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Abstract

Background Low-intensity pulsed ultrasound stimulation

(LIPUS) reportedly increases osteogenesis in fracture

models but fails in intact bone, suggesting LIPUS does not

act on mechanotransduction and growth factor pathways of

intact bone.

Questions/Purposes We asked whether daily 20-minute

LIPUS applied to intact tibias would act on bone proteins

involved in mechanotransduction (focal adhesion kinase

[FAK], and extracellular signal-regulated kinase-1/2

[ERK-1/2]), and growth factor signaling (insulin receptor

substrate-1 [IRS-1]) pathways at 7, 14, and 21 days of

treatment.

Methods Immunoblotting was performed to detect FAK,

ERK-1/2, and IRS-1 expression and activation from the

stimulated intact tibias at 7, 14, and 21 days of daily

20-minute LIPUS.

Results LIPUS increased FAK expression (at 7 days),

ERK-1/2 (at 14 days), and IRS-1 (at 7 days), but expres-

sion decreased 7 days later, indicating a noncumulative

effect of LIPUS. As only FAK expression was detected at

21 days, these observations suggest LIPUS influences

nuclear reactions that may be modulated by a major cel-

lular mechanism preferentially inhibiting IRS-1 expression

and not FAK expression. Increased ERK-1/2 expression at

14 days suggests the differing mechanisms for promoting

ERK-1/2, FAK, and IRS-1 syntheses. IRS-1 expression

behaved similarly to FAK expression; therefore, LIPUS

may modulate growth factor pathways. LIPUS increased

sustained FAK and ERK-1/2 activation, but not IRS-1,

suggesting sustained ERK-1/2 activation is not the result of

mechanically induced growth factor activation.

Conclusions LIPUS acts on mechanotransduction and

growth factor pathways in intact bone in a noncumulative

manner.

Clinical relevance These data suggest LIPUS applied to

intact bone acts on proteins involved in osteogenesis.

Introduction

Among the factors that influence fracture healing, LIPUS

distinguishes itself by being noninvasive and easy to apply.

LIPUS reportedly accelerates bone healing in animals

[2, 10, 33] and humans [15, 16, 24] from the first week of
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stimulation onward [18, 40]. Despite its pronounced effects

during fracture repair, LIPUS does not increase bone

mineral density or prevent bone loss of intact bone [21, 35,

41, 42, 44]. These observations suggest LIPUS cannot

activate proteins that act in mechanotransduction signaling

pathways or growth factor signaling pathways as both

pathways lead to bone formation of intact bone.

Although the underlying molecular mechanisms of

action of LIPUS, and of other modalities of mechanical

stimulation, remain unclear, in vitro studies suggest

mechanical loading on bone cells induces integrin clus-

tering at focal adhesions in bone cells, leading to FAK

autophosphorylation at Tyr-397 (P-FAK). FAK is consid-

ered one of the main proteins responsible for integrin-

mediated mechanically induced bone formation. P-FAK

couples with various proteins to activate mechanotrans-

duction signaling pathways. P-FAK/ERK-1/2 is one

important mechanotransduction signaling pathway that

promotes bone formation [4, 25, 36].

In vitro mechanical stimulation can act synergistically

with growth factors such as parathyroid hormone and

insulinlike growth factor-1 (IGF-1) to induce osteogenesis

[17, 22]. IGF-1 incites bone formation through the IRS-1/

ERK-1/2 signaling pathway [30]. However, it is unclear

whether LIPUS stimulates IGF-1 expression in bone cells.

Some authors report relatively young osteoblasts responded

to LIPUS by transiently upregulating message levels of

IGF-1 [28], whereas others suggest LIPUS apparently had

no effect on IGF-1 expression in clonal rodent osteosar-

coma cells [43].

We therefore asked whether (1) LIPUS modulates the

activation and expression of bone proteins involved in

mechanically induced bone formation such as FAK and

ERK-1/2, and (2) LIPUS modulates the activation and

expression of bone proteins involved in growth factor-

induced bone formation such as IRS-1 and ERK-1/2.

