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Abstract

Applied mechanical loading induces inflammation in the periodontal ligament (PDL). However,
the mechanisms involved in bone deposition at tension sites in an inflammatory environment are
not clear. Here, in an /n vitro model system, we show that equibiaxial tensile strain of low
magnitude (TENS) provokes potent anti-inflammatory signals in PDL cells. TENS inhibits IL-1p-
induced synthesis of IL-1p, IL-6, and IL-8 by inhibiting their mRNA expression, and thus
significantly suppresses the amplification of IL-1B-induced inflammatory responses in PDL cells.
Additionally, as an anti-inflammatory signal, TENS induces IL-10 synthesis in the presence and
absence of IL-1B. These observations are the first to demonstrate that TENS antagonizes IL-1
actions on PDL cells by (i) inhibiting IL-1B-induced transcriptional regulation of pro-
inflammatory cytokines, and (ii) inducing synthesis of IL-10, which may post-transcriptionally
suppress the synthesis of pro-inflammatory cytokines.
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INTRODUCTION

During orthodontic tooth movement, periodontal ligament (PDL) cells respond to
mechanical signals v7a synthesis of cytokines and growth factors, which regulate alveolar
bone remodeling (Davidovitch, 1991; Shimuzu ef af., 1998; Long et al., 2001). Interleukin
(IL)-1B is implicated as one of the major cytokines synthesized by PDL cells in response to
mechanical forces /n vivoand in vitro (Saito et al., 1991; Burger et al., 1992; Shimizu et al.,
1994, 1998; Klein-Neuland et af., 1995; Fermor et al., 1998; Noguchi et al,, 1999). The
presence of IL-10, prostaglandin E; (PGE>), and matrix metalloproteases (MMPS) in the
periodontal tissue during tooth movement further implicates a role for these mediators in
tissue resorption (Davidovitch, 1991; Grieve et al., 1994; Everts et al., 1996; Sinha and
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Nanda, 1996; Uematsu et al,, 1996; Nakaya et al,, 1997; Shimizu et al., 1998; Chien et al,,
1999).

Interestingly, despite pro-inflammatory cytokine induction during tooth movement, bone is
deposited at the tension sites. The intracellular mechanisms that favor osteogenesis over
osteolysis under inflammatory conditions at the tension sites remain unknown.
Paradoxically, the exposure of cells to mechanical strain is largely pro-inflammatory /n vitro
(Saito et al., 1991; Shimizu et al., 1994, 1998) and /n vivo (Davidovitch, 1991; Saito et al.,
1991; Grieve et al., 1994). Nevertheless, application of mechanical strain also initiates
synthetic events such as production of collagen type I, fibronectin, alkaline phosphatase, and
transforming growth factor (TGF)-p (Nakagawa et al., 1994; Brady et al., 1998; Howard et
al., 1998). Recently, we have shown that cyclic equibiaxial tensile strain (TENS) of a low
magnitude is anti-inflammatory to PDL cells /n vitro and inhibits IL-1B-induced
cyclooxygenase mRNA expression and PGE, synthesis, as well as synthesis of MMP-1 and
MMP-3 (Long et al., 2001).

During inflammation, IL-1f autoregulates its own expression and induces IL-6 and 1L-8 to
amplify the cellular responses to external stimuli (Agarwal et a/., 1998; Manolagas, 1998;
Rifas, 1999). Since TENS of low magnitude is anti-inflammatory (Long et a/., 2001), in this
report we determined if the actions of TENS also down-regulate IL-1B-induced IL-1p, IL-6,
and IL-8 production. Additionally, since IL-10 inhibits IL-1, IL-6, and IL-8 synthesis
(Pertolani, 1999), we also investigated whether the anti-inflammatory activity of TENS also
includes IL-10 induction.

MATERIALS & METHODS

Isolation and Characterization of PDL Cells

PDL cells were isolated from healthy erupted human third molars (University of Pittsburgh
IRB approved), cultured in TCM (Basal Medium Eagle, 2 mM glutamine, Pen/Strep,
GIBCO/BRL, Grand Island, NY, USA) and 10% calf serum (Hyclone Laboratories, Logan,
UT, USA), cloned by limiting dilution, and used between the 6th and 20th passages.
Osteoblast-like characteristics of PDL cell clones PL-442 and PL-150 (white females, ages
18 and 16 yrs), PL-484 (white male, age 22 yrs), and PL-75 (Asian male, age 16 yrs) were
confirmed as described earlier (Agarwal et al., 1998; Brady et al., 1998).

