflammatory cyto-
kines and bacterial virulence
factors at 4 days (1 – 0.0, 1.41 –
0.09 [P <0.001], 0.45 – 0.05
[P <001], 0.44–0.06 [P<0.001];
control,PgLPS,TNF-a, TNF-a+
Pg LPS, respectively), but a
greater variability with no clear
pattern could be detected at
7 days (Figs. 4A and 5B).
Detection of bIGH3 in the cell
culture supernatant showed no
significant differences among

treatments for any time point (Fig. 4B).

Matrix Maturation and Periostin Localization
Cell culture morphology and organization were, in
general, unaffected by the different supplements in
the media as demonstrated by F-actin immunoloc-
alization (Fig. 6A). Cells in all cultures looked well
organized and oriented and showed typical histo-
morphologic characteristics of a normal mature fi-
broblast cell culture, as depicted by simultaneous
staining of intracellular F-actin (in green) and DNA
structures (DAPI, in blue). However, immunofluo-
rescence staining for periostin (in red) clearly confirmed
that chronic exposure (7 days) to proinflammatory
cytokines (TNF-a) and/or microbial virulence factors
(Pg LPS) decreased periostin incorporation into the
matrix. Both TNF-a and TNF-a + Pg LPS were able to
reduce periostin immunodetection because less fiber-
like structure was visualized compared to the control
group.

DISCUSSION

Today, there is no known cure for periodontitis. It can
only be controlled and should be reevaluated at
regular intervals. This is particularly important be-
cause periodontal diseases collectively afflict >80%
of adults worldwide, and �13% display severe con-
ditions concomitant with early tooth loss.16 In general,

Figure 1.
Periostin mRNA fold changes relative to control per time point in non-loaded (A) and loaded (B)
conditions at different times. bIGH3 mRNA fold changes relative to control per time point in
non-loaded (C) and loaded (D) conditions at different times. Error bars indicate standard error.
Statistically significant differences are indicated (P <0.05): *compared to control conditions;
†compared to Pg LPS. C = control; L = Pg LPS; T = TNF-a; TL = TNF-a + Pg LPS.

Figure 2.
Periostin protein detection in cell lysate and supernatant in non-loaded
(A) and loaded (B) conditions at 7 days time point. The same
amount of total protein (25mg) and exposure time (2 minutes) were
used for eachWestern blot. Note that a higher proportion of the total
protein remained incorporated within the cell lysate. C = control; L = Pg
LPS; T = TNF-a; TL = TNF-a + Pg LPS; U = unstimulated.
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the detrimental changes that
the tooth-supporting tissues
undergo during disease are
primarily the result of specific
microbial challenges17 in a sus-
ceptible host.11 During health,
the structure and properties
of the periodontal tissues are
intimately related by crucial
cell–matrix interactions.18 The
proper regulation of these in-
teractions in a mechanically dy-
namic environment determines
the adaptive dental–alveolar
responses.19,20 The proteins
modulating these interactions
are collectively known as ma-
tricellular molecules. However,
the mechanisms by which the
modulationof these cell–matrix
synergistic events are under-
mined and compromised during
periodontal disease and how
they may enhance the tissue
healing response are not clearly
understood. Periostin, a matri-
cellular molecule highly ex-
pressed by PDL fibroblasts, is
implicated in periodontal ho-
meostasis and may play a role
in periodontal disease.

Periostin is abundantly ex-
pressed in collagen-rich fibrous
connective tissues that are sub-
jected to mechanical stresses,
including endocardial cushions,
cardiac valves, tendons, peri-
chondrium, cornea,periosteum,
and the PDL.3,4,6,21-25 Periostin
localization in these tissues sug-
gests potential roles in their
maintenance and remodeling.
Expression of periostin is sig-
nificantly increased in response
tomechanically regulatedbone
morphogenetic protein (BMP)
and TGF-b growth factor (Fig.
2) signaling in mesenchymal
cells undergoing differentia-
tion.6 Periostin directly inter-
acts with type I collagen22,26

through its EMI domain and
with tenascin-C27 and BMP-128

through its Fas-I domains.
Of the known proteins ex-

pressed in the PDL, periostin

Figure 3.
Periostin protein fold changes relative to control per time point in cell lysate (A) and supernatant
(B) in non-loaded and loaded conditions at 24 hours, 4 days, and 7 days. Statistically significant
differences are indicated (P <0.05): *compared to control conditions; †compared to Pg LPS.
C = control; L = Pg LPS; T = TNF-a; TL = TNF-a + Pg LPS.

