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Abstract

 

Background

 

Chronic wounds present an increasing challenge in healthcare and consume 

a substantial portion of healthcare cost. Although new treatments have been developed, 

treatment success has not been improved greatly. Ultrasound has long been employed in 

medicine. Its unique ability to deliver energy makes it an ideal candidate as a wound care 

modality. We proposed that ultrasound would differentially affect intracellular signaling pathways 

and, with the ability to assess this effect using a noncontact form of ultrasound, were provided 

with a means to test this proposal.

 

Methods

 

The cellular morphology, mitogenic activities, expression of keratinocyte growth 

factor (KGF) and transforming growth factor 

 

β

 

-1 (TGF-

 

β

 

1), and activation of extracellular 

regulated kinase (ERK) and c-Jun N-terminal kinase (JNK) signaling pathways of dermal 

fibroblasts were studied after ultrasound treatment. Untreated and scrape-wounded fibroblasts 

were utilized as controls.

 

Results

 

There was no difference in morphology observed, except for vacuolization in 

ultrasound-treated fibroblasts. Mitogenic activities were similar between ultrasound-treated and 

scrape-wounded fibroblasts. Ultrasound-treated fibroblasts exhibited a much earlier increase in 

KGF expression, ERK activation, and JNK activation. The ERK/JNK ratio was increased 

markedly in ultrasound-treated fibroblasts.

 

Conclusion

 

We conclude that ultrasound induces cellular responses that may be beneficial to 

wound healing.
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Introduction

 

An estimated 2% of the American population suffers from
chronic wounds, resulting from diabetes mellitus, venous in-
sufficiency, and excessive pressure. According to the American
Diabetes Association and other studies, diabetes mellitus
is the sixth leading cause of death, and the medical cost for
diabetic care ranges from $98 to $113 billion per year.

 

1–7

 

 It is
estimated that 15% of patients with diabetes have foot ulcers,
and that one in 150 patients with diabetes has an amputation.
In addition, more than 50% of nontraumatic lower limb
amputations, nearly 82,000 new amputations, are in the dia-
betic population each year. Approximately 84% of amputa-
tions begin as a simple ulcer. More significantly, 30–50% of
amputation patients undergo further amputation of the
remaining lower extremity within 5 years, with a 50% mor-
tality rate.

 

6,8

 

 It is estimated that 1–1.2% of the population in
the USA suffers from venous stasis ulcers.

 

9

 

 Both forms of
chronic ulcer compromise a patient’s ability to ambulate,
cause pain and mental depression, and cost billions of dollars
in healthcare. New treatment modalities are constantly being
developed and refined.

 

10,11

 

Ultrasound delivers energy through a pressure field
generated by the transducer and causes the molecules of its
transmission medium to oscillate or vibrate. Ultrasound is
used both therapeutically and diagnostically in medicine.
Ultrasound has been shown to accelerate wound healing, and
several mechanisms have been suggested.

 

12,13

 

 Ultrasound
activates inflammatory cells, resulting in wound debridement
and the production of chemical mediators, which activate
fibroblasts.

 

14,15

 

 This activation leads to the earlier accumula-
tion of endothelial cells in tissues and the promotion of colla-
gen synthesis via the stimulation of calcium influx, alteration
of membrane permeability, and enhancement of fibroblast
proliferation.

 

14–18

 

 In addition, collagen deposited after ultra-
sound treatment is stronger and better organized.

 

15,19–24

 

 Not
surprisingly, tissue treated with ultrasound progresses
through the phases of healing more rapidly.

 

15

 

Chemical mediators produced after ultrasound treatment
include tissue growth factors, which, in turn, mediate the
activation of intracellular signaling pathways.

 

25–29

 

 In addition,
mechanical stimulation of cellular membranes occurs during
the process of energy delivery. At least part of the signal
transduction pathway that mediates responses to forces is
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attributable to the adapter protein, Shc. Transduction of the
Shc-mediated signal is coupled to the activation of extracellu-
lar signal-regulated kinases (ERKs) and c-Jun N-terminal
kinase (JNK), which, in turn, regulate downstream transcrip-
tion factors and nuclear events linked to specific cell
responses.

 

30,31

 

 We have shown that the epidermal growth
factor (EGF) ligand–receptor system is the primary receptor
tyrosine kinase signaling pathway in keratinocytes that regu-
lates epidermal keratinocyte proliferation, differentiation,
and cell survival following oxidative stress.

 

32–36

 

 Moreover, we
have recently demonstrated that the Shc adapter protein com-
plex is specifically phosphorylated in response to cell survival
signals triggered following EGF receptor activation by
ligand.

