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Somatic cells can be directly reprogrammed to alternative differentiated fates without first becoming stem/
progenitor cells. Nevertheless, the initial need for viral-mediated gene delivery renders this strategy unsafe in 
humans. Here, we provide evidence that exposure of human skin fibroblasts to a Radio Electric Asymmetric 
Conveyer (REAC), an innovative device delivering radio electric conveyed fields at a radiofrequency of 2.4 GHz,  
afforded remarkable commitment toward cardiac, neuronal, and skeletal muscle lineages. REAC induced the 
transcription of tissue-restricted genes, including Mef2c, Tbx5, GATA4, Nkx2.5, and prodynorphin for cardiac 
reprogramming, as well as myoD, and neurogenin 1 for skeletal myogenesis and neurogenesis, respectively. 
Conversely, REAC treatment elicited a biphasic effect on a number of stemness-related genes, leading to early 
transcriptional increase of Oct4, Sox2, cMyc, Nanog, and Klf4 within 6–20 h, followed by a downregulation at 
later times. The REAC action bypassed a persistent reprogramming toward an induced pluripotent stem cell-
like state and involved the transcriptional induction of the NADPH oxidase subunit Nox4. Our results show for 
the first time the feasibility of using a physical stimulus to afford the expression of pluripotentiality in human 
adult somatic cells up to the attainment of three major target lineages for regenerative medicine. 
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INTRODUCTION

A major obstacle in future cell-based therapies is the 
immunological rejection of mismatched cellular grafts. 
One solution to this problem would be to generate a source 
of autologous pluripotent stem cells that can be committed 
toward specific phenotypes by previous epigenetic repro-
gramming of somatic cells to a pluripotent embryonic stem 
(ES) cell-like state. In this regard, cellular reprogramming 
of somatic cells into induced pluripotent stem (iPS) cells 
and subsequent differentiation to mature cells have opened 
up new possibilities for tissue regeneration and repair 
(4,24,25,32).

More recently, different authors have shown that 
somatic cells can also be directly converted into differ-
ent mature cell types by expression of genes orchestrating 
cell commitment toward a specific phenotype (6,8,26). In 
particular, a group of researchers (8) identified a cocktail 
of specific factors that could reprogram mouse fibroblasts 
into cardiac muscle, without having to revert to a stem cell 

state throughout the process. This strategy could be an 
advantage over using iPS or ES cells to regenerate com-
plex mature cells. In fact, it is now evident that stray cells 
that have not fully differentiated might have the ability to 
turn into an unwanted cell type, like a tumor or a cell that 
just does not fulfill the desired requirement(s) for a tar-
geted tissue repair.

We have previously shown that exposure of mouse 
ES cells to radiofrequency (RF) energy through a Radio 
Electric Asymmetric Conveyer (REAC), an innovative 
device delivering radio electric conveyed fields (RECF) of 
2.4 GHz with its conveyer electrodes immersed into the 
culture medium, remarkably enhanced the commitment 
toward different lineages, including cardiogenic, neuro-
genic, and skeletal myogenic, without the aid of chemical 
compounds or viral vector-mediated gene delivery (11).

In the current study, we investigated whether REAC-
RECF may directly reprogram human skin-derived fibro-
blasts (hSFs) toward complex lineages. Gene and protein 
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expression analysis and immunohistochemical character-
ization revealed that this new strategy was able to afford 
a rapid, high-throughput, and stable commitment of the 
exposed cells toward cardiogenesis, skeletal myogenesis, 
and neurogenesis, leading to the appearance of specific 
marker proteins for terminal differentiation. We also pro-
vided evidence that the REAC effect encompassed the 
transcriptional upregulation of the nicotinamide adenine 
dinucleotide phosphate (NADPH) oxidase subunit Nox4, a 
major signaling component in the intracellular generation 
of reactive oxygen species (ROS).

