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Abstract—Low-intensity pulsed ultrasound (LIPUS) has been used for the treatment of non-healing fractures
because of its therapeutic properties of stimulating enhancing endochondral bone formation. However, its mech-
anism of action remains unclear. In this study, we hypothesized that LIPUS activates mitogen-activated protein
kinases through generation of reactive oxygen species. C28/I2 cells were stimulated with LIPUS for 10 and
20 min, while the control group was treated using a sham LIPUS transducer. Through quantitative reverse tran-
scription polymerase chain reaction and immunoblot analyses, we determined that LIPUS application increased
reactive oxygen species generation and cell viability in C28/I2 cells. There were increases in the phosphorylation
level of ERK1/2 and in expression of SOX9, COL2 A1 and ACAN genes. These effects were reversed when cells
were treated with diphenylene iodonium, which is known to inhibit NADPH oxidase. It was concluded that expo-
sure of chondrocytes to LIPUS led to reactive oxygen species generation, which activated MAPK signaling and
further increased chondrocyte-specific gene markers involved in chondrocyte differentiation and extracellular
matrix formation. (E-mail: kaur3@ualberta.ca) © 2018 World Federation for Ultrasound in Medicine &
Biology. All rights reserved.
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Cartilage is an avascular tissue that has little capacity for

self-repair. Chondrocytes play an important role in carti-

lage maintenance and endochondral ossification. These

are mechanosensitive cells present in the cartilage that

synthesize and maintain its extracellular matrix (ECM).

These cells are surrounded by an abundant ECM con-

taining collagen and proteoglycan. Chondrocytes also

participate in bone formation via the endochondral

ossification process. In endochondral ossification, the

chondrocytes undergo a chronologic process of differen-

tiation leading to formation of cartilage, which acts as a

scaffold that is replaced by bone. Mechanical loading of

chondrocytes is important for growth and maintenance
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of cartilage and leads to an increase in expression of the

ECM genes (Whitney et al. 2012). Loading within physi-

ologic limits has an anabolic effect on the cells, whereas

either an excess or an absence of mechanical load leads

to cartilage destruction. Studies found that reduced

mechanical loading, as in animals fed a soft diet

(Fangh€anel and Gedrange 2007) or artificially immobi-

lized (Jortikka et al. 1997), led to reduced compressive

load, which affected not only the cartilage but also the

underlying subchondral bone (Sato et al. 2005).

Low-intensity pulsed ultrasound (LIPUS) is a form

of acoustic wave that produces micromechanical strain

in the tissue through which it passes, leading to specific

biochemical events (Tanaka et al. 2015). In recent years,

LIPUS stimulation has been employed to exert an ana-

bolic effect on osteoblasts and on bone formation

(Busse et al. 2009) and to enhance new blood vessel for-

mation in wound healing and bone fracture sites

(Cheung et al. 2011). LIPUS enhanced the expression of

genes involved in cartilage matrix production, such as
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SOX9, COL2 A1, and ACAN, and stimulated chondro-

genesis (Hasanova et al. 2011). Because of its stimula-

tory effect on bone healing, LIPUS has been approved

by the U.S. Food and Drug Administration and Health

Canada for treatment of delayed and non-union bone

fracture. LIPUS has chondrogenic properties and has

also been proposed for the treatment of early-stage oste-

oarthritis (Cheng et al. 2014).

The exact mechanism underlying the beneficial

effects of LIPUS on cartilage matrix production is still

not fully understood. Mechanical stimulation by LIPUS

has been reported to enhance integrin expression (Sato

et al. 2014), increase phosphoinositide 3-kinase activation

(Takeuchi et al. 2008), enhance actin polymerization

(Uddin et al. 2013) and increase mitogen-activated pro-

tein kinase (MAPK) signaling (Kusuyama et al. 2014).

