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The effects of 20-min exposure to low-intensity, pulsed
ltrasound were investigated in ST2 cells of bone mar-
ow stromal origin. They responded to ultrasound with
levated levels of IGF mRNAs, osteocalcin, and bone sia-
oprotein mRNAs. The upregulated expression of these

essages appeared in a biphasic manner, with the first
eak resistant to the protein synthesis inhibitor cyclo-
eximide, and a second peak that was eliminated by
S398, an inhibitor of the inducive prostaglandin G/H

ynthase (cyclooxygenase-2). A cumulative effect of me-
hanical loading called the memory effect, which has
een observed in vivo, can be explained from such a
iphasic anabolic reaction mediated by prostaglandins.
he upregulation of IGF or osteocalcin mRNAs can be
bserved even at 24 h after the initiation of the 20-min
xposure to ultrasound. Our results suggest that this
ow-intensity, pulsed ultrasound, which has been clini-
ally used to accelerate the healing processes of frac-
ured bone, induces a direct anabolic reaction of osteo-
enic cells, leading to bone matrix formation. © 2000

cademic Press

Key Words: mechanical loading; ultrasound; osteo-
alcin; IGF; ST2 cells.

Medical applications of ultrasound in general and its
ffects on the enhancement of fracture healing have
een well documented. In a recent, comprehensive re-
iew by Hadjiargyrou et al. (1), the authors docu-

Abbreviations used: IGF(s), insulin-like growth factor(s); NO, ni-
ric oxide; NOS, nitric oxide synthase; PGE2, prostaglandin E2; COX,
yclooxygenase; PGHS, prostaglandin G/H synthase; BSP, bone sialo-
rotein.
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rasound in tissues in the form of high frequency
coustic pressure waves. Ultrasound is used in various
ntensities; therapeutic or surgical applications are of
ntensities as high as 300 W/cm2, causing heat in tis-
ues. For diagnostic purposes, much lower magnitudes
1–50 mW/cm2) are applied, facilitating the imaging of
rgans, fetuses and bone mass. The intensity level of 30
W/cm2, used to accelerate fracture healing, is consid-

red neither thermal nor destructive. One successful
pplication in humans by Xavier and Duarte demon-
trated that 20 min a day of ultrasound exposure to
onunion sites resulted in a healed nonunion in 70% of
he experimental cases, in a relatively short period of
ime (2). By histological and radiographic means, it
as demonstrated that pulsed ultrasound accelerated
ealing of rabbit fibular osteotomies and the filling of
ortical bone defects in the rabbit femur (3). Recently,
n a rabbit model of midshaft fibular osteotomy, a 20-

in exposure per day of low intensity pulsed ultra-
ound (200 ms burst of 1.5 MHz sine waves repeated at
kHz) with an intensity of 30 mW/cm2 was shown to be
ost conducive to recovery of the fractured bone in

orsional strength (4). Studies by Ito et al. further
upported the earlier findings that a 200 ms pulse and
1 kHz repetitive frequency are optimal parameters

or the healing of fractures (5).
While the augmentation of fracture healing by ultra-

ound is well documented, the underlying mechanisms
f action still remain unclear. The mechanotransduc-
ion pathways involved in cellular responses to ul-
rasound are largely unknown except that recent re-
ults by Kokubu et al. present the involvement of
yclooxygenase-2 (COX-2), an inducive prostaglandin
/H synthase (PGHS2) (6). Ryaby first reported Ca

nflux into both cartilage and bone cells, as well as
nhanced TGF-b synthesis and elevated activity of ad-
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nylate cyclase in osteoblastic cell lines (7). Wu et al.
ave reported chondrocyte response by the elevated
ggrecan mRNA (8). Another recent in vivo analysis of
racture healing showed that osteopontin mRNA level
as significantly higher upon the exposure to ultra-

ound in rat femoral fractures (9).
The aim of our study is to compare anabolic re-

ponses toward ultrasound and those toward mechan-
cal stretching, the latter which have been documented

ore extensively. In ST2 cells of bone marrow stromal
rigin, mRNAs of bone matrix proteins, growth factors
s well as immediate-early response genes were exam-
ned during and after the 20-min exposure to the ultra-
ound in consideration of the induction mechanisms.