MATERIALS AND METHODS

Description of Radio Electric Asymmetric  
Conveyer (REAC)

The REAC technology was developed to convey in an 
asymmetric way, the radio electric currents generated by 
the interaction between the weak electromagnetic field pro-
duced by the REAC device (19,20), with a radiated power 
of about 2 mW, and the electromagnetic field generated by 
the human body, with a radiated power of about 54 mW 
(28). The REAC device was placed into a CO

2
 incubator 

and was set at a frequency of 2.4 GHz. Its conveyer elec-
trodes were immersed into the culture medium of hSFs, as 
previously described (11). The electromagnetic quantities 
have been measured with the spectrum analyzer Tektronix 
model 2754p (TekNet Electronics, Inc., Alpharetta, GA, 
USA), orienting the receiving antenna for maximum signal. 
With cell cultures at a distance of 35 cm from the emitter, we 
measured a radiated power of approximately 400 μW/m2.  
Electric field E = 0.4 V/m, magnetic field = 1 mA/m, specific 
absorption rate (SAR) = 0.128 μW/g; given s = 1 A/Vm,  
and r = 1,000 kg/m3, the density of radio electric current 
flowing in the culture medium during a single radio- 
frequency burst by the REAC is J = 30 μA/cm2. The instru- 
ment that we used is registered under the trademark 
(B.E.N.E.) Bio-Enhancer Neuro-Enhancer®, produced by 
ASMED srl, Firenze, Italy.

Culture of Human Skin Fibroblasts

Human foreskin fibroblasts were purchased from LGC 
Standards (Sesto San Giovanni, Milan, Italy) and cultured 
in minimum essential medium Eagle-alpha modification 
(Alpha MEM) containing 10% fetal bovine serum (FBS), 
2% l-glutamine, and 2% penicillin/streptomycin (all Gibco/ 
Invitrogen, Monza, Italy). For the experiments, cells were  
seeded at a concentration of 5 ́  103 cells/well in a multi-
well tissue culture plate (BD Biosciences, San Jose,  
CA, USA) and treated in the absence or presence of REAC.  
After 72 h, REAC-treated cells were cultured for an addi- 
tional 4 or 7 days without REAC stimulation and then pro-
cessed for transcriptional analysis and immunostaining.  
The culture medium was not changed during the 10 days 
of culturing.

Assessment of Cell Proliferation and Apoptosis

Cell viability was determined by the trypan blue dye 
exclusion test (Gibco). Both attached and floating cells were 
harvested and counted by using the Countess automated 
cell counter (Invitrogen). To assess apoptosis, caspase 3 
activity was detected using a commercial kit (Fluorimetric 
Caspase 3 Assay Kit, Sigma-Aldrich Corp., St. Louis,  
MO, USA) according to the manufacturer’s instructions. 
Briefly, the cell pellet was dissolved in 35 μl of lysis buf-
fer, and cell lysates were mixed with the peptide substrate 
acetyl-Asp-Glu-Val-Asp-7-amido-4-methylcoumarin 
(Ac-DEVD-AMC). Release of the fluorescent 7-amino-4-
methylcoumarin (AMC) moiety was assessed as a measure 
of substrate hydrolysis by caspase 3. Lactate dehydroge-
nase (LDH) release by dead cells was detected with an LDH 
cytotoxicity assay kit II (MBL International Corporation, 
Woburn, MA, USA).

Flow Cytometry Analysis

Cells were harvested by treatment with 0.08% tryp-
sin, EDTA (Invitrogen). After a fixation/permeabiliza-
tion step, cells were incubated with a primary antibody 
directed against b-3-tubulin (BD Biosciences), myo-
genic differentiation 1 (myoD; Santa Cruz, Dallas, TX,  
USA), or a-sarcomeric actinin (Sigma) (1 mg/106 cells) for  
1 h at 4°C and with 1 mg of fluorescein isothiocyanate- 
conjugated secondary antibody (BD Biosciences) for 1 h  
at 4°C in the dark. After washing, cells were analyzed 
on a flow cytometer (FACSAria, BD Biosciences) by 
collecting 10,000 events, and the data were analyzed 
using the FACS Diva software (BD Biosciences).