MAPKs play an important role in various cellular pro-

cesses such as cell growth, differentiation, survival and

apoptosis. This multifunctional signaling pathway con-

sists of three classes of serine/threonine kinases: extracel-

lular signal regulated kinase 1/2 (ERK1/2), p38 and c-

Jun N-terminal kinase (JNK). ERK1/2 is activated mainly

by growth factors and mediates cell proliferation and dif-

ferentiation; p38 and JNK are activated mainly by exter-

nal stresses in the form of physical and chemical

stimulation (Fujisawa et al. 2007). MAPK activation is a

three-step process consisting of phosphorylation of MAP

3-K, which then activates and phosphorylates MAP 2-K

and increases the activity of one or more MAPKs (i.e.,

ERK1/2, p38 and JNK). MAPK phosphatase (MKP)

enzyme dephosphorylates and deactivates the MAPK

pathway (Boutros et al. 2008; Plotnikov et al. 2011; Son

et al. 2013) .

Studies in the last decade have indicated that

MAPKs are regulated by the oxidation�reduction reac-

tions that produce ROS such as superoxide (O2��),
hydrogen peroxide (H2O2) and hydroxyl radical (�OH).
ROS are intracellular second messengers in cell signaling

as they are promptly generated, extremely diffusible,

effortlessly metabolized and present in all cell types

(Sauer et al. 2001). The chief source of ROS in the cell

is the electron transport chain in mitochondria. However,

because of the presence of mitochondrial superoxide dis-

mutase, superoxide levels are kept at a low level. Another

source of ROS is NADPH oxidases (NOX), which are a

group of seven plasma membrane-bound enzymes

NOX1�NOX5 and DUOX1 and DUOX2. NOX2 is the

prototype of NOX enzyme, and NOX1, NOX3 and

NOX4 are closely related to NOX2; NOX4 is only 39%

similar to NOX2. The main target of ROS in MAPK reg-

ulation is protein tyrosine phosphatase (PTP), which con-

tains a cysteine residue in its active site. ROS induces

oxidative modification of the active site cysteine by the

formation of a disulfide bond (�S�S) causing
inactivation of PTP and thereby increasing phosphoryla-

tion by tyrosine kinase (Son et al. 2013). Previous studies

have reported nitric oxide (NO) generation by LIPUS in

osteoblasts (Reher et al. 2002) and in endothelial cells

(Hsu and Huang 2004), but there are no reports of ROS

generated by LIPUS.

In the present study, we hypothesized that LIPUS

application affects ROS levels in chondrocytes and acti-

vates the MAPK pathway. To investigate this hypothe-

sis, we used the C28/I2 human chondrocyte cell model

and investigated intracellular signaling involving

MAPK, as well as expression of genes affecting extra-

cellular matrix turnover (SOX9, ACAN and COL2 A1).
TAGGEDH1METHODSTAGGEDEND

Materials

The C28/I2 human chondrocyte cell line was a kind

gift from Dr. Mary Goldring (Hospital for Special Sur-

gery, Weill Medical College, Cornell University, New

York, NY, USA); Dulbecco’s modified Eagle’s medium

F12 (DMEM F12) with L-glutamine and 4-(2-hydrox-

yethyl)-1-piperazineethanesulfonic acid (HEPES), fetal

bovine serum (FBS), Dulbecco’s phosphate-buffered

saline (DPBS) and Hanks’ balanced salt solution

(HBSS) were purchased from Life technologies (Grand

Island, NY, USA). Penicillin and streptomycin were pur-

chased from Hyclone GE (Logan, UT, USA). Dihydroe-

thidine (DHE), diphenyleneiodonium (DPI), MTT [(3-

(4, 5-dimethylthiazol�2-yl)-2, 5- diphenyl tetrazolium

bromide], chloroform, isopropanol, bovine serum albu-

min (BSA) and dimethyl sulfoxide (DMSO) were pur-

chased from Sigma Aldrich (St Louis, MO, USA).

