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Purpose: The purpose of this study was to investigate the effect of electrical stimulation (ES) on the wound closure rate, 
collagen deposition, and TGF-β1 mRNA expression in skin wound of rat.

Methods: Twenty male Sprague-Dawley rats (222～271 g) were randomly divided into ES (n=10) and control group (n=10). 
The ES group received a cathodal stimulation with 50 V at 100 pps for 30 minutes for 7 days, while the control group was not 
given electrical stimulation. The wound closure rate, collagen density and TGF-β1 mRNA ratio were measured.

Results: The mean wound closure rates in the ES and control groups were 83.79±16.35% and 51.57±17.76%, respectively 
(p<0.001). The collagen density in the ES and control  groups were 46.67±10.68% and 25.03±13.09%, respectively (p<0.001). 
The TGF-β1 mRNA ratio in the ES and control groups were 1.35±0.60 and 0.63±0.30, respectively at 6 hours post-wound 
(p<0.01) and 1.69±0.47 and 1.32±0.28, respectively, at 7 days post-wound (p<0.05).

Conclusions: ES accelerated the wound closure rate of skin incision wounds and was accompanied by an increase in 
collagen deposition in the regenerating dermis. In addition, ES increased TGF-β1 mRNA expression during wound healing 
process. These findings suggest that ES may activate TGF-β1 expression, and may increase synthesis activities of fibroblasts 
in regenerating skin wounds in rats.
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I. Introduction 

Many investigators have been used high voltage pulsed current 

(HVPC) stimulation to treat wounds in animals and human 

subjects. Brown et al1 have reported that HVPC stimulation 

enhanced dermal wound healing rate in rabbits. Kloth and 

Feedar2 have reported that HVPC stimulation accelerates the 

healing rate of stage IV decubitus ulcers, and Fitzgerald and 

Newsome3 have reported that HVPC stimulation enhanced the 

healing rate infected thoracic spine wound. Burdge et al4 have 

reported that HVPC stimulation promotes chronic diabetic 

wounds of the lower extremity. In 1994, a experts panel of the 

Agency for Health Care Policy and Research (AHCPR) re-

commended that electrical stimulation for stage III and IV 

pressure ulcers that do not respond to conventional therapy. In 

2002, Centers for Medicare and Medicaid Services (CMS) 

decided coverage of ES for chronic wounds.

The wound healing process is a complex series of events. The 

healing process is initiated after injury by the release of various 

cytokines and growth factors. Many studies have demonstrated 

a beneficial effect of transforming growth factor (TGF)-β, 

platelet-derived growth factors (PDGF), fibroblast growth factor 

(FGFs) and granulocyte-macrophage colony stimulating factor 

(GM-CSF) on the healing process in animal and human models.5,6

TGF-β1 has multiple functions during wound healing. 

TGF-β1 stimulates infiltration of inflammatory cells, granula-

tion tissue formation, matrix formation and remodeling during 

wound healing.7 The proliferative phase starts with the migration 
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and proliferation of keratinocytes and fibroblasts in the edge of 

the wound. Fibroblasts play an important role during prolife-

rative phase. Fibroblasts migrate into the wound area, where 

they proliferate and release extracellular matrix (ECM) in the 

granulation tissue, leading to collagen deposition and wound 

contraction. Both proliferation and migration of fibroblasts are 

stimulated by TGF-β1.8

The effect of electrical stimulation on TGF-β1 in the heal-

ing process remain largely unconfirmed. Many studies have 

reported that electrical stimulation can promote healing of soft 

tissue cause an increase of fibroblasts activity and collagen 

synthesis. However, these reports were based on in vitro experi-

ment with cultured cells. The interaction between collagen 

deposition and TGF-β1 mRNA expression by ES during wound 

healing process still also not demonstrated. In this study, 

consequently, we used the rat full-thickness incision wound 

model and HVPC stimulation.

The purpose of this study was to investigate the effect of the 

ES on the wound closure rate, and collagen deposition in 

regenerating dermis and TGF-β1 mRNA expression in skin 

wound of rat.

II. Materials and Methods

1. Animals

Twenty male Sprague-Dawley rats weighing 170∼210 g were 

bio-clean cages housed in a temperature-controlled room with a 

12 hour light-dark cycle. Food and water were allowed ad 

libitum. Experiments performed under normal room light and 

temperature. Three days before the operation, the hair were 

shaved the back and the abdominal region. Each rat received a 

10 mm full-thickness incision wound on the back under general 

anesthesia by inhalation of halothane, maintained at a con-

centration of 2∼3%. The wound was clean with a sterile gauze 

pad, and the rat was carefully observed until it had recovered 

fully from the anesthesia. The incision was not ligated and 

covered nor bandaged. Rats were then randomly divided into ES 

group (n=10) or control group (n=10).