Materials and Methods

Forty-two male Unib: WH rats, aged 12 weeks, obtained

from the CEMIB—Multidisciplinary Center for Biological

Investigation, were assigned randomly to a treatment or

control (sham treatment) group. A daily 20-minute LIPUS

was applied to the lateral aspect of both hind limbs of each

animal in the treatment groups, whereas sham stimulation

was performed with inactive LIPUS (the device was turned

off) to the control groups (sham groups). Animals were

followed until the 7th, 14th, or 21st day of LIPUS. Fifteen

hours after the last LIPUS of each animal, each pair of

tibias and fibulas was harvested and used to detect the

expression and activation of FAK, IRS-1, and ERK-1/2 by

immunoblotting to determine if there were any differences

between treated and control groups. Immunoblotting to

detect activation or expression of each protein was per-

formed three times (triplicate) for each sample (Fig. 1).

Throughout the experiment, all animals were maintained in

the same location in a 25�C environment with 12-hour/12-

hour artificial light/dark cycles and received drinking water

and a standard diet. The experimental procedures were

approved by the Institutional Animal Care and Use Ethics

Committee (protocol 873-1) and were performed in

accordance with the Guide for the Care and Use of Labo-

ratory Animals published by the US National Institutes of

Health (National Institutes of Health publication number

85–23, revised in 1996).

Fig. 1 A schematic representa-

tion of the study design is shown.
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To simultaneously stimulate the pair of tibias and fibu-

las, we used two noninvasive devices generating a 1.5-

MHz ultrasound in a pulse wave mode (200-ls burst width

with repetitive frequency of 1 KHz at an intensity of 30

mW/cm2), Exogen 2000+TM (Smith & Nephew Inc,

Memphis, TN). These were activated for 20 minutes daily.

An integral timer monitored length of treatment and

automatically turned the unit off after 20 minutes of

stimulation. During the LIPUS, each rat was kept in a

polyvinyl chloride tube, closed at one end to prevent

escape of the animal. Only the hind limbs were kept out-

side the tube to allow contact of the transducer of the

device on the lateral aspect of the hind limb. The tube was

hollow so that the animal could breathe (Fig. 2). Control

animals received sham LIPUS, which consisted of identical

handling procedures with the exception of turning the

device off.

Reagents and equipment for sodium dodecyl sulfate-

polyacrylamide gel (SDS-PAGE) electrophoresis and

immunoblotting were obtained from Bio-Rad (Richmond,

CA). Tris[hydroxymethyl]amino-methane (Tris), aprotinin,

dithiothreitol (DTT), phenylmethylsulfonyl fluoride

(PMSF), Triton X-100, Tween 20, and glycerol were

obtained from Sigma Chemical Co (St Louis, MO).

Nitrocellulose paper (Hybond ECL, 0.45 lm) was obtained

from Amersham Pharmacia Biotech (Buckinghamshire,

UK). Rabbit polyclonal antibodies specific for FAK (sc-

557), FAK-Tyr(P)-397 (sc-11765-R), IRS-1-Tyr(P)-941

(sc-17199-R), ERK-2 (sc-154), and actin (sc-7210) and

mouse polyclonal antibodies specific for ERK-1/2-Tyr(P)-

204 were obtained from Santa Cruz Biotechnology (Santa

Cruz, CA). Rabbit polyclonal antibody specific for IRS-1

(#2382) was obtained from Cell Signaling Technology Inc

(Danvers, MA). Horseradish peroxidase-conjugated goat

antirabbit and antimouse and enhanced chemiluminescence

detection reagents were obtained from Pierce Biotechnol-

ogy Inc (Rockford, IL).

Fifteen hours after its last sonication (seventh stimulus

for each animal of the 7-day and 7-day sham groups, 14th

stimulus for each animal of the 14-day and 14-day sham

groups, and 21st stimulus for each animal of the 21-day and

21-day sham groups), each rat was anesthetized by intra-

peritoneal injection of sodium thiopental, 50 mg/kg, and

both tibias and fibulas were harvested. After this, the rats

were euthanized by heart puncture (consistent with the

recommendations of the Institutional Animal Care and Use

Ethics Committee) [1]. Each group of four bones (a pair of

tibias and a pair of fibulas) harvested from each animal was

subjected to the following procedures.