Exposure of PDL Cells to TENS and IL-1B

Confluent PDL cells (5 x 10°/well) were cultured in TCM on Bioflex Il plates (Flexercell
Inc., Hillsboro, NC, USA), washed, and incubated overnight with BME supplemented with
serum replacement supplements, SRM-1 (Sigma Chemical Co., St. Louis, MO, USA). Cell
monolayers were subjected to TENS at 0.005 Hz (Gassner et al., 1999), where
circumferential strain = 27 (change in radius)/2w (original radius) = (change in radius)/
(original radius) = radial strain. The PDL cells were divided into four groups, viz., untreated
cells, cells treated with TENS, cells treated with IL-1f (1 ng/mL), and cells exposed to
TENS and IL-1 (1 ng/mL; Genetech, LaJolla, CA, USA) simultaneously. The dose
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response of the PDL cells to IL-1p showed that 1 ng/mL of IL-18 was sufficient to induce
optimal COX-2 and PGE; expression (Long et al., 2001).

Reverse Transcriptase/Polymerase Chain-reaction (RT/PCR)

RNA was extracted with a Qiagen RNA extraction kit (Santa Clarita, CA, USA). A total of
0.5 pg of RNA was reverse-transcribed and the cDNA amplified as described earlier (Xu et
al., 2000), with 30 cycles of amplification at 40 sec at 94°C, 40 sec at 62°C, and 60 sec at
72°C. The sequence of human primers used was as follows (Masahiro et al., 1991): GAPDH
(548 bp) sense 5'-GGTGAAGGTCGGAGTCAACGG-3’, antisensc 5'-
GGTCATGAGTCTTCCACGAT-3’; TL-1p (388 bp) sense 5’-
AAACGAATGAAGTGCTCCTTCAGC-3, antisense 3'-
ACCTCGTTGTTCACCACAAGAGGT-5; TNF-a (325 bp) 5
ATGAGCACTGAAAGCATGATC-3, antisense 3'-
TCACAGGGCAATGATCCCAAAGTAGACCTGCCC-5; IL-6 (639 bp) sense 5'-
ATGAACTCTTTCTCCACAAGC-3, antisense 3'-GTCAGGTCGGACTTTTGAGAAG-Y;
IL-8 (302 bp) sense 5’-ATGACTTCCAAGCTGGCCGTG-3, antisense 3'-
TTATGAATTCTCAGCCCTCTTCAAAAACTT-5; and IL-10 (420 bp) sense 5’-
ATGCCCCAAGCTGAGAACCAAGACCCA-3, antisense 3'-
TCTCAAGGGGCTGGGTCAGCTATCCCA-5. The semi-quantitative analysis of PCR
products was performed with a Fluor-S Multilmager (BioRad, Hercules, CA, USA).

IL-1 Receptor Analysis

For functional analysis of IL-1 receptors, PDL cells were treated with TENS for one hour
prior to the addition of IL-1B. Thereafter, the expression of IL-1B-induced IL-1 mRNA was
examined after 4 hrs by RT/PCR, and its synthesis after 24 hrs by ELISA. The IL-13
responsiveness of these PDL cells was compared with that of cells exposed to IL-18 without
treatment of TENS, and with that of cells treated with IL-1p and TENS.

Enzyme-linked Immunoassays

Total IL-1B, IL-6, IL-8 (Medgenix, Incstar, Stillwater, MN, USA), and IL-10 (Amersham
Pharmacia, Piscataway , NJ, USA) in the culture supernatants was measured by ELISA kits
according to the manufacturer's recommended protocols.

RESULTS

Effects of Various Magnitudes of TENS on Autoinduction of IL-1B

PDL cells exposed to 6%, 10%, or 15% TENS in the presence of TL-1 (1 ng/mL) for 24 hrs
showed that 6% and 10% TENS markedly inhibited the IL-1p-induced IL-1f mRNA
expression and synthesis. Contrarily, 15% TENS itself caused IL-1B gene induction, and
augmented IL-1p synthesis above that induced by IL-1f alone (Figs. 1A, 1B). Due to its
anti-inflammatory actions, 6% TENS was considered as low-magnitude TENS, and due to
its pro-inflammatory actions, 15% TENS was used as high-magnitude TENS. To examine
the anti-inflammatory effects, we used 6% TENS in the subsequent experiments.
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TENS Suppresses Autocrine Regulation of IL-18

Since IL-1p is a potent regulator of osteoclasia and amplifies its actions by autocrine
induction, we examined whether TENS inhibits IL-1B-induced IL-1p production. As shown
in Fig. 2A, TENS effectively inhibited (63%) autocrine induction of IL-1p mRNA within 4
hrs. The inhibition was sustained during the ensuing 44 hrs, showing 83% and 94%
reductions at 24 and 48 hrs, respectively. The expression of mRNA for IL-1p was paralleled
by its synthesis (Fig. 2B). Cells exposed to IL-18 and TENS for 24 or 48 hrs showed,
respectively, 67% and 71% inhibitions of IL-18 accumulation in the culture supernatants. In
all experiments, untreated PDL cells and those exposed to TENS alone failed to exhibit
IL-1f production.