Sodium dodecyl sulfate (SDS), polyacrylamide and

nitrocellulose membrane were purchased from Bio-Rad

(Tokyo, Japan). A high-capacity reverse transcription kit

for cDNA preparation was purchased from Applied Bio-

systems (Foster City, CA, USA). Antibodies that were

used in immunoblot analysis (anti-ERK1/2, anti-phos-

pho-ERK1/2, anti-p38, anti-phospho-p38, anti -JNK,

anti-phospho-JNK and horseradish peroxidase-conju-

gated anti-IgG) were purchased from Cell Signaling

Technology (Danvers, MA, USA). A Pierce BCA pro-

tein assay kit, Pierce protease inhibitor and 0.05% tryp-

sin�EDTA solution were purchased from ThermoFisher

(Rockford, IL, USA). An enhanced chemiluminescence

(ECL) Western blot reagent kit was purchased from

Amersham GE Health Care (Buckinghamshire, UK).
Cell culture

C28/I2 human chondrocytes (1.5£ 105 /mL) were

cultured in six-well plates in medium containing

DMEM/F12, 10% FBS and 50 units/mL penicillin and

50mg/mL of streptomycin. Cells were incubated at 37˚C
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in a humid chamber with 5% CO2 and cultured for 24 h

until the first LIPUS application. The cells were washed

twice with DPBS and harvested after 1, 3, 6, 12 and 24 h

of LIPUS. For ROS inhibition, cells were cultured at the

exact same cell density and conditions. Before addition

of DPI, cells were starved by replacing the medium con-

taining FBS with basal medium (DMEM/F12 without

FBS, penicillin and streptomycin). DPI was added to

DMEM/F12 at least 1 h before LIPUS application. The

cells were washed with pre-warmed PBS and harvested

using 0.05% trypsin�EDTA solution. All experiments

were performed in triplicate.
LIPUS stimulation

Cells were exposed to 10 and 20 min of LIPUS; the

control group was treated with a sham LIPUS trans-

ducer. The LIPUS device was custom-made and pro-

vided by SmileSonica Inc. (Edmonton, AB, Canada).

The device generated a 200-ms burst of 1.5-MHz sine

waves with a repetition rate of 1 kHz and spatial aver-

aged intensity of 30 mW/cm2. These parameters have

been used in our lab in the past (El-Bialy et al. 2010;

Kaur et al. 2017a, 2017b). The six-well plates were

placed on the surface of the transducers. The coupling

gel (SmileSonica) was applied between the LIPUS

transducer and the base of the six-well plates for the

transmission of ultrasound waves. Based on LIPUS

application and DPI addition, the groups were control

DPI(�), not exposed to LIPUS or DPI; LIPUS 10 min

DPI(�), exposed to 10 min of LIPUS and no DPI;

LIPUS 20 min DPI(�), exposed to 20 min of LIPUS

and no DPI; control DPI(+), not exposed to LIPUS but

containing DPI; LIPUS 10 min DPI(+), exposed to

10 min of LIPUS in the presence of DPI; and LIPUS

20 min DPI(+), exposed to 20 min of LIPUS in the

presence of DPI.
DHE fluorescence assay

The cells were washed with pre-warmed (37˚C)

DPBS solution and suspended in DMEM/F12 (without

phenol red) at a concentration of 1£ 105 cells/ mL in

the presence or absence of DPI (10 mM). The suspended

cells were incubated with DHE (25 mM) for 20 min in

an incubator before LIPUS application. Cells were soni-

cated with LIPUS according to their group, and 100 mL

of cell suspension was collected from each sample in

triplicate at 0, 15, 30, 45, 60, 90 and 120 min and were

dispensed onto a 96-well ViewPlate with black well

walls. Fluorescence intensity was quantified using a

Tecan M2000 microplate reader (Tecan Infinite M200,

Durham, NC, USA) with excitation and emission wave-

lengths of 480 and 570 nm, respectively, at room tem-

perature.
Cell viability assay

The cells were seeded on 6-well plate in the pres-

ence and absence of DPI, and the readings were taken

after 24 h of LIPUS. The MTT assay was used as a mea-

sure of cell viability. Eight hundred microliters of MTT

solution (dissolved in HBSS using a concentration of

5 mg/mL) was added to each well containing 2 mL of

the medium and incubated for 2 h at 37˚C. The medium

was replaced with 2 mL of pure DMSO (� 99.9%) to

dissolve MTT formazan crystals. Absorbance was mea-

sured at 570 nm using the Tecan M2000 microplate

reader at room temperature.