The bones were immediately immersed in a mortar

containing liquid nitrogen and then enclosed in a plastic

bag and fragmented with a hammer. The resulting frag-

ments were placed in the mortar containing liquid nitrogen

and ground with a pestle until the fragments became a

powder. The powder was immersed in liquid nitrogen and

ground again. The resulting powder was introduced in a

test tube containing 2 mL of ice-cold buffer (100 mmol/L

Tris, pH 7.4; 10 mmol/L EDTA; 10 mmol/L sodium

pyrophosphate; 100 mmol/L sodium fluoride; 10 mmol/L

sodium orthovanadate; 2 mmol/L PMSF; 0.1 mg/mL

aprotinin) followed by two homogenization sessions with

Polytron PTA 20S (PT 10/35; Brinkmann Instruments,

Westbury, NY) for 5 seconds at maximum speed and with

an interval of 20 seconds between each session. After that,

10% Triton X-100 was added to the samples. Forty minutes

later, the insoluble material was removed by centrifugation

at 11,000 rpm for 30 minutes at 4�C, and the supernatant

was transferred to fresh Eppendorf tubes (Eppendorf,

Oldenburg, Germany) and stored with Laemmli buffer

containing 200 mmol/L DTT 1:4 (one portion of Laemmli

buffer containing DTT four portions of volume sample).

Another portion of the supernatant was used to determine

Fig. 2A–B These photographs show low-intensity pulsed ultrasound

stimulation (LIPUS) on rats’ hind limbs. (A) During LIPUS, each rat

was maintained in a hollowed tube, (B) and the lateral aspects of both

hind limbs were simultaneously stimulated.
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the protein concentration of each sample by the Biuret

colorimetric method.

Aliquots corresponding to 250 lg of total protein were

run on a 12% SDS-PAGE of 1.5 mm width with electro-

phoresis buffer (200 mmol/L Tris; 1.52 mol/L glycin;

7.18 mmol/L EDTA; 0.4% SDS) previously diluted in H2O

(1:3). Subsequently, the proteins were transferred to

nitrocellulose membranes in loading buffer (25 mmol/L

Tris; 192 mmol/L glycin; 20% methanol; 0.02% SDS) at

120 V for 2 hours under ice refrigeration. The membranes

were blocked with 5% nonfat dried milk in PBS-Tween 20

solution (150 mmol/L sodium chloride; 10 mmol/L Tris;

0.02% Tween 20) at room temperature for 2 hours fol-

lowed by three washes with phosphate-buffered saline for

10 minutes and were probed overnight (12 hours) at 4�C

under continuous shaking with specific antibodies for FAK,

IRS-1, IRS-1-Tyr(P)-941, ERK-2, or ERK-1/2-Tyr(P)-204

(1:1000), or specific for FAK-Tyr(P)-397 (1:3000). For

normalization purposes, the same blot also was probed with

actin antibody (1:1000). The membranes then were washed

again three times for 8 minutes with phosphate-buffered

saline and probed with horseradish peroxidase-conjugated

goat-antirabbit or antimouse (1:7500) for 2 hours at room

temperature. The membranes were washed three times with

phosphate-buffered saline for 10 minutes, and the immu-

noreactive bands were detected using enhanced chemilu-

minescense detection reagents. The findings were observed

by autoradiography using preflashed Kodak XAR film

(Eastman Kodak, Rochester, NY).

Band intensities were quantified by optical densitometry

of developed autoradiographs on an imaging densitometer

(UN-SCAN-IT gelTM; Silk Scientific Corporation, Orem,

UT). For calculations, the band intensities were calibrated

automatically against the background by the software using

regions adjacent to each spot. ERK has two bands that

correspond to ERK-1 (44 kDa) and ERK-2 (42 kDa).

Because it is not established which ERK isoform is more

important for bone mechanotransduction, the sum of band

intensities of both ERK isoforms was used to indicate

ERK-1/2 expression.

