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1. Introduction

Ultrasound is a non-invasive therapeutic tool that is increas-

ingly used to enhance bone fracture healing1 and soft tissue

repair.2 LIPUS is an acoustic pulsed energy that demonstrated

promising results in the dental field, as a form of non-invasive

mechanical stimulation. Several in vitro studies demonstrated

anabolic effects of different LIPUS intensities upon cemento-

blasts,3 periodontal ligament and bone cells.4 Clinical studies

demonstrated the effectiveness of LIPUS at 30 mW/cm2
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a b s t r a c t

Objective: Low-intensity pulsed ultrasound (LIPUS) demonstrated anabolic effects on cemen-

toblasts, odontoblasts, and periodontal ligament cells. However, LIPUS effect on human

gingivalfibroblasts (HGF) remains to be investigated. Therefore,we evaluated the invitroeffects

of LIPUS on HGF proliferation and differentiation to test its feasibility for periodontal therapy.

Design: LIPUS treatment (1.5 MHz, 30 mW/cm2) was applied to HGF in the experimental groups

after 24-h of culture (5 or 10 min/day for 28 days) and omitted in the control. Changes in HGF

activities were evaluated in response to LIPUS treatment in dose-dependent (5 and 10 min) and

time-dependent (weeks 1–4) manner. The effects of LIPUS on HGF cell viability (MTT), pro-

liferation (totalDNA contentand growthpattern), alkalinephosphatase (ALP) activity,and gene

expression by reverse-transcriptase polymerase chain reaction (RT-PCR) were determined.

Results: Cell viability remained unchanged after LIPUS treatment during the 4 weeks of

treatment as compared to the untreated control group which ensured a safe biological

response. Both LIPUS treatments (5–10 min/day) did not yield any significant changes in the

proliferation, and expression of proliferating cell nuclear antigen (PCNA) and collagen-I

(COL-I). Conversely, LIPUS treatment enhanced osteogenic differentiation potential of HGF

as determined by significant up-regulation of specific ALP activity and osteopontin (OPN)

expression, with optimum effect following 3 weeks of 5 min/day LIPUS treatment.

Conclusion: LIPUS treatment at 30 mW/cm2 selectively enhanced HGF differentiation but not

proliferation. The ability of LIPUS to enhance HGF differentiation is promising for its

application in cell-based periodontal therapy.
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intensity to accelerate periodontal wound healing and to

increase cementum formation.5 Moreover, it accelerated

healing of orthodontically induced root resorption,6 and

enhanced bone formation at osteodistraction sites.7–9

Recently, LIPUS at 30 mW/cm2 significantly enhanced cellular

proliferation, ALP activity and Col-I expression in cemento-

blasts in vitro,3 which could explain the mechanism by which

LIPUS accelerated repair of periodontal and root resorption

defects in vivo.

Little is known about LIPUS effects on the proliferation and

differentiation of gingival cells and concomitantly its possible

application for periodontal regeneration. Two studies reported

significant increases in cellular proliferation of ultrasound

treated HGF at 0.7 and 1.0 W/cm2 and in collagen production at

0.1–0.7 W/cm2.10,11 However, the ultrasound intensities used

in those studies10,11 might be harmful to the dental pulp

when applied in vivo since relatively lower intensity LIPUS

(30 mW/cm2) applied 20 min/day for 4 weeks was shown

to produce dental pulp fibrosis in humans.6 Ultrasound at

1.0 W/cm2 also showed deleterious effects on bone fracture

healing and was not recommended for clinical trials.12

Therefore, expanding the use of LIPUS on HGF for periodontal

therapy requires more optimization on LIPUS application

timing to avoid adverse effects associated with LIPUS over-

dosage during wound healing.