Figure 4.
bIGH3 protein fold changes relative to control per time point in cell lysate (A) and supernatant (B) in
non-loaded and loaded conditions at 24 hours, 4 days, and 7 days. Statistically significant differences
are indicated (P <0.05): *compared to control conditions; †compared to Pg LPS; ‡compared to
TNF-a + Pg LPS. C = control; L = Pg LPS; T = TNF-a; TL = TNF-a + Pg LPS.
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has been the one that shows greater specificity.29

Furthermore, immunoelectron microscopic observa-
tion of the mature PDL verified the localization of per-
iostin between the cytoplasmic processes of
periodontal fibroblasts and cementoblasts and the
adjacent collagen fibrils.26,30 For this reason, peri-
ostin is commonly used as a marker for the functional
and structurally stable PDL.31

Periostin is essential in the functional and struc-
tural integrity of the periodontium.3,5,32 Periostin-
deficient and KO animals clearly showed severe
deterioration of the tooth-supporting structures.
Its absence results in a traumatic stimulus to the

periodontium.3,5 Moreover, failure of proper collagen
fiber turnover in those animals suggested that peri-
ostin may function in the remodeling of the collagen
matrix in the shear zone of PDLs.26

Defects in the extracellular matrix (ECM) can have
major implications in tissue function over time by
compromising the structural and functional integrity
of the connective tissues. The role of periostin in those
processes has been confirmed by morphometric
studies that demonstrate reduced diameter of col-
lagen fibrils in periostin KO compared to wild-type
mice, which exhibited statistically lower skin tissue
strength.22 Such situations, extrapolated to the

Figure 5.
Western blot images (25mg total protein) representing detection of periostin,bIGH3, and GAPDH from cell lysates of the different conditions after 7 days
in non-loaded (A) and loaded (B) situations. C = control; L = Pg LPS; T = TNF-a; TL = TNF-a + Pg LPS.

Figure 6.
Immunofluorescence staining at 7 days. A) General morphology observation of the cell layer stain with F-actin (green) and DAPI (blue). B)
Immunofluorescence detection of periostin (red) and DAPI (blue). Note that periostin detection in the extracellular space forming fibers (in red) is
more evident in the control group but reduced in the others. Scale bar = 50 mm. C = control; L = Pg LPS; T = TNF-a; TL = TNF-a + Pg LPS.
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periodontium, may determine the competency of
the periodontal tissue to cope with the biomechanical
requirements derived from the physiologic tooth-
supporting apparatus function. In our study, although
normal cellular morphologic appearance was de-
tected (Fig. 6A), reduction in periostin levels (Fig. 6B)
might be able to reduce the ability of the ECM–cell
complex to support normal mechanical function.22

Moreover, although no physiologic levels of periostin in
the PDL have been reported, it can be assumed that
a normal threshold exists and modulates the biome-
chanical competency of the periodontal ECM.5

The periodontium normally adapts to increases in
mechanical loading by producing more bone and soft
tissue and reorganizing the tissue to accommodate
the increased loads. However, in the periostin KO,
these adaptation responses are substantially attenu-
ated, indicating that periostin is crucial to the trans-
duction of the mechanical signals. In periostin-deficient
animals, the mechanical stimulus leads to severe
alveolar bone loss, severe clinical attachment loss,
and significant widening of the PDL space, which can
be classified as a secondary trauma.5 In the present
study, mechanical stimulation is done under a 14%
strain and six cycles per minute regimen. Previous
studies5,33-35 have revealed a time-dependent in-
crease in periostin by using that particular regimen.
Furthermore, after cessation of the stretching regi-
men, periostin mRNA levels rapidly decreased to
levels of expression similar to those found in the
control group, remaining stable over time. Other
strain conditions, either higher (20%) or lower (1%),
did not show any significant changes.5 Stretching
regimens from 1% to 20% correspond to �0 to 15 N,
with 1% representing hypofunctional stimulation, 14%
representing normal occlusal stimulation, and 20%
representing over-physiologic stimulation.5,33-35 In
vivo, the PDL is exposed to continuous non-stop me-
chanical stimulation when biting/chewing, swallowing,
tongue movements, other muscles movements, etc.
Several experimental models for mechanical stress
have been developed for in vitro cell culture sys-
tems.5,33-36 However, it has not been possible, until
now, to predict the exact force that acts in vivo on the
periodontium on the single-cell level or the actual force
for an individual tooth.37 Based on the literature,5,33-36

the force magnitude and timeframe set in the present
in vitro study simulate the in vivo continuous (or
‘‘chronic’’) mechanical challenge that the teeth
support when developing periodontal diseases.