2. Electrical Stimulation

The rats were placed in a clear plastic restrainer and rested 

comfortably. The incision area and abdominal area of rat skin 

were covered with sterile saline-soaked gauze pads (2 × 2 cm), 

and carbon-silicone rubber electrodes (2 × 2 cm) were placed 

over each moist gauze, then secured by a restrainer. Positive and 

negative electric line cords connected the electrode on the abdo-

men and the back, respectively. The ES rats were received 

electrical stimulation with a current intensity of 50 V at 100 pps 

for a duration of 30 minutes using a Pulsed High-Volt Stimu-

lator (IntelectⓇ HV2, Chattanooga Group Inc., TN, USA). The 

wave form of the HVPC stimulator consists of monophasic, 

twin-peak pulses that have a fixed pulse duration of 65 μs. For 

control group, rats were received a sham treatment without 

power supplied.

3. Wound closure rate measurement

The rats were anesthetized by halothane inhalation. The wound 

length was measured using a caliper at immediately after incision 

and at day 7 post-wound, and evaluated as percentage of wound 

closure using the equation; 

wound closure rate (%)

= [(wound length at day 1-wound length at day 7)/wound 

length at day 1] × 100

The wound closure rate was calculated as a percentage of the 

reduction from the original incision length.

4. Measurement of collagen density and 

quantification

The rats from each group were euthanized and a 10 × 10 mm of 

skin biopsies were harvested at day 7 post-wound. The harvested 

tissue was fixed in 10% phosphate buffered formalin and 

embedded in paraffin. Sections of 5 μm thickness were prepared 

using a microtome, then deparaffinized, hydrated, cleared using 

an automatic tissue processor (Citadel 1000, Shandon, Life 

Sciences International Ltd., Rumcorn, England), and stained 

with hematoxylin and eosin (H&E), and Masson trichrome 

(MT). Sections were observed using a computerized image 

analysis system (Image-ProⓇ Plus, Media Cybernetics, Inc., 

MD, USA). Images were recorded with a colour CCD camera 

(IK-642K Toshiba CCD color camera, Toshiba Co., Tokyo, 

Japan), attached to a light microscope (Olympus BX 50, 

Olympus Optical Co. Ltd., Tokyo, Japan), and processing and 

analysis using Image-ProⓇ Plus (ver 3.01). The density of 
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Table 1. Effects of electrical stimulation on wound healing rate, collagen density, TGF-β1 mRNA ratio at 6 hours and 
at day 7 in control and ES group

Control (n=10) ES (n=10) MD (95% CI) U p

Wound closure rate (%) 51.57±17.76 83.79±16.35  32.22 (16.18-48.26) 7 0.000

Collagen density (%) 25.03±13.09 46.67±10.68  21.64 (10.42-32.86) 7 0.000

TGF-β1 ratio at 6 hours 0.63±0.30 1.35±0.60 0.72 (0.27-1.17) 12 0.003

TGF-β1 ratio at day 7 1.32±0.28 1.69±0.47 0.37 (0.01-0.73) 23 0.043
Data are presented as mean±SD
ES: Electrical stimulation, MD: Mean difference, CI: Confidence interval

Figure 1. Rate of wound closure in control and ES groups. 
The wound closure rate of ES group was increased signifi-
cantly than control group (*p<0.001). The bar represents 
the standard deviation of values from 10 rats.

collagen were measured in 5 serial fields from regenerated dermis 

at 200× magnification. The mean density were calculated.