Gene Expression

Total RNA was isolated using Trizol reagent according 
to the manufacturer’s instructions (Invitrogen). Total RNA 
was dissolved in RNAase-free water, and for RT-PCR, 
cDNA was synthesized in a 50-μl reaction volume with 
1 μg of total RNA and Moloney Murine Leukemia Virus 
reverse transcriptase (MMLV RT) according to the manu-
facturer’s instructions (Invitrogen). Quantitative real-time 
PCR was performed using an iCycler Thermal Cycler  
(Bio-Rad, Hercules, CA, USA). Two microliters of cDNA  
were amplified in 50-μl reactions using Platinum Supermix 
UDG (Invitrogen), 200 nM of each primer, 10 nM fluores-
cein (BioRad), and Sybr Green. After an initial denatur-
ation step at 94°C for 10 min, temperature cycling was 
initiated. Each cycle consisted of 94°C for 15 s, 55–59°C 
for 30 s, and 60°C for 30 s. The fluorescence was read at 
the end of this step. All primers used in this study were 
from Invitrogen: the primers for human NK2 homeobox 5  
(Nkx-2.5), guanine-adenine-thymine-adenine-binding pro- 
tein 4 (GATA4), glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH), neurogenin 1, and MyoD were previously  
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described (21,29). The other specific primers used were  
for human Krüppel-like factor 4 (Klf4) forward 5¢-CCC 
TCCGACGGCTCCCTTCA-3¢ and reverse 5¢-AACTTGC 
CCATCAGCCCGCC-3¢; for human sex-determining region  
Y box 2 (Sox2) forward 5¢-CACATGAACGGCTGGA 
GCA-3¢ and reverse 5¢-TGCTGCGAGTAGGACATGC 
TG-3¢; for human octamer binding transcription factor 4 
(Oct4) forward 5¢-CTCACCCTGGGGGTTCTAT-3¢ and 
reverse 5¢-CTCCAGGTTGCCTCTCACTG-3¢; for human 
Nanog forward 5¢-CATGAGTGTGGATCCAGCT-3¢ and 
reverse 5¢-CCTGAATAAGCAGATCCAT-3¢; for human 
v-myc myelocytomatosis viral oncogene homolog (cmyc) 
forward 5¢-GGCCGTTTTAGGGTTTGTTGG-3¢ and reverse  
5¢-ACAAGTTTCCAGCCACCTCC-3¢; for human Nox1 
forward 5¢-AATCCTTGGGTTTTGCAGCC-3¢ and reverse  
5¢-GTCGTGTTTCGGGACTGGAT-3¢; for human Nox4  
forward 5¢- AATGCACCAACAAATGGGGC-3¢ and reverse  
5¢-AGTGTGTGGAGTTGACCCAG-3¢; for human T-box  
protein 5 (Tbx5) forward 5¢-CAGAGTCGGCACAGCG 
GCAA-3¢ and reverse 5¢-GTGGGGAGCCATGGTTGG 
CC-3¢; for human myocyte enhancer factor-2c (Mef2c) for-
ward 5¢-GCCCTGAGTCTGAGGACAAG-3¢ and reverse 
5¢-AGTGAGCTGACAGGGTTGCT-3¢; and for human pro-
dynorphin forward 5¢-TGGCCAAGCTCTCTGGGTCA-3¢ 
and reverse 5¢-TCATGGCCCATGCTATCCCC-3¢. To eva-
luate the quality of product of real-time PCR assays, 
melting curve analysis was performed after each assay. 
Relative expression was determined using the “delta-CT 
method” with glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) as reference gene (29).