Quantitative real-time reverse transcription polymerase

chain reaction

TRIzol reagent was used according to the manufac-

turer’s instructions to prepare total RNA. RNA concen-

tration was measured using a NanoDrop 2000C

spectrophotometer (Thermo Fisher, Wilmington, DE,

USA). cDNA was synthesized from 1 mg total RNA

using the High-Capacity cDNA Reverse Transcriptase

kit according to the instructions in the reaction volume

of 20 mL. After reverse transcription reaction, 1 of 10

dilutions were made from the template to be used in

real-time PCR. Ten microliters of the real-time reaction

mixture consisting of 3 mL of cDNA, 1 mL each of for-

ward and reverse primers and 5 mL of the master mix

containing SYBR green dye. The mixtures were heated

at 95˚C for 2 min before going through 40 cycles of the

denaturation step (15 s at 95˚C) and an annealing step

(1 min at 60˚C) using the 7500 Real-Time PCR system

during which data were collected. Glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) was used as an

internal control in each run. Normalized fluorescence

was plotted against cycle number (amplification plot),

and the threshold suggested by the software was used

to calculate Ct (cycle at threshold). DDCt analysis was

used to determine the differences in gene expression

compared with the control. (Primer sequences used in

this study are listed in Supplementary Table S1

[online only].)

Immunoblotting

For Western blotting analysis, the cells were cul-

tured for 1, 3, 6, 12 and 24 h after a single ultrasound

exposure. The cells were then washed with cold PBS

twice and lysed on ice for 30 min in RIPA buffer

(50 mM Tris, pH 8.0, 150 mM NaCl and 1%Nonidet P-

40) and freshly added 10�6 M protease inhibitor (Pierce

protease inhibitor, Thermo Fisher). The lysates were

used as samples after centrifugation (10,000 rpm for

10 min at 4˚C). Total protein concentration was deter-

mined using the Pierce BCA kit, and SDS�polyacryla-

mide gel electrophoresis was performed on 25 mg of
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each protein. After SDS-polyacrylamide gel electropho-

resis, proteins were transferred onto a nitrocellulose

membrane. The membrane was blocked for 1 h at

room temperature with 5% BSA in 1% Tris-buffered

saline�Tween and incubated overnight at 4˚C with

primary antibody (total ERK1/2, phosphor ERK1/2,

total p38, phosphor p38, total JNK and phosphor

JNK), diluted 1 to 1000 with 5% BSA in 1% Tris-

buffered saline�Tween. After incubation with HRP-

conjugated anti-rabbit IgG (1:3000) for 1 h at room

temperature, the blots were detected with Amersham

ECL Western Blotting detection reagent, visualized

using the ChemiDoc MP Gel imaging system (Univer-

sal Hood III, Bio-Rad, Hercules, CA, USA) and quan-

tified using ImageJ software (National Institutes of

Health, Bethesda, MD, USA).
Statistical analysis

Data were summarized as the mean § standard

deviation where error bars represent standard devia-

tions. Two statistical tests were applied: (i) A two-

way repeated-measure analysis of variance followed

by the Bonferroni post hoc test was used to determine

the significance for treatment and time. (ii) To study

the effect of DPI at each time point, a one-way

analysis of variance followed by the Bonferroni post

hoc test was used. The level of significance was set

at p < 0.05.
Fig. 1. Effect of LIPUS stimulation on reactive oxygen species
becco’s modified Eagle’s medium/F12 (without phenol red) at
dihydroethidine (25 mM). For reactive oxygen species inhibitio
dihydroethidine. The cells were treated with LIPUS and the sam
after LIPUS application. The line graph depicts dihydroethidine
increase in reactive oxygen species generation from 30 min onw

in reactive oxygen species generation. DPI = diphenylenei
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Effect of LIPUS on ROS generation

In non-DPI-treated groups, LIPUS caused a statisti-

cally significant increase in ROS generation compared

with control DPI(�) (p < 0.05), indicating the ability of

LIPUS to increase ROS levels. From 30 min onward, the

LIPUS 10 min DPI(�) group exhibited statistically dif-

ferent increased ROS levels compared with the other

groups. Levels of ROS were reduced in LIPUS-treated

DPI(+) groups (both 10 and 20 min) compared with DPI

(�) groups, indicating active quenching of the ROS by

DPI (Fig. 1).