To understand the in vitro effects of LIPUS on HGF

proliferation and differentiation, we treated HGF with LIPUS

at 30 mW/cm2 and evaluated the subsequent changes in HGF

activities. The effect of LIPUS on HGF proliferation and ALP

activity were determined. The latter is a membrane bound

enzyme that peaks in activity immediately before the onset of

mineralization and is considered an early osteoblastic

marker.13 Expression of PCNA (a molecular marker expressed

in the nuclei of cells during DNA synthesis),14 and the

extracellular-matrix proteins Col-I and OPN (associated with

matrix anabolism and mineralization respectively13) were

further determined as a function of LIPUS application. In

mineralized tissues, type I collagen interacts with various

non-collagenous proteins and constitutes a scaffold for the

subsequent growth of mineral crystals (mediated by alkaline

phosphatase activity), whereas OPN expression indicates

potential differentiation towards osteoblast-like cells and/or

bone forming events.13

2. Materials and methods

2.1. Human gingival fibroblasts

HGFs were derived from gingival biopsies obtained from

healthy interdental papilla. Informed consent was obtained

from donors and protocol was approved by the Health Research

Ethics Board,University of Alberta, Edmonton, Canada. Gingival

samples were placed in ‘biopsy’ medium, which consisted of

Dulbecco’s Modified Eagle Medium (DMEM), 100 U/mL penicil-

lin, and 100 mg/mL streptomycin (Invitrogen, Carlsbad, CA,

USA). Gingival tissues, were then cut into small pieces,

dispersed onglassslides,placed incultureplates,and incubated

with basic medium (DMEM, 10% fetal bovine serum, 100 U/mL

penicillin, and 100 mg/L streptomycin) at 37 8C in a humidified

atmosphere of 5/95% CO2/air. When the cells surrounding the

tissue explants became confluent after 2–3 weeks of culture,

they weretransferredto75 cm2 flasksusing 0.08% trypsin/0.04%

ethylenediaminetetraacetic acid (EDTA).

2.2. LIPUS treatment

HGF at passage 4 were plated in 48-well plates at

2.5 � 103 cells/well. LIPUS treatment was applied after 24 h

in the experimental groups (5 or 10 min/day for 28 days) and

omitted in the control. The LIPUS machine used was Exogen

Bone Healing System (Smith & Nephew, Memphis, TN, USA),

which produced 1.5 MHz pulsed ultrasound with an output

intensity of 30 mW/cm2. Satisfactory operation of LIPUS

transducers was checked before each experiment. The plates

were placed on the LIPUS transducer and contact was ensured

using Exogen coupling gel. HGFs activities were assessed at

days 7, 14, 21 and 28 as described below.

2.3. Cell viability

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-

lium bromide) assay was used as a measure for cell viability.

Briefly, 100 mL of MTT solution (dissolved in Hank’s Balanced

Salt Solution (HBSS) at 5 mg/mL) was added into each well

containing cells with 0.5 mL basic medium. After 2 h, the

medium was replaced with 500 mL of dimethylsulfoxide to

dissolve the MTT formazan crystals formed. The absorbance

was then quantified at 570 nm and used as a relative measure

of cell viability.15

2.4. Hexosaminidase assay

A chromogenic substrate for the lysosomal enzyme hexosa-

minidase was used to estimate cell numbers.16 The substrate

for hexosaminidase enzyme, p-nitrophenol glucoseaminide

(Sigma, St. Louis, MO, USA), was dissolved in citrate buffer,

mixed with equal volume of 0.5% Triton X-100 in water and

added to HGFs in flat bottom microtitre wells. After 4 h, the

coloured product was formed and the enzyme activity was

blocked by the addition of 50 mM glycine buffer with 5 mM

EDTA. Absorbance was measured at 405 nm and a calibration

curve prepared with different cell numbers was used to

calculate cell number/well at each time point. The nonlinear

equations were fitted to growth data by nonlinear regression

using GraphPad Prism5 (GraphPad Software, La Jolla, CA, USA).

The specific growth rate was calculated in the exponential

growth phase.17

2.5. ALP assay

ALP is a membrane bound enzyme that peaks in activity

immediately before the onset of mineralization. ALP is

considered as an early marker for osteoblast differentiation.18

HGFs were washed with HBSS and lysed with ALP buffer (0.5 M

2-amino-2-methylpropan-1-ol and 0.1% (v/v) Triton X-100; pH

10.5). Two hours after lysis, 100 mL of lysed solution (in

duplicate) was added to 96-well plates, and 100 mL of 2 mg/mL

ALP substrate p-nitrophenol phosphate (pNPP) (Sigma, St.

Louis, MO) was added to lysed cells to give a final concentra-
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tion of 1 mg/mL pNPP. The absorbance was monitored

at 405 nm at periodic intervals for up to 20 min. The ALP

activity was reported in terms of the p-NPP product formed

(p-nitrophenol; in mmol/min/mL), and normalized with the

DNA content to obtain a specific ALP activity (ALP/DNA). The

DNA content of the lysates was determined using CyQUANT

DNA kit (Molecular Probes, Portland, OR, USA) following the

manufacturer’s instructions.19

2.6. RNA extraction and RT-PCR

HGFs were harvested by using Trizol1 Reagent and stored at

�20 8C. The RNA was extracted using the RNeasy Mini Kit.