Means of the band intensities obtained from three

independent immunoblottings (triplicate) to detect expres-

sion and activation of a protein of each sample were used to

determine the mean ± standard deviation of each group.

One-way ANOVA (a = 0.05) followed by the Tukey post

hoc test was performed using Minitab1 15.1 (Minitab Inc,

State College, PA) to determine the differences in FAK,

IRS-1, and ERK-1/2 expression and activation between

treated groups and their respective sham groups, and

between the treated groups (Fig. 3).

Results

LIPUS modulated the activation and expression of FAK

and ERK-1/2. We observed no FAK expression and acti-

vation by immunoblotting in control groups and in the

14-day treated group. FAK expression was observed in the

7-day and 21-day treated groups; and P-FAK was identified

in the 7-day treated group 15 hours after the last LIPUS,

but not in 21-day treated group. The 7-day treated group

exhibited 5.9-fold higher expression (p \ 0.0001) of FAK

in comparison to the 21-day treated group (Fig. 4). ERK-1/

2 expression and activation, in turn, were detected by

immunoblotting in all treated and control groups. ERK-1/2

expression in the 7-day treated group was not increased

compared with expression in the 7-day sham group

(p = 0.066) and 21-day treated group (p = 0.213); but

ERK-1/2 expression was 60% higher in the 14-day treated

group compared with expression in the 7-day treated group

(p \ 0.0001), 14-day sham group (p \ 0.0001), and 21-

day treated group (p \ 0.0001), and ERK-1/2 expression in

the 21-day treated group was not increased compared

with expression in the 21-day sham group (p = 0.584)

(Fig. 5A). Moreover, ERK-1/2 phosphorylated (activated)

at Tyr-204 (P-ERK-1/2) 15 hours after the last LIPUS in

the 7-day treated group was 1.2-fold greater than in the

7-day sham group (p \ 0.0001) and 21-day treated group

(p \ 0.0001); P-ERK-1/2 augmented 2.5-fold in the 14-day

treated group compared with the 14-day sham group

Fig. 3 For each rat of a group, the mean of the results obtained from

three independent immunoblottings (triplicate) performed to evaluate

a protein (focal adhesion kinase [FAK], insulin receptor substrate-1

[IRS-1], or extracellular signal-regulated kinase-1/2 [ERK-1/2])

expression or activation was used to determine the mean ± standard

deviation of each group. One-way ANOVA and Tukey’s post hoc test

were used to determine differences of the expression or activation of

FAK, IRS-1, or ERK-1/2 between groups.
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(p \ 0.0001) and the 21-day treated group (p \ 0.0001);

P-ERK-1/2 in the 14-day treated group was 2.08-fold

greater than in the 7-day treated group (p \ 0.0001); and P-

ERK1/2 in the 21-day treated group was unaltered com-

pared with the 21-day sham group (p = 0.935) (Fig. 5B).

All groups showed IRS-1 phosphorylated at Tyr-941

(P-IRS-1) 15 hours after the last LIPUS. IRS-1 expression

was not detected by immunoblotting in the control

groups, the 14-day treated group, and the 21-day treated

group, whereas IRS-1 was detected in the 7-day treated

group (Fig. 6). P-IRS-1 was unaltered in the 7-day

treated group compared with the 7-day sham group (p =

0.483), 14-day treated group (p = 0.477), and 21-day

treated group (p = 0.372); P-IRS-1 was unaltered in the

14-day treated group compared with the 14-day sham

group (p = 0.443) and 21-day treated group (p = 0.713);

and P-IRS-1 was unaltered in the 21-day treated group

compared with the 21-day sham group (p = 0.128).

Discussion

Because LIPUS stimulates fracture repair but does not

increase bone mineral density on growing bone or prevent

osteoporosis after spinal cord injury and estrogen depri-

vation [21, 35, 41, 42, 44], we questioned whether LIPUS

on intact bone would regulate FAK and ERK-1/2 expres-

sion and activation, which are proteins that act on

mechanotransduction signaling and induce osteogenesis

[36]. In addition, because mechanical loading acts

Fig. 4A–B (A) Low-intensity

pulsed ultrasound stimulation

(LIPUS) increased focal adhe-

sion kinase (FAK) expression at

7 and 21 days. (B) LIPUS

increased P-FAK in the 7-day

group. P-FAK was not detected

in the control groups, 14-day

group, and 21-day group. IB =

immunoblotting.