TENS Suppresses Transient Expression of TNF-a mRNA

IL-1p induced TNF-a mRNA expression during the first 4 hrs of activation, and this
induction was inhibited (45%) by TENS. However, after 4 hrs, TNF-a gene expression was
neither induced by IL-1p nor was it affected by TENS (Fig. 2A). The presence of TNF-a
protein was not observed in culture supernatants of PDL cells subjected to any of the
treatment regimens (data not shown).

TENS Suppresses IL-18-dependent IL-6 Synthesis

IL-6 plays a major role in bone resorption during inflammation (Agarwal et af., 1998;
Manolagas, 1998; Rifas, 1999). TENS dramatically inhibits IL-p-induced IL-6 mRNA
expression within the initial 4 hrs; this inhibits is sustained during the ensuing 44 hrs (Fig.
2A). The inhibition of 1L-18-dependent IL-6 mMRNA expression was paralleled by the
inhibition of IL-6 accumulation in culture supernatants when assessed by ELISA (78% after
24 hrs and insignificant accumulation between 24 and 48 hrs; Fig. 2C). In these experiments,
control PDL cells also did not exhibits IL-6 synthesis.

TENS Inhibits IL-1pinduced IL-8 Production

TENS inhibited IL-1B-induced IL-8 mRNA expression within 4 hrs (64%) of activation, and
the inhibition was sustained during the ensuing 20 hrs (87% inhibition) and 44 hrs (< 99%
inhibition; Figs. 2A, 2D). Significant synthesis of IL-8 (above 20 pg/mL) in response to
IL-1B was not observed within 4 hrs of activation. Nevertheless, IL-18-induced IL-8
accumulated in notable quantities (180 pg/mL) in the culture supernatants. This
accumulation of 1L-8 was significantly inhibited (78%: p < 0.05) by simultaneous exposure
to TENS within 24 hrs of activation. We failed to observe additional accumulation of I1L-8
after 48 hrs of incubation (Fig. 2D).

TENS Induces IL-10 Expression in PDL Cells

The possibility existed that the TENS-mediated anti-inflammatory effects on PDL cells may
be coupled to synthesis of IL-10 (Pertolani, 1999). IL-10 mRNA is not constitutively
expressed in PDL cells, nor does IL-1p induce its expression. However, cells exposed to
TENS alone expressed significant levels of 1L-10 mRNA during the initial 4 hrs, and this
was sustained for the ensuing 48 hrs. More importantly, TENS abrogated the ability of IL-1f
to inhibit IL-10 production and induced higher mRNA expression for IL-10 during the intial
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4 hrs, approximately equal to that induced by TENS alone at later time points (Figs. 3a, 3B).
The accumalation of IL-10 in culture supernatants was not significantly different in cells
exposed to TENS alone or to IL-1f and TENS (Fig. 3C).

TENS Actions Do Not Involve Down-regulation of IL-1 Receptors

The above results raised the possibility that TENS may act via down-regulation of the IL-1p
receptor. We determined the responsiveness of PDL cells to IL-1p following exposure to
TENS. IL-1B-induced IL-1p mRNA expression and synthesis was roughly equivalent in cells
treated either with TENS for 1 hr prior to the addition of IL-1f and in cells treated with
IL-1B alone. As expected, co-exposure of cells to TENS and IL-1p resulted in the inhibition
of IL-18-induced IL-13 mRNA expression and synthesis (Figs. 4A, 4B).

DISCUSSION

Much of the prior work focusing on responses of PDL cells to mechanical strain of high
magnitude showed that mechanical stimuli are pro-inflammatory and elicit IL-1 and PGE,
(Davidovitch, 1991; Shimizu et al., 1994, 1998; Nakaya, 1997). Nevertheless, in response to
applied mechanical forces, bone is formed at tension sites /7 vivo (Davidovitch, 1991). How
the bone is deposited at these sites in an inflammatory environment is not well-understood.
In an effort to understand such mechanisms /7n vitro, we have used: (i) PDL cells, because
they have an osteoblast-like phenotype, respond to mechanical stimuli, and form bone at
tension sites; (ii) TENS, because it closely mimics the strain to which PDL is subjected
during tooth movement (Robersts et al., 1992); and (iii) IL-1p, because it is implicated as a
major mediator in stress-induced inflammation (Davidovitch, 1991; Grieve et al., 1994).