Freshly isolated RNA was quantified fluorometrically using the

RNA stain SYBR Green, and 0.3 mg of RNA was then used for

reverse transcription reaction using the Omniscript kit.19 The

resulting cDNA was used as a template for the polymerase

chain reaction amplification of the genes of interest: Col-I,

PCNA, OPN and the housekeeping gene glyceraldehyde-3-

phosphate dehydrogenase (GAPDH), with primers’ sequence

as follow:

GAPDH (158 bp20) Forward: 50-CTGAACGGGAAGCTCACTGG-30;

backward: 50-TAGCCCAGGATGCCCTTGAG-30

COL-I (182 bp20) Forward: 50-AGACACTGGTGCTAAGGGAGAG-30;

backward: 50-GACCAGCAACACCATCTGCG-30

PCNA (320 bp14) Forward: 50-CTGCAGAGCATGGACTCGTC-30;

backward: 50-GTAGGTGTCGAAGCCCTCAGA-30

OPN (126 bp21) Forward: 50-CCAAGTAAGTCCAACGAAAG-30;

backward: 50-GGTGATGTCCTCGTCTGTA-30

2.7. Statistical analysis

Results were expressed as mean � standard deviation (S.D.).

Means were analysed by one-way analysis of variance

(ANOVA) using SPSS12.0 software package (SPSS, Chicago,

IL, USA). The inter-group differences (p < 0.05) were deter-

mined by Boneferroni post hoc testing in accordance with the

software instructions.

3. Results

3.1. Effect of LIPUS on cell viability

The effect of LIPUS on HGF viability was assessed by the MTT

assay. Both LIPUS treatments (5 and 10 min/day) did not yield

any obvious changes in cell viability as compared to untreated

HGFs (Fig. 1A). The DNA content of LIPUS-treated and untreated

HGFs showedgradual increase asa function of time without any

significant differences amongst the study groups (Fig. 1B). The

cell growth was investigated by plotting the cell numbers as a

function of time (Fig. 2). Typical sigmoidal curves were obtained

indicating the lag, exponential and stationary phases of

growth.22 As with the MTT results, there were no obvious

changes in the HGF growth pattern as a result of LIPUS

treatment. There were no apparent differences in the growth

rates of LIPUS-treated HGFs ascomparedto thecontrol: 12.4, 9.9,

10.8 h for control, 5 min/day LIPUS and 10 min/day LIPUS,

respectively. The final cell numbers obtained at the end of cell

expansion were also similar in all groups.

3.2. Effect of LIPUS on specific ALP activity

The specific ALP activity progressively increased with culture

time in all groups (Fig. 3). ALP activity in the LIPUS-treated

groups was similar to the control groups during the first 2

weeks of culture and was significantly higher after 3 weeks

with 5 min/day LIPUS treatment as compared to other groups

( p < 0.05). After 4 weeks, ALP activity was significantly

higher in both LIPUS-treated HGF ( p < 0.005 for 5 min/day

and p < 0.05 for 10 min/day) as compared to the control

group.

3.3. Effect of LIPUS on the expression of PCNA, Col-I, and
OPN by HGF

The levels of mRNA expression for PCNA, Col-I, and OPN are

shown in Fig. 4A and their relative intensities (normalized

with GAPDH) are illustrated in Fig. 4B–D, respectively. The RT-

PCR analyses for PCNA gene expression did not reveal any

significant differences between LIPUS-treated and untreated

Fig. 1 – (A) Changes in MTT absorbance for HGF after 1–4

weeks of LIPUS treatment. Each point represents

mean W S.D. of triplicate wells. (B) Changes in the total

DNA content after 1–4 weeks of LIPUS treatment. Each bar

represents the mean W S.D. of triplicate wells.
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HGF at any time point. Col-I expression was markedly

increased in all groups after 2 weeks of culture; however

there were no statistically significant differences at any time

point between the different treatments. Alternatively, LIPUS at

low dose (5 min/day) consistently induced significant up-

regulation of OPN expression starting from week 2 ( p < 0.05).

The highest stimulation was observed for OPN at weeks 3 and

4 with 5 min/day LIPUS treatment compared to other groups

(p < 0.005).

4. Discussion

LIPUS was shown to induce cellular responses in cemento-

blasts,3 periodontal ligament and bone cells.4 It has clinical

potential related to healing of periodontal defects,5 repair of

Fig. 2 – Changes in cell numbers of HGF with LIPUS

treatments over a 28-day time period. Three phases of

cellular growth: lag, exponential and stationary phases,

were evident for each group. Each point represents the

mean from six wells for each treatment group. Fig. 3 – Changes in the specific ALP activity (ALP/DNA) of

HGF after 1–4 weeks of LIPUS treatment. The results are

presented as the mean W S.D. of specific ALP activity of

triplicate wells for each treatment group. (*p < 0.05 as

compared to other groups, §p < 0.005 as compared to

control, and #p < 0.05 as compared to the control).

Fig. 4 – (A) Changes in expression of PCNA, Col-I, OPN, and GAPDH in HGF after 1–4 weeks of LIPUS treatment as analysed by

RT-PCR and agarose gel electrophoresis. RT-PCR band from a representative well for each treatment group is shown.