5. Reverse transcription-PCR analysis of TGF-β1 
mRNA

A 10 × 10 mm of skin biopsies were harvested at 6 hours and 

day 7 post-wound. Total RNA from biopsies were prepared by 

the RNAzol™ B (Tel-Test Inc., TX, USA) following the in-

structions provided by the supplier, and stored at -80℃. 1 μg of 

isolated RNA was reverse transcribed to first strand cDNA with 

200 U/μl of Superscript II reverse transcriptase using 5 U/μl of 

Taq DNA polymerase in the presence of 10 U/μl RNase in-

hibitor (Invirtogen Life Technologies, CA, USA). The cDNA 

synthesis reactions were performed at 42℃ for 60 min and the 

products were stored at -20℃. A 50 μl polymerase chain reaction 

(PCR) mixture containing 5 μl of the reverse transcription (RT) 

reaction was carried out PCR using specific primer pairs. The 

primers for TGF-β1 were chosen from coding region, sense 5′
-TGGGATTGTAACTGTGAACTG-3′ and antisense 5′-CAC 

GATCAT GTTGGACAACTGCTCC-3′, generating a 254-bp 

fragment, and β-actin were also chosen from coding region, 

sense 5′-GTGGGCCGCCCTAGGCA CCA-3′ and antisense 

5′-CGGTTGGCCTTAGGGTTCAG-3′, generating a 245-bp 

fragment. The reaction mixtures were denatured at 94℃ for 45s, 

annealed at 55℃ for 45s and extended at 72℃ for 90s for 40 and 

37 cycles, respectively for TGF-β1 and β-actin. The size of 

amplification products was estimated in 2% agarose gel with 

molecular weight markers and the amount was determined using 

a Gel Doc system and Quantity One 1-D analysis software 

(Bio-Rad Laboratories Inc., Richmond, CA, USA) on the 

negative image of ethidium bromide staining. For the relative 

level of TGF-β1 mRNA, an OD ratio (TGF-β1/β-actin) of 1.00 

was designated to be 1.00 arbitrary unit.

6. Data Analysis

For a comparison of the percent of wound closure rate, collagen 

density and TGF-β1 mRNA ratio between the ES and control 

groups, Mann-Whitney U-testwas used. The statistical interpre-

tation was based on a 0.05 significance test level. SPSS WIN (ver 

10.0) software was used for the analyses.

III. Results

1. Wound closure rate

At day 7 post-wound, the wounds treated with ES were suppler 

and the surface was smoother than those control. In sham 

treated control group, the mean rate of wound closure was 

51.57±17.76%. In ES group had mean wound closure rate was 

83.79±16.35%. Mann-Whitney U-test showed a significantly 

higher the rate of wound closure in the ES group than control 

group (U=7, p<0.001)(Table 1, Figure 1). The ES increased 

wound closure rate by 32.22% than control group.

2. Collagen Density

The collagen fiber stained bluish color in the regenerated dermis 
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Figure 2. The bluish-stained collagen fibers can be seen 
in the incised wound in the control (A) and the ES (B). The 
ES group displayed stronger staining (bluish) for collagen 
in regenerated dermis. Masson-trichrome stain. 200x. Scale 
bar: 5 μm.

Figure 3. The collagen density in regenerated dermis in 
control and ES groups. The collagen density of ES group 
was increased significantly than control group (*p<0.001). 
The bar represents the standard deviation of values from 
10 rats.

Figure 4. ES increases the expression of TGF-β1 at trans-
criptional level. RT-PCR products were analyzed by 2% 
agarose gel electrophoresis. β-actin was used as a reference 
gene. The resultant DNA bands of TGF-β1 was identified 
at the 254 bp position. Band intensity reflected the mRNA 
expression level.
1: Control 6 hours, 2: ES 6 hours, 3: Control day 7, 4: 
ES day 7.

Figure 5. The TGF-β1 ratio in control and ES wound. The 
TGF-β1 ratio of ES group at 6 hours and 20.12% at day 
7 post-wound were increased significantly than control 
group determined by RT-PCR followed by densitometry 
(**p<0.01, *0.05). The bar represents the standard de-
viation of values from 10 rats.

by Masson trichrome stain (Figure 2). The collagen density in 

the control and ES group were 25.03±13.09% and 46.67± 

10.68%, respectively. There was a significant increase of colla-

gen density in the ES wound compared to the control group 

(U=7, p<0.001)(Table 1, Figure 3). The ES increased collagen 

density by 21.64% than control wound.

3. TGF‑β1 mRNA Ratio

The expression of TGF-β1 mRNA was upregulated by ES at 6 

hours and at day 7 post-wound (Figure 4). The relative level of 

TGF-β1 mRNA (normalized to β-actin) was 0.63±0.30 and 

1.35±0.60 arbitrary unit, respectively, in control and ES wound. 