LIPUS effect on C28/I2 cell viability

We speculated that the amount of ROS generated

by LIPUS stimulation is non-toxic to the cells. Thus, we

tested the effect of LIPUS on cell viability in the pres-

ence and absence of DPI. After 1 d of LIPUS applica-

tion, there was a significant increase in cell viability in

the DPI(�) group treated with LIPUS 10 min compared

with other groups (p < 0.05). There was no significant

difference between the control and DPI(�) LIPUS

20 min group (p = 0.078). There was a significant

decrease in cell viability in DPI-treated groups compared

with non-DPI-treated groups (Fig. 2).

Effect of LIPUS on NOX2 and NOX4 gene expression

To determine whether LIPUS stimulation increased

expression of NOX2 and NOX4, C28/I2 chondrocytes
generation. C28/I2 chondrocytes were suspended in Dul-
a concentration of 1£ 105 cells/mL and incubated with
n, DPI (10 mM) was added to the cell suspension before
ples were collected at 0, 15, 30, 45, 60, 90 and 120 min
fluorescence. LIPUS application resulted in a significant
ard; DPI-treated groups exhibited a significant reduction
odonium; LIPUS = low-intensity pulsed ultrasound.



Fig. 2. Detection of C28/I2 chondrocyte cell viability after
LIPUS application using the MTT absorbance assay. After
24 h of LIPUS in the presence and absence of DPI (10 mM),
the chondrocytes were incubated in MTT solution (5 mg/mL)
for 2 h. The formazan crystals formed were dissolved in Dul-
becco’s modified Eagle’s medium, and absorbance
was measured. The bar graph depicts the values as the
mean § standard deviation. LIPUS stimulation resulted in a
significant increase in cell viability compared with control;
DPI-treated group exhibited a significant decrease in cell via-
bility. *p < 0.05, yp < 0.05 between the corresponding DPI-
treated and non-DPI-treated groups. DPI = diphenyleneiodo-

nium; LIPUS = low-intensity pulsed ultrasound.
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were stimulated with LIPUS in the presence or absence

of DPI, and samples were collected 1, 3, 6, 12 and 24 h

after LIPUS application. In non-DPI-treated groups,

LIPUS caused a significant increase in NOX2 mRNA

expression at 1, 12 and 24 h, whereas in DPI-treated

groups LIPUS increased NOX2 gene expression at 1 and

12 h (Fig. 3). There were no significant effects of LIPUS

on NOX4 gene expression except at 3 h (Supplementary

Fig. S1, online only).

To study the effect of LIPUS on C28/I2 chondro-

cytes in the presence or absence of DPI, gene expression

of chondrocyte-specific markers (SOX9, ACAN and

COL2 A1) were analyzed. SOX9 expression was signifi-

cantly higher at 6 h in non-DPI-treated, LIPUS-exposed

groups compared with the control group. SOX9 expres-

sion was higher at 1 h in DPI-treated, LIPUS 20 min

group compared with the control group; the level of

expression level at later time points (Fig. 4A�C).

Expression of ACAN and COL2 A1 mRNA was higher in

non-DPI-treated, LIPUS-exposed groups at 12 and 24 h.