ATERIALS AND METHODS

ST2 cells. Bone marrow stromal cell line ST2 was obtained from
IKEN cell bank (Tsukuba, Japan). Compared to MC3T3-E1 cells,

FIG. 1. Outline of the experimental procedure.

TAB

Oligodeoxynucleotide

Target cDNA Primer sequence (59-39)

GAPDHa 59: CACCATGGAGAAGGCCGGGG
39: GACGGACACATTGGGGGTAG

c-fos (32)* 59: CTTTGGATCCGATCTGTCCGTC
39: TTGCAAGCTTGTCGGTGGGCTG

TGF-b1b 59: AAGTGGATCCACGAGCCCAA
39: GCTGCACTTGCAGGAGCGCA

Osteocalcinb 59: TCTGACAAACCTTCATGTCC
39: AAATAGTGATACCGTAGATGCG

IGF-I (33)* 59: CAAGCCCACAGGCTATGGC
39: TCTGAGTCTTGGGCATGTCAG

IGF-II (34)* 59: CAGCGGCCTCCTTACCCAACT
39: GAGGTAGACACGTCCCTCTCG

BSP (35)* 59: CTACTTTCTTTATAAGCATG
39: CATCTCCAGCCTTCTTGGGC

a,b Reported primer sequences in Ref. 30 or 31 were used, respecti
* Primers were constructed according to the reported sequences.
217
cant elevation of osteocalcin mRNA levels, ST2 cells were extremely
ensitive to stretching (Kawasaki, Mikuni-Takagaki, Takaoka, and
bara, submitted).

Exposure to ultrasound. ST2 cells within 5th or 6th subculture
ere plated in 6-well dishes at 1 3 105 cells/cm2 24–48 h prior to the
xposure to ultrasound. Medium was changed 24 h before the expo-
ure to the ultrasound. Care was taken not to disturb cells prior to
he experiment. NS398, a nonsteroidal anti-inflammatory drugs
NSAID) from BIOMOL Research Laboratories, Inc. was dissolved to
MSO (16 mM), diluted to 16 mM with the medium, warmed, and
43 ml was added gently to 1 ml medium to make a final concentra-
ion 2 mM and 0.0125% DMSO. Cycloheximide (Sigma C7698) was
issolved similarly to DMSO at 1 mM, diluted with medium to make
0 mM, and 250 ml was added gently to 1 ml medium to make a final
oncentration 10 mM in 0.02% DMSO. Stock solution of 0.5 M EGTA,
thylene Glycol-bis (b-aminoethyl ether) N,N,N9N9-tetraacetic acid

Sigma E4378) adjusted to neutral pH, was directly dissolved into
he medium to make 5 mM. Protocols for the ultrasound treatment
nd the inclusion of modulators were summarized in Fig. 1. Ultra-
ound was generated with the transducer (effective area for each
ell is 3.88 cm2); the Sonic Accelerated Fracture Healing System

SAFHS, Exogen, Inc.) being operated at 1.5 MHz frequency
n a pulsed-wave mode (0.2 s pulse burst width with repeti-
ion frequency of 1 kHz at the intensity of 30 mW/cm2). Control
amples were prepared in the same manner, without exposure to the
ltrasound.

RT-PCR analysis. Total RNA from the culture was extracted at
ach time point using ISOGEN from Nippon Gene Co. (Tokyo, Japan)
sing the manufacturer’s instructions. Each RT reaction mixture
ontained 1 mg total RNA, 50 pmol random 9-mer and 200 U Super-
cript II reverse transcriptase (GIBCO BRL) in a total volume of 20
l. After denaturation of mRNA at 70°C for 10 min, the reactions
ere preincubated for 10 min at 25°C and incubated at 42°C for 50
in. After denaturation at 70°C for 15 min, portions; 0.2–1 ml of the
T product cDNA were amplified using Ready To Go PCR Beads

Pharmacia Biotech AB. Uppsala, Sweden) containing ;1.5 U Taq
NA polymerase. Unless otherwise noted, 12.5 pmol primers,

ense and antisense, were added and the following profile was
sed: 1 cycle at 94°C for 3 min, followed by set cycles of: 94°C for
0 s; 55°C for 30 s; and 72°C for 1 min. All primers used are listed
n Table 1.