PDL cells express IL-1f in response to activation by IL-1f (Shimizu ef al., 1994, 1998;
Agarwal et al., 1998; Noguchi et al., 1999). TENS of low magnitude (6%) significantly
inhibits autoregulation of IL-1 by down-regulating its MRNA expression within the first
few hours of activation. This suggests that TENS inhibits the initial actions of IL-1
upstream of mMRNA transcription. By inhibiting expression of IL-1p, TENS may drastically
reduce the amplification of IL-1p-dependent immune responses (Klein-Neuland et a/., 1995;
Manolagas, 1998; Rifas, 1999). Exposure to IL-1 was a prerequisite for the observed anti-
inflammatory actions of TENS on PDL cells. More importantly, /7 vitro, only low-
magnitude TENS elicited anti-inflammatory properties, whereas higher magnitudes of strain
(15-18%) are inflammatory and induce IL-1f synthesis in PDL cells (Shimizu et al., 1994,
1998; Klein-Neuland et al., 1995). Whether low levels of mechanical loading exert anti-
inflammatory effects /n vivois not yet clear. It is tempting to speculate that this may be case,
because, during orthodontic treatment, low levels of mechanical loading lead to bone
deposition at tension sites, whereas higher loading to accelerate tooth movement results in
alveolar resorption with minimal bone deposition (Davidovitch, 1991; Sinha and Nanda,
1996).

IL-18 is an upstream cytokine that induces downstream cytokines such as TNF-a, which acts
similarly to IL-1p, IL-6, which has a more direct role in osteoclast formation, differentiation,
and activation (Manolagas, 1998; Rifas, 1999), and 1L-8, which amplifies immune responses
by attracting and activating immune cells to produce pro-inflammatory mediators (Dinarello,
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1996). Interestingly. IL-15 does not induce TNF-a synthesis in PDL cells. However. by
inhibiting IL-6 and IL-8 synthesis. TENS may indirectly up-regulate osteogenesis by
minimizing the amplification of immune mediators and thus down-regulating osteoclastic
differentiation at the tension sites.

IL-10 is a potent anti-inflammatory cytokine that inhibits the production of pro-
inflammatory cytokines like IL-18, TNF-a, IL-6, and IL-8 (Pertolani , 1999). TENS induces
IL-10 mRNA expression in PDL cells independently, and in the presence of IL-1f it
augments 1L-10 synthesis by abrogating the ability of IL-Ip to inhibit IL-10 synthesis
(Pertolani, 1998). We have observed that TENS inhibits pro-inflammatory gene expression
within the first 4 hrs, but the synthesis of IL-10 was not observed during the first 4 hrs, so it
is unlikely that the actions or TENS are solely mediated via synthesis of IL-10. However,
after the initiation of 1L-10 synthesis, it is likely that the inhibition of pro-inflammatory
cytokine induction is mediated either by 1L-10 alone, or by both TENS and IL-10.

Due to the requirement of very few receptors per cell for IL-1f responsiveness, and due to
their modulation in the presence of IL-1p, functional assay was considered more adequate
for the possible TENS-mediated down-regulation of IL-1 receptors (Dinarello, 1996). Since
pre-exposure of PDL cells to TENS did not affect IL-1f responsiveness, TENS does not
impair the ability of PDL cells to respond to IL-1f at the receptor level, and IL-1B-receptor
down-regulation may not be the key mechanism of TENS actions.

In summary, the present findings are the first to show that TENS of a low magnitude inhibits
IL-1B-induced pro-inflammatory cytokine expression in PDL cells. Specifically, anti-
inflammatory signals generated by TENS appear to provoke two notable changes: (i)
inhibition of gene expression for pro-inflommatory cytokines via interception of the signal
transduction cascade of IL-1f upstream of mRNA transciption, and (ii) induction of IL-10,
which may facilitate TENS actions v/a inhibition of pro-inflammatory cytokine gene
expression. On the other hand, in the absence of IL-f, tensile strain is known to induce
synthesis of alkaline phosphatase and transforming growth factor (TGF)-p1 in PDL cells
(Brady et al., 1998). Therefore, it is tempting to speculate that, by inhibiting pro-
inflammatory actions of IL-1p on PDL cells and inducing osteogenic proteins in PDL cells
(Long et al,, 2001), TENS may manifest potential for bone induction in the local
inflammatory environment. At present, intracellular signals generated by TENS that mediate
its actions are not known, but once delineated, these pathways may explain the molecular
basis of bone synthesis at tension sites during orthodontic tooth movement.
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Figure 1.