There were no significant changes in DPI-treated groups

at any time points in the case of ACAN mRNA expres-

sion (Fig. 4D�F). For COL2 A1 expression, LIPUS-

exposed, DPI-treated group had a significant increase at

24 h (Fig. 4G�I). (Expression of SOX9, ACAN and

COL2 A1 at other time points is illustrated in Supple-

mentary Fig. S2A�F.)
MAPK activation with LIPUS stimulation

To examine the effect of LIPUS application and

ROS generation on MAPK phosphorylation, cells were

stimulated with LIPUS in the presence and absence

of DPI. ERK1/2 phosphorylation was significantly

increased 6 and 12 h after LIPUS application while in

DPI treated groups, there was significant reduction in

ERK1/2 phosphorylation after 1 h and further reductions

at later time points (Fig. 5). On the other hand, p38 and

JNK phosphorylation exhibited no significant changes at

all time points studied in both DPI treated and non-DPI-

treated groups (Supplementary Figs. S3 and S4, online

only).
TAGGEDH1DISCUSSION TAGGEDEND

Low-intensity pulsed ultrasound is a mechanical

wave that triggers intracellular signaling in the cell

(mechanotransduction), but the mechanism by which

LIPUS generates intracellular signals is still unclear.

Many intracellular signaling pathways like integrin,

stretch-activated ion channels and calcium signaling

have been extensively characterized in the context of

LIPUS (Choi et al. 2007; Mortimer and Dyson 1988).

In this study, we investigated the effect of ROS gener-

ated by LIPUS on immortalized human chondrocyte cell

proliferation and activation of the MAPK signaling path-

way. We hypothesized that LIPUS stimulates chondro-

cyte viability, increased mRNA expression of SOX9,

ACAN and COL2 A1 and activation of MAPK signaling.

To study the effect of LIPUS on ROS generation,

we used DHE, a superoxide-specific indicator that is a

blue fluorescent dye in the cytosol. In the presence of

superoxide, DHE becomes oxidized, generates red fluo-

rescent hydroxyethidium and intercalates with cellular

DNA (Peshavariya et al. 2007). Our study found an

increase in fluorescence with LIPUS 10 min application

followed by LIPUS 20 min. Despite the presence of fluo-

rescence intensity at 0 min, the difference was not signif-

icant in the DPI(�) groups (i.e., control DPI(�), LIPUS

10 min DPI(�) and LIPUS 20 min DPI(�)), whereas the

difference was significant in the DPI(+) groups (i.e., con-

trol DPI(+), LIPUS 10 min DPI(+) and LIPUS 20 min

DPI (+)). This could have occurred because the fluores-

cence intensities of ROS generated in DPI(�) groups

were too close to be detected by the plate reader. Mean-

while in the DPI (+) groups, despite the presence of DPI,

LIPUS resulted in generation of a small amount of ROS

that were detected by the plate reader. In future studies,

use of the electron paramagnetic resonance method is

recommended for detection of ROS generation. Because

DHE is a superoxide-specific indicator, our study illus-

trated that the ROS generated after LIPUS application

are superoxide. For ROS inhibition, we used DPI, which



Fig. 3. NOX2 mRNA expression quantified using quantitative real-time reverse transcription polymerase chain reaction
in C28/I2 chondrocytes after LIPUS application in the presence or absence of DPI (10 mM). The samples were collected
after (A) 1, (B) 3, (C) 6, (D) 12 and (E) 24 h of LIPUS. The bar graph depicts a significant increase in NOX2 mRNA
expression after 1 h of LIPUS in the non-treated group, whereas there was a significant increase at 12 h in the DPI-treated
group. *p< 0.05, yp< 0.05 between the corresponding DPI-treated and non-DPI-treated groups. DPI = diphenyleneiodo-

nium; LIPUS = low-intensity pulsed ultrasound.
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is most commonly used as a NOX inhibitor. DPI is a fla-

voprotein oxidoreductase inhibitor that forms phenol

radical which attack the flavin adenine dinucleotide

(FAD) of the NOX enzyme (Li et al. 2003). There was a

significant reduction in superoxide generation in the

DPI-treated groups exposed to LIPUS for 10 and

20 min. Because ROS generation is related to oxidative
stress, which could affect cell viability, the MTT cell

viability assay was carried out to check for ROS toxicity.