 

32–34

 

 In addition to the ERK and JNK signaling pathways,
which have been shown to be functional cascades in keratino-
cytes, the other main family of mitogen-activated protein
kinases (MAPKs) present in keratinocytes is the p38 kinase
members. We have demonstrated previously that the ERK,
JNK, and p38 kinase pathways are expressed, and that the
activation of these pathways is coordinately regulated by
keratinocytes in response to growth factor-mediated or
stress-induced stimuli.

 

32–35,37

 

 We hypothesized that ultra-
sound treatment would induce the activation of both ERK
and JNK. As the balance of ERK and JNK may predict the
fate of the cell, we examined the ERK/JNK ratios following
ultrasound treatment of cell cultures.

 

Materials and Methods

 

Normal dermal fibroblasts were isolated from neonatal foreskin 

and maintained in Dulbecco’s modified Eagle’s medium (DMEM) 

containing 10% fetal bovine serum. Cells were seeded at 70–80% 

confluence on six-well plates for protein studies, 24-well plates for 

mitogenic studies, 100-mm

 

2

 

 plates for RNA studies, glass slides 

for scanning electron microscopy (SEM), and Aclar for 

transmission electron microscopy (TEM).

The ultrasound mist was applied 1.0 cm from the cell culture 

and delivered an energy of 0.002 W/cm

 

2

 

, according to the 

manufacturer’s specifications. The duration of application was 

determined as the longest time during which the ultrasound mist 

did not dislodge cells from the plate surface. After the cell cultures 

had become confluent, a sterile saline mist was applied (30 s to 

100-mm

 

2

 

 plates, 15 s to six-well plates, and 7 s to 24-well plates) 

to the cells in a circular motion using a form of ultrasound at 40 kHz 

that is noncontact in nature, except for a fine mist that is created 

by the system evaluated (Celleration™, Eden Prairie, MN). As 

ultrasound mists may detach cells from the supporting surface, an 

 

in vitro

 

 cell scrape-wounded model and untreated fibroblasts were 

employed as controls. Wounding was created by making two 

intersecting scrapes on the cell cultures.

Fibroblasts were seeded on to glass slides for SEM and Aclar 

for TEM. Both types of slide were trimmed to fit six-well plates. 

Immediately, 2 h, and 1 day after ultrasound treatment, cells were 

fixed and examined by the Electron Microscopy Core Facility 

(Mayo Clinic). Untreated cells served as controls.

For SEM, tissue was fixed in Trump’s fixative (1% glutaraldehyde 

and 4% formaldehyde in 0.1 

 

m

 

 phosphate buffer, pH 7.2).

 

38

 

 Tissue 

was then rinsed for 30 min in two changes of 0.1 

 

m

 

 phosphate 

buffer, pH 7.2. Some of the samples were postfixed for 1 h in 

phosphate-buffered 1% OsO

 

4

 

. This step was omitted in a third 

sample. After rinsing in two changes of distilled water for 30 min, 

tissue was dehydrated in progressive concentrations of ethanol to 

100%, and either critical point dried or placed into Peldri™. All 

samples were mounted on aluminum stubs and sputter coated 

with gold/palladium. Images were captured on a Hitachi S4700 

scanning electron microscope operating at 5 kV.

For TEM, tissue was fixed in Trump’s fixative, and then rinsed for 

30 min in three changes of 0.1 

 

m

 

 phosphate buffer, pH 7.2, 

followed by a 1-h postfix in phosphate-buffered 1% OsO

 

4

 

. After 

rinsing in three changes of distilled water for 30 min, the tissue was 

 

en bloc

 

 stained with 2% uranyl acetate for 30 min at 60 

 

°

 

C. After 

 

en bloc

 

 staining, the tissue was rinsed in three changes of distilled 

water, dehydrated in progressive concentrations of ethanol and 

100% propylene oxide, and embedded in Spurr’s resin.

 

39

 

 

Thin (90-nm) sections were cut on a Reichert Ultracut E 

ultramicrotome, placed on 200-mesh copper grids, and stained 

with lead citrate. Micrographs were taken on a JEOL 1200 EXII 

operating at 60 kV.

Two hours and 1, 2, 3, and 4 days after treatment, tritiated 

thymidine was added to the cells to assess DNA synthesis. 