Fig. 5A–B (A) Low-intensity

pulsed ultrasound stimulation

(LIPUS) increased extracellular

signal-regulated kinase-1/2 (ERK-

1/2) expression at 14 days. ERK-

1/2 expression was similar in the

7-day group compared with the

21-day group and compared with

their respective sham groups. (B)

LIPUS increased P-ERK-1/2 in

the 7-day and 14-day groups.

P-ERK-1/2 was similar in the

21-day group compared with its

sham group. IB = immunoblot-

ting; * = control group.
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synergistically with IGF-1 to induce osteogenesis in vitro,

and IGF-1 expression may be increased by LIPUS in vitro,

we questioned whether LIPUS on intact bone would reg-

ulate IRS-1 and ERK-1/2 expression and activation, which

are proteins that act on IGF-1 signaling and induce osteo-

genesis [17, 28, 30, 43].

Our study is subject to some limitations. First, because it

is difficult to isolate proteins from osteocytes, osteoblasts,

osteoclasts, and bone marrow cells, our findings constitute

the response of all bone cells. Osteocytes are 90% to 95%

of bone cells [3], and therefore we presume the main

response to LIPUS may come from them. Whichever the

cell type responsible for increased protein activation or

expression, leading to bone formation or resorption, our

objective is to determine whether intact bone responds to

LIPUS. Second, we used 12-week-old Unib: WH (Wistar)

rats. They are still growing because long bones of Unib:

WH rats do not exhibit epiphyseal union [7, 8]. Twelve-

week-old rats’ bone cell activity may differ from that of

older rats. Nevertheless, LIPUS does not prevent bone loss

in growing rats after sciatic neurectomy either in skeletally

mature humans after spinal cord injury, suggesting mature

and young bones do not exhibit different responses to

LIPUS [42, 44]. Third, FAK and IRS-1 expression in intact

bone subjected to habitual loading may be low; as such,

immunoblotting was not sensitive enough to detect

their expression in control groups. However, ERK-1/2

expression may be greater because it was detected in all

groups. Greater expression of ERK-1/2 compared with

FAK and IRS-1 is expected because ERK-1/2 is the target

of various proteins, FAK [25], IRS-1 [37], PI3 K [13],

PKC [23], Ca2+ channel [6], and others, and exerts

important functions in bone, including differentiation,

proliferation, and cell survival [19, 23, 25].

LIPUS augmented FAK and ERK-1/2 expression at 7

and 14 days, respectively, indicating long-term LIPUS not

only influences cytoplasmic reactions [9, 36, 45], but also

affects nuclear reactions, which induce FAK and ERK-1/2

synthesis. Seven days after the augmentation of FAK (at

14 days) and ERK-1/2 (at 21 days) expression, their

expression decreased, showing a noncumulative effect of

LIPUS on intact bone and suggesting there is a regulatory

mechanism in bone cells, similar to negative feedback, that

is activated after the augmentation of FAK and ERK-1/2

expression. In healthy bone, this mechanism may have

antineoplastic finalities, because FAK is persistently

increased in neoplasia [5, 12]. The failure of LIPUS to

increase bone growth [35] may be explained by a noncu-

mulative effect. In addition to the noncumulative effect of

LIPUS, several observations may explain the failure of

ultrasound to prevent bone loss in humans and animals

deficient in estrogen or after neurectomy [21, 41, 42, 44]:

(1) the absence of the estrogen receptor a diminishes 70%

of mechanically induced bone formation and completely

Fig. 6A–B (A) Low-intensity

pulsed ultrasound stimulation

(LIPUS) increased insulin recep-

tor substrate-1 (IRS-1) expres-

sion at 7 days. IRS-1 expression

was not detected in control

groups, the 14-day group, and

the 21-day group. (B) There was

no prolonged increase in IRS-1

activation in 7-day, 14-day, and

21-day groups compared with

their respective controls. IB =

immunoblotting; * = control

group.
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inhibits mechanically induced bone cell proliferation [20],

and (2) neurectomized individuals exhibit muscular atro-

phy, which may impair osteogenesis [38, 39]. Some

inflammatory mediators present during fracture healing

may regulate bone cells response to LIPUS so that there is

a cumulate rather than noncumulative effect on fractured

bone; this being the case, LIPUS could increase osteo-

genesis in fractured bone [2, 15]. Nitric oxide and

prostaglandin E2 are inflammatory mediators that regulate

bone formation and are responsive to in vitro LIPUS [31].

Therefore, they are strong candidates to participate in the

regulatory mechanism of bone cells’ response to LIPUS on

intact and fractured bone. Because ERK-1/2 is a target of

FAK, increased and prolonged ERK-1/2 activation at

7 days was expected. Nevertheless, ERK-1/2 expression

and prolonged activation peaked at 14 days, when FAK

expression and prolonged activation diminished. Probably,

other ERK-1/2 upstream proteins, not FAK, have exhibited

augmented activation at 14 days and increased P-ERK-1/2;

and the mechanisms by which LIPUS increases FAK and

ERK-1/2 expression are different, both regulated by a

major regulatory mechanism. Studies suggest sustained

P-ERK-1/2 more effectively regulates nuclear reactions than

intermittent P-ERK-1/2 [11, 27, 32, 46]. How long-term

LIPUS induced sustained increased P-FAK and P-ERK-1/2

is unknown. One mechanical stimulation increases P-FAK

and P-ERK-1/2 for 4 hours [4, 14, 26, 36], whereas our

long-term LIPUS not only increased P-FAK and P-ERK-1/2,

but also prolonged their activation for 15 hours at 7 and

14 days (only ERK-1/2). P-FAK and P-ERK-1/2 peaks

coincided with their expression peaks, supporting the

observation that sustained P-FAK and P-ERK-1/2 elevation

are proportional to the elevation of their expression [46].

Nevertheless, P-FAK was not detected at 21 days, sug-

gesting the LIPUS regulatory mechanism may act more on

FAK activity than on its expression.

IRS-1 participates in IGF-1 signaling pathways, cellular

proliferation, and extracellular matrix synthesis and is

indispensable for maintaining bone turnover, growth, and

repair in response to hormonal stimulation [29, 30, 34].

IRS-1 expression behaved similarly to FAK expression at 7

and 14 days, indicating LIPUS acts on IRS-1 synthesis,

probably as a result of mechanically induced increased

IGF-1 expression [28]. However, IRS-1 expression

decreased at 14 and 21 days, suggesting the regulatory

mechanism acts preferentially on IRS-1 expression than on

FAK expression. Because IRS-1 acts on signaling of

growth factors, the LIPUS regulatory mechanism may act

preferentially on growth factor pathways than on mecha-

notransduction pathways. Surprisingly, we detected P-IRS-1

in all groups, but this finding does not invalidate the find-

ings with IRS-1 expression: despite the difficulty in

detecting IRS-1 expression at 14 and 21 days we did detect

increased IRS-1 expression at 7 days. P-IRS-1 was unal-

tered in all groups, indicating long-term LIPUS does not

induce prolonged P-IRS-1. Earlier evaluation of IRS-1

(less than 1 hour after LIPUS) showed increased P-IRS-1 at

7 days (data not shown). Because LIPUS did not induce

prolonged P-IRS-1, it is less probable that increased ERK-

1/2 expression and activation were the result of mechani-

cally induced growth factor pathway activation.

Our data suggest long-term LIPUS acts, in a noncu-

mulative manner, on mechanotransduction pathways

through increased FAK and ERK-1/2 activation and

expression and on growth factors’ pathways through

increased IRS-1 expression, probably as a result of IGF-1

mechanically induced increased expression. A major reg-

ulatory mechanism may exist in bone cells and respond to

long-term LIPUS by inhibiting preferentially FAK activa-

tion and IRS-1 expression to inhibit osteogenesis.
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