A significant stimulatory effect of LIPUS treatment on

chondrocyte cell viability was observed in the MTT

assay, especially in the non-DPI-treated group exposed

to LIPUS for 10 min. There was a decrease in cell viabil-

ity in the non-DPI-treated group exposed to LIPUS for



Fig. 4. Expression of SOX9, ACAN and COL2 A1 mRNA quantified using quantitative real-time reverse transcription
polymerase chain reaction in C28/I2 chondrocytes after LIPUS application in the presence or absence of DPI (10 mM).
The samples were collected after (A) 1, (B) 3, (C) 6, (D) 12 and (E) 24 h of LIPUS. (A�C) Bar graphs reveal a signifi-
cant increase in SOX9 mRNA expression at 1, 3 and 6 h in the LIPUS-treated group compared with the control group.
(D�F) Bar graphs reveal a significant increase in ACAN mRNA expression at 3, 12 and 24 h in the LIPUS-treated group
compared with the control in non-DPI-treated groups. (G�I) Bar graphs depict a significant increase in COL2 A1 expres-
sion at 12 and 24 h in the LIPUS treated group compared with the control group in non-DPI-treated groups. *p < 0.05,
yp < 0.05 between the corresponding DPI-treated and non-DPI-treated groups. DPI = diphenyleneiodonium;

LIPUS = low-intensity pulsed ultrasound.
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20 min. Similar results were seen in our previous studies

in which exposure of pre-osteoblast cells to 20 min of

LIPUS (Kaur et al. 2017b) and exposure of rat mandibu-

lar condyle to 40 min of LIPUS (Kaur et al. 2017a)

decreased cell counts. This could be due to the thermal

effect of LIPUS when applied for longer durations. Pre-

vious studies in in vitro (Leskinen and Hynynen 2012)

and in vivo (Xue et al. 2013) setups also reported

increases in temperature after 20 min of LIPUS. Future

studies on the effects of LIPUS and ROS on cell prolifer-

ation are recommended. In DPI-treated groups, there was

noteworthy difference in DPI-treated LIPUS-exposed

groups at day 1 compared with non-DPI-treated groups.

This could be due to a toxic effect of DPI. As mentioned
earlier, DPI is a flavoprotein inhibitor and, most likely,

caused inhibition of other enzymes like mitochondrial

respiratory chain complex I (Majander et al. 1994),

cholinesterase and the internal Ca2+ pump (Tazzeo and

Janssen, 2009), flavin containing enzymes including

nitric oxide synthase (Stuehr et al. 1991) and xanthine

oxidase (Sanders et al. 1997), which are important for

cell survival.

Sox9 is a transcription factor that regulates differ-

entiation of stem cells toward chondrocytes and acti-

vates chondrocyte-specific markers like COL2 A1 and

ACAN. Sox9 binds to the enhancer element of the Col

II gene and hence upregulates its expression (Oralov�a
et al. 2015). Col II is the most abundant protein in the



Fig. 5. Immunoblot analysis of ERK1/2 activation by LIPUS application. C28/I2 chondrocytes were treated with LIPUS
in the presence or absence of DPI (10 mM). The samples were harvested for immunoblot analysis after (A) 1, (B) 3, (C)
6, (D) 12 and (E) 24 h of LIPUS. The phosphorylation level of ERK1/2 relative to total ERK1/2 was determined by the
quantification of the band intensity using ImageJ software. LIPUS-treated groups exhibited a significant increase in the
phosphorylation level at 6 and 12 h in the non-DPI-treated group; the phosphorylation level significantly decreased in
the DPI-treated group. *p < 0.05, yp < 0.05 between the corresponding DPI-treated and non-DPI-treated groups.

DPI = diphenyleneiodonium; LIPUS = low-intensity pulsed ultrasound.
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ECM of cartilage, and ACAN is a cartilage-specific

proteoglycan core protein. These two components pro-

vide resistance against compressive loads and hence

contribute to the viscoelastic properties of cartilage

(Kuroda et al. 2009). Quantitative real-time reverse

transcription polymerase chain reaction data from our

study revealed a significant increase in mRNA expres-

sion of SOX9 in the group exposed to LIPUS for

10 min, with the peak at 6 h. mRNA expression of

ACAN and COL2 A1 mRNA was also stimulated by

10 min of LIPUS in the absence of DPI at 12 h. There

was a significant reduction in expression of SOX9,

ACAN and COL2 A1 in DPI-treated compared with

non-DPI-treated groups. The previous study by

Morita et al. (2007) indicated the role of ROS in chon-

drocyte differentiation in endochondral ossification both

in vitro and in vivo. In that study, N-acetylcysteine (a

ROS scavenger) inhibited chondrocyte hypertrophy in
the ATDC5 chondrogenic cell line; similar results were