Effects of various magnitudes of TENS on autoregulation of IL-1p in PDL cells. (A)
Semiquantitative densitometric analysis of RT/PCR products for IL-1f following exposure
of PDL cells to various magnitudes of TENS for 24 hrs. (B) Quantitative analysis of total
IL-1P synthesis by ELISA in culture supernatants from PDL cells treated identically as in
(A). The activating concentration of IL-1p (1 ng/mL) was subtracted from total IL-1p values.
Results represent PL150 cells. Similar results were obtained from PL442, PL484, and PL75
cells. * indicates significant difference by ANOVA as compared with cells treated with IL-1f
alone in (A) and between the two treatments under each horizontal bar in (B), calculated by

ANOVA.
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Figure 2.
(A) PDL cells were either untreated (=) or treated (+) with 6% TENS alone, IL-1p (1 ng/

mL), or TENS (6%) and IL-1p for 4, 24, or 48 hrs. Subsequently, mRNA was extracted and
analyzed by RT/PCR for IL-1f induced IL-18, TNFa, IL-6, and IL-8. Semiquantitative
densitometric analysis of ethidium-bromide-stained RT/PCR products showed a significant
reduction (p < 0.05) in gene expression for each cytokine in cells treated with IL-1 and 6%
TENS, in comparison with cells treated with IL-1f3 alone, at all time points. Analysis of (B)
IL-1B, (C) IL-6, and (D) IL-8 synthesis in the culture supernatants of PDL cells as treated in
(A) for 24 or 48 hrs. In (A), results are from PL150 cells performed in triplicate; similar
results were obtained from PL442 and PL75 cells. In (B), (C), and (D), each point represents
the mean and SEM of triplicate values from PL150 cells. Similar results were obtained from
PL442 and PL75 cells. * indicates significant (p < 0.05) inhibition by ANOV YA as
compared with cells treated with IL-1p alone.
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Figure 3.
Effects of TENS on IL-10 mRNA expression and synthesis. (A) Ethidium-bromide-stained

RT/PCR products for IL-10 after treatment of PDL cells as described in the legend to Fig.
2A, for 4, 24, or 48 hrs. In comparison with untreated (-) controls and cells treated (+) with
IL-B, there is a distinct expression of IL-10 mRNA in cells treated with TENS alone and
with IL-1f and TENS. (B) Semiquantitative densitometric analysis of RT/PCR products
shown in (A), showing relative expression of IL-10 mRNA in cells treated with TENS alone
and those treated with TENS and IL-B. (C) IL-10 synthesis as measured by ELISA in the
culture supernatants of PDL cells as treated in (A) for 24 or 48 hrs. In (A) and (B), results
represent PL150 cells performed in triplicate; similar results were obtained with PL442 and
PL75 cells, and in (C), each point represents the mean and SEM of triplicate values in
PL150 cells. Similar results were obtained from PL442 and PL75 cells. * indicates
significant (p < 0.05) induction of IL-10 as compared with cells treated with IL-f alone,
calculated by ANOVA.

J Dent Res. Author manuscript; available in PMC 2016 July 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Long etal.

Page 12

GAPDH mRNA
j (548 bp)

IL-18 mRNA
(388 hp)

a b ¢ d -= Treatmenis
(B)| 1 k. 200
5

- 100

¥
IL-1P syn
(pg/ml)

Figure 4.
(A)Ethidium-bromide-stained RT/PCR products for IL-1f in PL150 cells subjected to (a)

IL-1B (1 ng/mL) alone, (b) IL-1p and TENS simultaneously, (c) pre-exposed to TENS for 1
hr prior to the addition of IL-1f (1 ng/mL), or (d) no treatment. Following a four-hour
incubation, RNA was extracted and analyzed for IL-1p mRNA expression. The IL-1f;-
induced IL-18 mRNA expression in cells pre-treated with TENS was similar to that in those
treated with IL-1p alone. Similar results were obtained in PL75 cells. (B) Synthesis of IL-13
as measured by ELISA in cells treated for 24 hrs. Each point represents the mean and SEM
of triplicate values. * indicates a significant (p < 0.05) difference in comparison with cells
treated with IL-1p alone.
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