1

imers Used for PCR

Product size (bp) PCR cycles

418 18

AGTGC 471 28
AAAATA

245 20

198 28

179 28

321 30

308 30

.

Pr

TCT
CC

vely
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ESULTS

Transient expression of an immediate-early gene,
-fos, was confirmed immediately after the 20-min ex-
osure to ultrasound, and showed the highest value at
0 min which subsequently subsided by 4 h (Fig. 2A).
he elevated transient expression of cox-2 message
as also observed (data not shown). In addition to

hese typical immediate early genes, elevated mRNA
evels were observed in many bone proteins such as
GF-I (Fig. 2A), osteocalcin and bone sialoprotein, BSP
Fig. 2B). These messages are apparently expressed
uring the 20-min ultrasound exposure and exhibit
road appearance thereafter. Osteopontin and IGF-II
eem to be already expressed to some extent prior to
he exposure, and is not clear whether they are upregu-
ated immediately after the exposure. TGF-b does not
eem to respond to the ultrasound at all. All the up-
egulated bone protein mRNAs (not c-fos) have second
eaks at 24 h or earlier (Figs. 2A and 2B).

FIG. 2. Messenger RNA levels of c-fos, growth factors, and bon
ulsed ultrasound. Total RNA was extracted at time points depicted
, 8 h; 8, 12 h; 9, 24 h, subjected to RT-PCR with primers listed in T
lectrophoretic patterns, GAPDH was used as an internal standard
onditions. Sizes of amplimers for GAPDH, c-fos, TGF-b1, IGF-I and
218
To examine whether the initial appearance of osteo-
alcin mRNA is of immediate-early expression of the
steocalcin gene or not, cycloheximide was added prior
o the ultrasound exposure (Fig. 3). While the initial
levation at 20 and 40 min occurred regardless of the
resence or absence of cycloheximide, an inhibitor of
rotein synthesis, the drug significantly lowered later
RNA levels.
The second peak of osteocalcin at 8 h was then ex-

mined for its sensitivity to NS398. Figure 4 shows
hat the upregulated transcription returns to the pre-
xposure level while the first peak at 1 h was not
ffected at all by the presence of NS398.

ISCUSSION

This study described that ultrasound upregulated
steocalcin and IGF-I mRNAs in a biphasic manner in
T2 cells of bone marrow origin. In our previous re-

atrix proteins after 20-min exposure of ST2 cells to low-intensity,
Fig. 1: 1, 0 min (control); 2, 20 min; 3, 40 min; 4, 1 h; 5, 2 h ; 6, 4 h;
le 1 as described under Materials and Methods. In both A and B of
ehicles were not exposed to ultrasound under otherwise identical

A) and GAPDH, osteocalcin, and BSP (B) are indicated on the right.
e m
in
ab
. V

II (
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orts we demonstrated that young osteocytes, den-
ritic bone-derived cells, transduce the signals of me-
hanical loading. This mechanotransduction in bone is
f a complex nature, being influenced by many modu-
ators such as PTH, prostanoids and extracellular Ca21

10–12). Subsequent anabolic responses include an
arly response of cAMP secretion and late responses
uch as the production of IGF-I and osteocalcin pro-
eins (13). Upregulation of c-fos, cox-2, i-nos, IGF-I and
steocalcin message levels were also reported (14). To
ate, however, it is unclear as to exactly which form of
echanical stimuli triggers these responses. Some

andidates are: shear stress or streaming potentials
ossibly sensed by the cell surface machinery (15–
8), direct deformation of cells possibly transmitted
hrough ion channels (11, 19, 20) or cytoskeletal reac-
ion (21, 22). The precise pathways of mechanical sig-
al transduction are not characterized either. To de-

ineate the distinct responses of osteoblastic cells to
tretching, several bone cell lines such as MC3T3 E1,
0T1/2, ST2, and ROS17/2.8 cells were examined by
orthern blot analysis of mRNAs of such proteins as

steocalcin, osteopontin, osteonectin, alkaline phos-
hatase and BMP-4, bone morphogenic protein-4 (23).