The TGF-β1 mRNA ratio at day 7 post-wound was 1.32±0.28 

and 1.69±0.47, respectively, in control and ES wound. There 

was a significant increase of TGF-β1 mRNA ratio in the ES 

wound compared to the control group at 6 hours post-wound 

(U=12, p<0.01), and at day 7 post-wound (U=23, p<0.05) 

(Table 1). The ES had significantly increased the TGF-β1 

mRNA ratio throughout the treatment (Figure 5). ES increased 

TGF-β1 ratio by 55.56% at 6 hours and 20.12% at day 7 post- 

wound than control wound determined by RT-PCR followed by 

densitometry.

IV. Discussion

The fibroblasts play a key role in skin wound healing process. 

The activated fibroblasts synthesize and release ECM compo-

nents including collagen, fibronectin, hyaluronic acid, thrombo-

spondin, tenascin, and others.9 The structural molecules of 

newly formed ECM, termed the provisional matrix, contribute 

to the formation of granulation tissue by providing a scaffold for 

cell migration. The provisional ECM is gradually replaced with a 

collagenous matrix. Once an abundant collagen matrix has been 

deposited in the wound, the fibroblasts stop producing collagen, 

and the fibroblast-rich granulation tissue is replaced by a 
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relatively acellular scar.10 TGF-β1 is involved in all stages of 

wound healing. It facilitates the recruitment of inflammatory 

cells and augments macrophage mediated tissue debridement. It 

also deactivates superoxide production from macrophages. 

TGF-β1 helps initiate granulation tissue formation by increasing 

the expression of genes associated with ECM formation in-

cluding fibronectin, the fibronectin receptor, and collagen and 

protease inhibitors.11,12 By stimulating recruitment of fibro-

blasts to the wound site, the combined result isincreased collagen 

deposition and scar formation.13,14

This study demonstrated that ES promotes the healing rate 

of skin wound with increases collagen density with HVPC 100 

pps at intensity of 50 V for 30 minutes. ES was increased the 

collagen density in situ in rat skin wound model as high as 

21.64%. In addition, ES increases the expression of TGF-β1 

mRNA up to 56%, 20% at 6 hours and at day 7 post-wound. 

This result suggested that ES could increases the collagen 

deposition in regenerative dermis and could enhances TGF-β1 

activity from throughout the ES duration.

The parameters of ES used in this study are based on 

Bourguinon and Bourguinon’s experiment.15 They have 

reported that the HVPC increases maximally in synthesis of 

protein and DNA in fibroblast at 50 and 75 V, 100 pps, at 

negative pole. In our previous study, ES was demonstrated to 

stimulate fibroblasts migration and proliferation up to 24%, 

10%, respectively, from tendon biopsy.16 In another our study, 

ES increases fibroblasts density and collagen density up to 40%, 

17%, respectively, from the skin wound with HVPC 100 pps at 

intensity of 50 V.17

It is well known that various forms of ES influence fibro-

blasts migration, proliferation, and structural ECM proteins 

synthesis. Thus, ES may contribute to fibroblasts activation in 

the process of wound healing.18 The cellular mechanisms for 

the activation of fibroblasts by electrical stimulation have been 

postulated. At the cellular level, the electrical signals could alter 

the electrical properties of cell membranes. The electric signals 

could activate the voltage gated ion channel at the cell mem-

brane. Besides, electric signals act an ionophoretic force on 

charged proteins and lipids in the cell membrane which exert to 

redistribution of membrane components. Therefore, the electrical 

stimulation induces cellular responses including lateral redistri-

bution of membrane proteins such as ion channels and re-

ceptors, and changes in intracellular calcium ion concentration. 

Intracellular Ca++ regulates many biological processes including 

signal transduction cascades, cytoskeletal reorganization, cell 

orientation, migration, differentiation and proliferation.19,20 

Such change could consequently modify intracellular signals for 

TGF-β1 gene expression. The migration and proliferation of 

fibroblasts are regulate by TGF-β1.8 ES increase TGF-β1 gene 

expression, which enhance structural ECM proteins synthesis in 

fibroblasts resulting in a promotion in wound healing.21,22

The results in this study are based on an in vivo model. This 

study is the first to document that ES enhances secretion of 

TGF-β1 at the transcriptional level in skin wound.

V. Conclusions

The results of this study suggested that ES which are similar to 

the current of injury promotes the healing of skin wound due to 

stimulates the cellular activity of fibroblast, and it may increases 

collagen deposition in skin wound sites. The molecular mecha-

nism that accounts for the ES effect on may be modulated th-

rough a TGF-β1 related pathway.
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