In addition, periostin interacts with avb3 receptors
and activates AKT/protein kinase B cell survival
pathways.38,39 Furthermore, periostin increases cell
migration, recruitment, and attachment into the
healing area in different tissues, including osteo-
blast precursors,6 cardiac tissue,40,41 and skin.42 It

is presumable that a similar mechanism takes place
during periodontal wound healing and regeneration,
including effects on the major components of the
tooth-supporting apparatus (i.e., bone, cement,
epithelium, and PDL).31 Cell proliferation is also
affected by the effect of both TNF-a43 and Pg LPS.44

A deficiency in cell density may influence periostin
deposition into the ECM (Fig. 6). However, despite
the effects of TNF-a and Pg LPS on cell prolifera-
tion, they also have an effect on periostin locali-
zation within the matrix (Fig. 6B); indirectly, by
reducing periostin, an effect in cell proliferation and
survival might be possible.

The present study shows less periostin (mRNA
and protein) detection in a biomechanically chal-
lenged environment in conjunction with inflamma-
tory mediators and bacterial virulence factors, and
even more when combined, especially at 4 and 7
days. Furthermore, chronic exposure to inflamma-
tory mediators and bacterial virulence factors are
able to not only reduce periostin protein incorpo-
ration into the ECM but also availability in the envi-
ronment (Fig. 3). It is important to consider that
periostin levels in the cell lysates are affected by in-
flammatory mediators and bacterial virulence factors
in both non-loaded and loaded conditions. However,
the proportion of protein incorporated in the matrix
was higher under mechanical stimulation (Fig. 2).
Furthermore, differences in the supernatant among
groups at longer time points (4 and 7 days) were sig-
nificantly affected only under mechanical stimulation
(Fig. 3B). However, an initial increase in periostin
levels at 24 hours was observed.

Periostin is upregulated by TGF-b (Fig. 2). In pre-
vious studies,5,6 it was demonstrated that mechan-
ical stimulation increases TGF-b expression and,
later, periostin expression. When blocking TGF-b
with specific antibodies, periostin expression was
decreased compared to non-blocked cultures.5 How-
ever, as we show in the present study, cell culture
supplementation with TGF-b in a non-loaded sce-
nario does not have the same effects in terms of
periostin incorporation within the cell matrix as the
actual mechanical challenge. At this point, it can-
not be concluded that either TGF-b increases levels
of periostin to be secreted into the media or that
loading condition prevents it. However, it is an
interesting observation that a mechanical chal-
lenge, which increases periostin through a TGF-b
signaling pathway, increases the proportion of
periostin within the matrix versus the supernatant,
whereas TGF-b supplementation does not have
such a marked effect.

Conversely, as mentioned above, periostin is highly
homologous to bIGH3.10 They are expressed in the
periodontium by PDL fibroblasts8,21,45 and are
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associated within the trans-Golgi network before
secretion.46 The protein structure of bIGH3 is iden-
tical to periostin but lacks the carboxyl-terminal region
that is subject to alternative splicing in periostin.10 In
contrast, bIGH3 contains arginine-glycine-aspartic
acid, in the one-letter amino acid code (RGD) se-
quence, which allows the heterodimer periostin–bIGH3
to interact with cell surface receptors. A possible
contribution of bIGH3 has been suggested in the
maintenance of the mechanical properties of the
PDL by inhibiting mineralization8 and osteogenesis.47

Recent studies48 using bIGH3, periostin, and periostin +
bIGH3 KO mice have highlighted a cooperative
action between secreted periostin and bIGH3.
Periodontal breakdown was more severe in the
periostin KO than in the bIGH3 KO and even worse in
the double KO.48 Therefore, bIGH3 fails to stabilize
the effects of periostin loss, which supports the irre-
placeable role of periostin in maintaining periodontal
tissue integrity. According to our results, bIGH3 ex-
pression is also significantly influenced by chronic
exposure to periodontal disease initiators (TNF-a
and Pg LPS), although with a non-clear pattern
among groups. The absence of both matricellular
proteins by the effects of inflammatory cytokines
and microbial virulence factors might then be
markedly deleterious to the periodontium.

In the present study, in general, more marked
deleterious effects were produced by the inflam-
matory component and the combination (Fig. 3).
The specific mechanism of periostin expression re-
duction by bacterial byproducts and/or inflamma-
tory mediators is still unknown. However, it is not the
aim of this study to unravel such molecular events.

CONCLUSIONS

To the best of our knowledge, this is the first time
that the ability of periodontal pathogen virulence
factors and inflammatory mediators to reduce the
expression and protein levels of periostin under
in vitro biomechanical-simulated conditions has
been evaluated. The feasibility of such a mechanism
may contribute to identifying novel pathways in the
periodontal disease pathogenesis and progression
in vivo, because it would compromise the ability of the
periodontium to maintain its integrity and can finally
increase the severity and extent of the disease.
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