FIG. 3. Effect of cycloheximide on the upregulation of osteocalcin
fter 10-min pretreatment with 1 mM cycloheximide (see Fig. 1). R
APDH amplimers were electrophoresed.

FIG. 4. Effect of NS398 on the upregulation of osteocalcin mRNA
nstead of cycloheximide. All other conditions were similar to those
219
t should be noted that the ST2 cell line was the only
ensitive cell line among the above four in terms of
nabolic reaction to strain at a physiological level.
one marrow cells, which differentiate to chondrocytes
nd osteoblasts, are certainly involved in the processes
f fracture healing (24, 25).
In this report, experiments were done using ST2

ells with pulsed ultrasound, instead of stretch load-
ng, as the method of anabolic stimulation. The non-
nvasive nature of ultrasound provides for many ad-
antages in practical applications. Provided that ultra-
ound has anabolic effects, local stimulation of bone
ormation will become possible with or without the aid
f anabolic drugs such as PTH whose efficacy is poten-
iated by mechanical stress (11, 12).

During a 24-h period after the exposure to ultra-
ound in the first 20 min, we first examined mRNA
evels of an immediate-early gene, c-fos, and other bone
rotein genes such as osteocalcin, osteopontin, BSP as
ell as those of IGF-I, II and TGF-b. The initial eleva-

ion of osteocalcin mRNA observed at 20 and 40 min is
f immediate-early expression since cycloheximide, an
nhibitor of new protein synthesis, did not affect the

RNA level (Fig. 3). Second, the effects of an NSAID

RNA level by the ultrasound. ST2 cells were exposed to ultrasound
CR experiments were carried out as in Fig. 1, and osteocalcin and

vel by the ultrasound. ST2 cells were pretreated with 2 mM NS398
ig. 3.
m
T-P
le
in F
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specific inhibitor of inducive type PGHS2 (COX-2)
ncoded by the cox-2 gene, were tested on the mes-
ages described in the first experiment. By exposing
C3T3-E1 cells to ultrasound under the same condi-

ions, Kokubu et al. reported that upregulation of cox-2
ene accompanied by the release of PGE2 (6). Our
esults further confirm previous findings that mechan-
cal loading in the physiological range can induce bone
ormation in two different ways: by direct anabolic
eactions synthesizing matrix proteins such as osteo-
alcin (13, 14), and by indirect effects on osteoblastic
ells through increased IGFs, PGHS and NOS which
re known to lead to proliferation of osteoblasts and
one formation (26, 27). Namely, the upregulation of
steocalcin and IGFs by low-intensity pulsed ultra-
ound also occurs in a biphasic manner (Figs. 2–4).
nterestingly, these second peaks seem to be dependent
n the preceding PGHS2 expression, as shown in Fig.
. It is likely that PGHS2 is inhibited by NS398 in-
luded in the medium during the incubation period, so
hat not as much prostanoids are synthesized to am-
lify the anabolic effect by inducing secondary PGHS2
nd bone proteins. Therefore, the secondary induction
f osteocalcin at 24 h, for example, is minimal. Ampli-
cation of PGHS2 has been reported by Raisz et al. in
steoblastic cell lines (28). A previous report by Chow
nd Chambers demonstrated a similar in vivo expres-
ion of mRNAs for IGF-I in a biphasic manner. In their
xperiment, indomethacin did not affect an early ex-
ression of c-fos mRNA while eliminating the upregu-
ated transcription of IGF-I mRNA at 8 h (29).

In this article, we have clearly demonstrated that the
ow-intensity pulsed ultrasound induced anabolic re-
ponses of a nature similar to that in physically loaded
one. That the noninvasive ultrasound functions as a
ind of osteogenic mechanical stimulus suggests many
otential clinical applications other than fracture healing.
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