Nonultrasound-treated and nonscrape-wounded fibroblast 

cultures were used as controls. Two hours before the end of the 

time period, 1 

 

µ

 

Ci/10 

 

µ

 

L of tritiated thymidine per milliliter of 

medium was added to the cell culture plate. Cells were incubated 

for 2 h at 37 

 

°

 

C. The radioactive medium was aspirated and the 

cells were washed with cold 10% trichloroacetic acid and rinsed 

with water. All liquid drops were carefully aspirated. This was 

followed by the addition of 0.2 mL of 0.2 

 

m

 

 NaOH containing 

40 

 

µ

 

g/mL of herring sperm DNA to each culture plate. Cells were 

returned to the incubator for several hours, and 100 

 

µ

 

L of liquid 

was taken in 3 mL of scintillation cocktail.

 

40

 

Two hours and 1, 2, and 3 days after treatment, cells were 

extracted with TriZol (Life Technologies, Inc., Carlsbad, CA) for 

total RNA; 20 

 

µ

 

g of total RNA from each sample was used for 

Northern blotting. Probes for keratinocyte growth factor (KGF), 

transforming growth factor 

 

β

 

-1 (TGF-

 

β

 

1), and glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) were generated from 

plasmids. GAPDH was assessed for equal loading.

Two hours and 1, 2, 3, and 4 days after treatment, cells were 

extracted with MAPK lysis buffer for total proteins.

 

41

 

 Extracts were 

heated at 100 

 

°

 

C for 5 min, loaded on to a 12% polyacrylamide gel 

for electrophoresis, and transferred to a membrane. The 

membrane was blotted against activated ERK 1/2 (Cell), total ERK 

(Santa Cruz Biotechnology, Santa Cruz, CA), and JNK (Cell 

Signaling, Beverly, MA). Total ERK was assessed for equal 

loading.
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The amounts of RNA in Northern blotting and protein in Western 

blotting were measured by the digital imaging software TotalLab 

(Phoretix, Durham, NC), and equal loading was calibrated on the 

basis of the amounts of GAPDH in Northern blotting and total ERK 

in Western blotting.

 

Results

 

Samples were examined under SEM and TEM at various
magnifications. No difference in the cell membrane was
observed between the control and any treatment group (TEM
data shown in Fig. 1; SEM data not shown); however,
ultrasound-treated cells exhibited large vacuoles in the cytoplasm
(Fig. 1b–d). As vacuoles are associated with the degradation
of cellular proteins and macromolecules, we suspected that
ultrasound waves mechanically stimulated the intracellular
cytoskeleton and induced cellular remodeling.

DNA synthesis decreased 2 h after treatment, possibly related
to limited cell detachment from the plate, and then increased
significantly at days 1 and 2 and declined at day 3. No significant
difference was observed between ultrasound-treated and scrape-
wounded fibroblasts (Fig. 2), that is, ultrasound induced
similar reparative activities to scrape-wounding.

Ultrasound-treated fibroblasts exhibited a marked increase
in KGF expression shortly after treatment, but this decreased
gradually. In contrast, fibroblasts in the wounding group

showed a decrease in KGF expression on the first day and a
steady increase afterwards. TGF-

 

β

 

1 expression was elevated
in ultrasound-treated fibroblasts in the first 2 days, and was
decreased in wounded fibroblasts in the first 2 days (Fig. 3).

 

ERK activation

 

Phospho-ERK expression in ultrasound-treated fibroblasts
was markedly increased 2 h after treatment and returned to
baseline on day 2; however, no significant changes in ERK acti-
vation over time were observed in wounded fibroblasts (Fig. 4).

Figure 1 Transmission electron 
microscopy. Fibroblasts were fixed after 
ultrasound treatment and observed under 
a transmission electron microscope:
(a) untreated control; (b) immediately 
after treatment; (c) 1 h after treatment; 
(d) 1 day after treatment. Magnification: 
×50,000. Examples of vacuoles are 
indicated by arrows. The large dark 
organelles in the cytoplasm are lysosomes

Figure 2 Cellular DNA synthesis. Quiescent fibroblasts treated 
with tritiated thymidine incorporation assay. No difference was 
observed between ultrasound-treated and scrape-wounded 
fibroblasts
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JNK activation

 

Phospho-JNK in ultrasound-treated fibroblasts was markedly
increased at 2 h, but returned to baseline by day 2. Similarly,
phospho-JNK was increased in wounded fibroblasts and
returned to baseline on day 2 (Fig. 4). The substantial increase
in phospho-JNK immediately after ultrasound treatment
may result from the physical interactions of the ultrasound
mist with cell membranes, as JNK is a member of the stress-
activated kinase family.