Densitometric analyses of PCNA (B), Col-I (C) and OPN (D) expression at weeks 1–4 after normalization with GAPDH

(#p < 0.05 and *p < 0.005 as compared to other groups).
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root resorption,6 and bone formation at osteodistraction

sites.9,23 However, LIPUS effects on gingival cells and its

applications for periodontal regeneration remain to be

investigated. We evaluated the effectiveness of LIPUS treat-

ment on HGF proliferation and osteogenic differentiation to

test its feasibility for periodontal therapy. HGFs were selected

as ‘target’ cells because they are accessible autologous cell

sources that can be harvested with little donor-site morbidity.

LIPUS frequency (1.5 MHz) and intensity (30 mW/cm2) used in

our study were identical to clinically applied ultrasound5,6 and

had a lower intensity than the studies yielding an anabolic

effect on HGFs (Doan et al.10; Reher et al.11) to avoid deleterious

effects reported at high intensities.12 LIPUS doses used in our

study (5 and 10 min/day) were adopted from a previous study

on the effect of LIPUS on skin fibroblasts,24 which reported

significant increase in cell proliferation with 6 and 11 min/day

of LIPUS treatment. Our rationale for using LIPUS doses lower

than the clinical therapy was based on the concern about

undesirable effects of LIPUS when applied for 20 min/day over

4 weeks on the dental pulp.6

LIPUS treatments should not inflict damage to HGFs during

cell growth, as this could negatively affect cell proliferation

and differentiation. Our results indeed showed that cell

viability and growth pattern remained unchanged after LIPUS

treatment during the 4 weeks of treatment, indicating the

safety of the applied LIPUS doses. The proliferation of HGFs

was assessed by evaluating growth rate, total DNA content

and PCNA gene expression. These assays consistently indi-

cated no significant differences in HGF proliferation with

LIPUS treatments. It was reported that HGF treated with 5 min

ultrasound at 0.7–1.0 W/cm2 significantly increased DNA

synthesis and collagen production, unlike our results.10,11

The much higher ultrasound intensity used in those studies

was likely the reason for the differences in the results.

However, we did not explore such higher doses, given the

deleterious effects reported at the 1.0 W/cm2 intensity on bone

fracture healing in vivo.12 Zhou et al.24 conversely, used similar

LIPUS intensity, frequency and exposure technique as

reported in our study, and obtained a significant increase in

DNA synthesis of primary human skin fibroblasts. It is possible

that primary skin fibroblasts are more responsive to LIPUS and

display proliferation at this low LIPUS intensity unlike adult

HGF used in our study.

The LIPUS treatment, conversely, enhanced the osteogenic

differentiation of HGFs, based on increased specific ALP activity

and OPN deposition. ALP is considered an early marker for

differentiation of osteoblasts.13 It plays a vital role in miner-

alization since the enzyme hydrolyses pyrophosphate and ATP

that inhibit calcification and produce local phosphates needed

for crystallization of hydroxyapatite. Our results are in

agreement with a previous study, which reported significant

increase in ALP expression in LIPUS-treated cementoblasts at

30 mW/cm2 for 15 min.3 OPN is an extracellular-matrix protein

that is expressed in earlystages of mineralization. It contains an

arginine–glycine–aspartate motif, which binds to cell surface

integrins and enables bone cells to adhere to mineralized

matrix.25 LIPUS effects on OPN expression by HGF was not

reported before but Scheven et al.26 reported a dose-dependent

increase in the OPN gene expression by ultrasound treated

odontoblasts. Moreover, mechanical stimulation (i.e., centrifu-

gal force) was also shown to increase the levels of OPN

expression in HGFs without any effect on osteonectin synth-

esis.27 The authors suggested that the response of gingival

tissue to mechanical stimulation is primarily osteoblastic

activation, which is consistent with our findings. HGFs were

also reported to express transcripts associated with miner-

alization (ALP and OPN) under normal culture condition28 that

could explain why these transcripts are expressed by HGFs in

the control group. Therefore, LIPUS treatment at 30 mW/cm2

and the current exposure technique may selectively enhance

HGF differentiation but not proliferation.

To the best of our knowledge, this is the first study that

demonstrated LIPUS effects on osteoblastic differentiation

potential of HGF, as determined by up-regulation of ALP

activity and OPN expression—although those events may be at

different stages in different cells within the explanted HGF

population. A robust effect on HGF cells was seen following 3

weeks of 5 min/day LIPUS treatment. Conversely, LIPUS did

not stimulate cellular proliferation or Col-I gene expression by

HGF. Establishment of these cellular responses with further

optimization of LIPUS dose and application timing could

stimulate further development of LIPUS-treated HGFs for

periodontal regenerative therapies.
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