seen when N-acetylcysteine was administered to normal

mice. In our study we used an established chondrocyte

cell line, C28/I2. Future studies with the ATDC5 chon-

drogenic cell line or primary bone marrow stem cells

and LIPUS will be a good approach to studying the

role of acoustically generated ROS in chondrocyte dif-

ferentiation. We observed increased expression of

NOX2 in non-DPI-treated groups exposed to LIPUS for

10 min, whereas the NOX4 expression level remained

unchanged in DPI-treated and non-DPI-treated groups.

An important feature of NOX4 is that it leads to the

production of hydrogen peroxide (H2O2) directly in

contrast to superoxide (Martyn et al. 2006). This also

suggested that the ROS generated in our study was

superoxide.

Finally, our study strongly indicated that superox-

ide plays an important role in MAPK signaling during
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LIPUS application. In independent studies, LIPUS

increased phosphorylation of MAPKs in osteoblasts,

synovial cells, cementoblasts and chondrocytes

(Ikeda et al. 2006). Our results also confirm the previous

findings of these studies. Phosphorylation of ERK1/2

was significantly increased in LIPUS-exposed groups in

the absence of DPI. Further, the phosphorylation level

was significantly reduced in DPI-treated groups because

of reduced ROS generation. In the case of p38 MAPK,

the level of phosphorylation was increased in LIPUS-

exposed, non-DPI-treated groups, but the difference was
Fig. 6. Schematic of the effect of LIPUS on ROS expression in
C28/I2 chondrocytes. (A) LIPUS increases the expression of
NOX2 and, thus, increases ROS in the cells. This leads to the
activation and phosphorylation of ERK1/2 mitogen-activated
protein kinase, which further increases SOX9 expression.
SOX9 is the transcription factor for chondrogenic markers
ACAN and COL2 A1. (B) DPI, on the other hand, inhibits
NOX2 and, hence, decreases ROS expression. This led to
decreased phosphorylation of ERK1/2 mitogen-activated pro-
tein kinase and decreased expression of SOX9, ACAN, and
COL2 A1. DPI = diphenyleneiodonium; LIPUS = low-intensity

pulsed ultrasound; ROS = reactive oxygen species.
not significant. Interestingly, the suppression of ROS

generation led to an increase in the phosphorylation level

of JNK; however, the difference was not significant.

MAPK activation leads to their translocation to the

nucleus and increased phosphorylation of various intra-

cellular molecules involved in cellular signaling, such as

transcription factors, nuclear pore protein and cytoskele-

ton elements (Son et al. 2013). This study proves that the

levels of phosphorylation of MAPKs are regulated by

ROS generated during LIPUS application. ROS gener-

ated by LIPUS exposure has been revealed to be indis-

pensable for intracellular signaling in chondrocytes.

Since their initial discovery, ROS have been consid-

ered to cause deleterious effects in cells. In time, how-

ever, their role as intracellular secondary messengers has

been recognized. These radicals play dual roles in cells

as both injurious and positive signals, depending on the

amount produced and the availability of cellular antioxi-

dants (Bartosz 2009). Our study proved that superoxide

produced by LIPUS exposure correlated with activation

of MAPK pathways (ERK1/2 and p38) and hence

increased gene expression of chondrocyte-specific

markers (SOX9, COL2 A1 and ACAN). Meanwhile,

superoxide generation was downregulated by DPI, which

was accompanied by inactivation of ERK and p38 and

reduced expression of chondrocyte marker genes (Fig. 6).

TAGGEDH1CONCLUSIONS TAGGEDEND

Our study strongly suggests that the superoxide

generated by LIPUS exposure leads to MAPK pathway

activation in chondrocytes. Collectively, we conclude

that ROS generated by LIPUS exposure play a key role

in MAPK activation and matrix production.
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