 

ERK/JNK ratio

 

The ERK/JNK ratio was increased on day 1 in ultrasound-
treated fibroblasts; however, it was markedly decreased at 2 h
and on day 1, and increased soon after, in wounded fibro-
blasts (Fig. 5). Ultrasound treatment enhanced the ERK-
associated repair mechanism at day 1, whereas scrape-wounding
only showed similar effects at days 2–4. The balance between
ERK and JNK activation may regulate cell proliferation,
growth arrest, and other cell repair and survival mechanisms.

 

Discussion

 

It is common practice to debride chronic wounds and
enhance healing by the removal of necrotic tissue, thus

converting a chronic wound to an acute state. Therefore, it
would be expected that scrape-wounding would induce cell
replication and repair. KGF specifically promotes the prolif-
eration and migration of keratinocytes, rather than fibro-
blasts.

 

42

 

 TGF-

 

β

 

 stimulates the regeneration of soft tissue and
the production and deposition of collagen by fibroblasts.

 

43,44

 

Therefore, even though ultrasound treatment increased the
production of KGF and TGF-

 

β

 

, it produced a similar stimu-
lation of fibroblast DNA synthesis to wounding.

Ultrasound treatment also increased the activation of both
ERK and JNK, as had been proposed. Interestingly, the ERK/
JNK ratios in ultrasound-treated and wounded fibroblasts
exhibited opposite patterns; however, various downstream
events, such as protein expression, that may be beneficial to
wound healing were not measured. The cellular repair
induced by ultrasound mist treatment is short term and
distinct from cell wounding. This observation implies that
ultrasound treatment may need to be applied at a frequency
to optimize ERK activation, such as every 1–2 days. In addi-
tion, under these treatment conditions 

 

in vitro

 

, JNK activa-
tion may indicate cellular stress that is not necessarily linked
to apoptosis and cell death, but rather to compensatory
responses mediating cellular repair. Further investigations on
dose-dependent energy delivered to cells and the influx of calcium

Figure 3 Northern blotting. Total RNA 
was extracted from fibroblasts after 
ultrasound treatment (US) or scrape-
wounding (Wound). The intensities of 
keratinocyte growth factor (KGF) and 
transforming growth factor β-1 (TGF-β1) 
were calibrated on the basis of 
glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH)
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channels may provide more detailed information on the
mechanisms by which ultrasound mist induces cellular
responses.

This ultrasound mist system uses two ultrasonic effects to
generate and propel the therapeutic mist towards the wound.
The first effect is ultrasonic atomization, sometimes referred
to as nebulization. This is similar to ultrasonic humidifiers.
The saline solution which is applied to the metal face is atom-
ized through vibration of the surface. This vibration causes

cavitation in the fluid, breaking it apart into small particles of
well-controlled size. Once the particles of fluid are released
from the tip, a second phenomenon drives them away and
towards the wound. This second phenomenon is called
acoustic streaming, or acoustic radiation force. At higher
pressure levels, the traveling acoustic wave actually imparts
a net force on the propagation medium, in this case the air.
The force is sufficient to drive the particles of fluid along
with it.

 

Conclusion

 

On the basis of these and other observations, ultrasound
seems to be a promising modality for wound healing. Never-
theless, further investigation of the expression of cytokine
genes, cellular membrane effects, and cellular regenerative
outcomes may better demonstrate the effects of ultrasound
and predict the clinical efficacy of ultrasound on chronic
wounds. We theorize that ultrasound waves from atomi-
zation and acoustic streaming vibrate the impacted cell
membrane and create mechanical stimulation that initiates
intracellular signaling networks.

 

30,31

 

 Ultrasound mist therapy
could also be applied to wound beds, where sharp debride-
ment is not applicable, to promote stromal and epithelial
regeneration.

Figure 4 Western blotting. Top: 
(a) phospho-extracellular regulated kinase 
(phospho-ERK); (b) phospho-c-Jun 
N-terminal kinase (phospho-JNK); 
(c) total ERK as reference. Bottom: 
the amount of phospho-ERK was 
significantly higher at 2 h and on day 1 in 
ultrasound-treated fibroblasts. The levels 
of phospho-JNK were increased at 2 h in 
ultrasound-treated fibroblasts (U) and 
at 2 h and on day 1 in wounded 
fibroblasts (W)

Figure 5 Extracellular regulated kinase/c-Jun N-terminal kinase 
(ERK/JNK) ratio. The ERK/JNK ratio was increased early in 
ultrasound-treated fibroblasts and late in wounded fibroblasts
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