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Pulsed radio frequency energy ýeld treatment of cells in 
culture: Increased expression of genes involved in 
angiogenesis and tissue remodeling during wound healing.
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The treatment of chronic lower extremity wounds can represent a challenging medical complication in patients 
with underlying conditions associated with impaired wound healing, particularly when wounds are refractory 
to traditional wound care management methods. One promising treatment for the care of chronic wounds 
is pulsed radio frequency energy (PRFE) therapy. In clinical studies PRFE has been shown to promote the 
healing of wounds otherwise unresponsive to standard of care treatment, including chronic lower extremity 
wounds in diabetic patients.  In a previous report we found that PRFE regulates groups of genes directly 
involved in the inþammation phase of wound healing, an effect that may promote wound progression from 
inþammation to subsequent stages of wound repair. This process may likely be impaired in chronic diabetic 
wounds.  Here we use a similar approach to assess the impact of PRFE on genes involved in angiogenesis 
and tissue remodeling.  Using microarray analysis, we found that PRFE treatment of human keratinocyte and 
ýbroblast cell lines leads to an increase in transcript levels of multiple factors involved in these processes, 
including growth factors, extracellular matrix proteins and their receptors, cyclins, transcription factors, and 
DNA replication factors.  Based on these results we propose a model to describe molecular mechanisms 
underlying PRFE treatment and the promotion of wound healing in chronic wounds.
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Normal wound healing occurs in several 
progressive, overlapping stages, beginning 
with clot formation. This is followed by inþam-
mation, new tissue formation and ýnally tissue 
remodeling.  Multiple cell types are involved in 
the process, and genetic control of events is 
regulated in a temporal, spatial, and cell-type 
speciýc manner.1, 2 While normal progression 
of wound healing follows this general pattern, 
dysregulated wound repair frequently occurs in 
patients with diabetes1, 3, 4 and peripheral artery 
disease (PAD),5 resulting in chronic, non-healing 
wounds. These often show signs of chronic 
inþammation without normal progression to later 
wound healing stages, a possible indication of 
inappropriate stalling of the wound in the inþam-
matory phase of wound repair.

Often refractory to standard of care treatment, 
chronic lower extremity wounds represent a 
challenging medical complication.  With almost 
8% of the American population estimated with 
diabetes,6 and PAD affecting 12-20% of the US 
population age 65 and over,7 the development 
and implementation of effective therapies to treat 
such wounds is a critical medical need.  Pulsed 
radio frequency energy (PRFE) has been shown 
to promote the healing of chronic wounds that 
were otherwise unresponsive to standard of care 
treatment,8, 9 including chronic lower extremity 
wounds in diabetic patients.  Although the use 

of this biophysical treatment paradigm has been 
shown to be an effective treatment modality 
for pain and edema and soft tissue wounds, 
little is known about the biological mechanisms 
underlying these effects.  

By performing microarray analysis of 
PRFE-treated human dermal ýbroblasts and 
keratinocytes in culture, we previously found that 
PRFE treatment results in increased expression 
of many genes involved in the inþammatory 
stage of wound repair in a temporally regulated 
manner, including the upregulation of cytokines, 
matrix metalloproteinases (MMPs), and tissue 
inhibitors of metalloproteinases (TIMPs).10 Here, 
we evaluate the impact of PRFE treatment on 
the expression of genes involved in angiogenesis 
and tissue remodeling.  We have found that 
PRFE treatment is followed by a rapid increase 
in transcripts encoding factors involved in these 
processes, including cyclins, growth factors, cell 
adhesion-related proteins, and DNA replication 
factors. 
   
These results suggest that PRFE regulates a 
sequence of gene expression events that lead to 
healing of chronic wounds in the diabetic patient 
by promoting progression of the chronic wound 
beyond chronic inþammation to angiogenesis 
and tissue remodeling. 

Introduction   

Materials and Methods 

Cell culture. Human epidermal keratinocyte 
(HEK) and human dermal ýbroblasts (HDF) were 
purchased from Cell Applications, Inc. (San Di-
ego, CA), and cultures maintained as previously 
described.10 

PRFE ýeld conditions and treatment. PRFE 
treatment was performed by exposing cells to 

the signal from a PRFE device (Provant®, Re-
genesis Biomedical, Inc.), which emits a 27.12 
MHz radio frequency (RF) signal.   Energy pa-
rameters and treatment conditions used were as 
previously described.10  Control cells received no 
PRFE treatment.



Cell synchronization and cell cycle analysis.  
Cell synchronization studies were performed as 
previously described.10 Brieþy, cells were syn-
chronized using mevastatin (compactin), to syn-
chronize cells in early G1 phase of the cell cycle.  
30 minutes prior to exposure to PRFE, cells were 
released from the G1 by treating with a 100-fold 
excess of mevalonate.     Cell synchronization 
was veriýed using bromodeoxyuridine (BrdU) 
incorporation and detection with BrdU-speciýc 
antibodies (Roche) as previously described.10

Total RNA isolation.  Cells were treated with 
PRFE ýeld, or left as untreated controls, and to-
tal RNA was isolated according to the method of 
Chomczynski and Sacchi.11 Cells were harvested 
for total RNA at the times indicated in the ýgures. 

cDNA array analysis. Microarrays and reagents 
were purchased from BD Biosciences-Clontech 
(Palo Alto, CA). In general, each sample com-
bined at least 3 plates. Total RNA (1-2 ug) was 
labeled with 32P-dATP using reverse tran-
scriptase (RT) from Clontech (Palo Alto, CA) 
as described by the manufacturer, puriýed by 
column chromatography, and used as probe for 

cDNA array hybridization.

Gene expression analysis. Autoradiographs 
were scanned at 200 dpi and analyzed using 
Atlas Image software (BD Biosciences-Clontech, 
Palo Alto, CA). Two reference genes, GAPDH 
and ribosomal protein L13a, were used to nor-
malize the cDNA array expression proýles.  
Further gene expression analysis was performed 
with Gene Linker software (Predictive Patterns 
Software, Canada). 

Reverse transcription (RT) and polymerase 
chain reaction (PCR).  Cells were treated with 
PRFE and RNA isolated as described above. 
Reverse transcription of the total RNA was 
performed using the SuperScript First Strand 
system from Invitrogen (Carlsbad, CA), following 
the manufacturer’s instructions and as previously 
described.10 cDNA was ampliýed by polymerase 
chain reaction (PCR).  PCR products were elec-
trophoresed on 2% agarose gels, photographed, 
and speciýc DNA fragments quantitated using 
Scion Image.  
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The effect of PRFE on the expression 
of genes involved in angiogenesis and tissue 
remodeling in HDF and HEK cells. The impact 
of PRFE treatment on the expression of genes 
involved in angiogenesis and wound remodel-
ing was assessed using microarray analysis of 
cultured human dermal ýbroblasts (HDF) and 
human epidermal keratinocytes (HEK).  Relative 
transcript levels of factors involved in these 
processes were determined at multiple time 
points following PRFE treatment using cDNA 
microarray analysis and conýrmed by RT-PCR.   

Microarray results were grouped according to 
gene product functionality using the following 
groups: (A) transcription factors, (B) cyclins 
and their related kinases, (C) DNA synthesis 
proteins, (D) cell adhesion-related proteins, 
and (E) growth factors and their receptors.  In 
both cell types, PRFE treatment resulted in an 
increase in relative transcript levels for multiple 
factors in each functional group, detected as 
early as 5 and 15 minutes after PRFE treatment 
for HDF cells (Fig. 1) and HEK cells (Fig. 2), 
respectively.  

Results 
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Figure 1:  Functional grouping of microarray analysis of gene expression after PRFE treatment of HDF cells. 
Gene lists were developed to place expression data in functional groups. Expression groups related to gene products 
involved in angiogenesis and tissue remodeling are shown. (A) Transcription factors, (B) cyclins and their related kinases, 
(C) DNA synthesis proteins, (D) cell adhesion-related proteins, and (E) growth factors and their receptors.  Expression 
levels are relative to the zero hour control.