Immunostaining

Cells were cultured for 3 days with or without REAC 
exposure and then for an additional 4 days without REAC 
treatment. In another set of experiments, cells were prein-
cubated for 2 h prior to REAC treatment with the free radi-
cal scavenger N-(2-mercapto-propionyl)-glycine (NMPG)  
(100 mM; Sigma). After 7 days, cells were treated with 
trypsin, and the resulting suspension was cultured at low 
density to permit visualization of individual cells. The cul-
tures were fixed with 4% paraformaldehyde (Invitrogen). 
Cells were exposed for 1 h at 37°C to mouse monoclonal anti-
bodies against a-sarcomeric actinin (Sigma), b-3-tubulin,  
MyoD or myogenin, or with rabbit polyclonal antibodies 
against myosin heavy chain and stained at 37°C for 1 h  
with fluorescein-conjugated goat IgG (all from Santa Cruz).

All microscopy was performed with a Leica confocal 
microscope (LEICA TCSSP5, Milan, Italy). DNA was 
visualized with 1 mg/ml 4¢,6-diamidino-2-phenylindole 
(DAPI, Sigma).

Data Analysis

The statistical analysis of the data was performed by 
using the Statistical Package for Social Science (SPSS), 

version 13 (IBM, Armonk, NY, USA). For this study, we 
used nonparametric statistical tests: Kruskal–Wallis and 
Wilcoxon signed rank test. The first test was to evalu-
ate the distribution and homogeneity of variance of each 
group at different times of observation, while the second 
test was used to evaluate, in the same group, the differ-
ences (delta CT) between the data collected over a period 
of observation and the reference value at baseline. Cell 
viability necrosis and apoptosis were analyzed by two-
tailed, unpaired Student’s t test, or one-way analysis of 
variance with subsequent Bonferroni test. All results with 
p < 0.05 have been considered statistically significant.

RESULTS AND DISCUSSION

Effects of REAC Exposure on Cellular  
Proliferation and Apoptosis

REAC exposure had no toxic effect on hSFs. In fact, 
there was no significant difference in cell growth between 
exposed and unexposed cells (Fig. 1A). Moreover, REAC 
did not significantly affect the amount of apoptotic 
(Fig. 1B) or necrotic cells (Fig. 1C), as compared with 
untreated hSFs. Trypan blue exclusion also revealed no 
significant difference between exposed and unexposed 
cells (not shown).

REAC-Delivered RECF Induces the Expression 
of Cardiogenic Genes

The zinc-finger transcription factor GATA4 Tbx5, 
a member of the T-box transcription factor family, and 
Mef2c, belonging to the myocyte enhancer factor-2 
(MEF2) family of MADS (MCM1, agamous, deficiens, 
serum response factor) box, have an essential role in the 
establishment of the cardiac lineage. In this regard, it has 
been previously described that overexpression of these 
factors allows the conversion of mouse skin-derived fibro-
blasts into cardiomyocytes, expressing sarcomeric-like 
structures (8). In a previous study in mouse ES cells, we 
demonstrated the ability of REAC stimulation to increase 
the expression of the cardiogenic genes GATA4, Nkx2.5, 
and prodynorphin, leading to a high yield of spontane-
ously beating myocardial cells (11). We also provided 
evidence for the ability of REAC treatment in promoting 
the repair of surgical wounds (2) and injury (5).

In the current study, we sought evidence on whether 
REAC-mediated exposure may be able to orchestrate a 
myocardial lineage transition in hSFs. For this purpose, a 
REAC apparatus (11), working into a CO

2
 incubator, was 

set at a transmission frequency of 2.4 GHz and its con-
veyer electrodes were immersed into the culture medium. 
Radiated power was about 2 mW. Electromagnetic field 
E = 0.4 V/m, with culture medium of hSFs 35 cm away. 
Duration of single radiofrequency burst was 200 ms with 
an off interval of 2.5 s. 
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To determine whether there was activation of car-
diogenic signaling, we performed quantitative real-time 
PCR analyses of Mef2c, Tbx5, and GATA4 in hSFs 
treated in the absence or presence of REAC for 24, 48, 
and 72 h. Interestingly, we observed a 40-fold increase in 
Mef2c expression, peaking after 72 h of treatment (Fig. 
2A). REAC exposure significantly increased Tbx5 gene 
expression after 48 h, resulting in a 50-fold enhancement 
of Tbx5 mRNA levels at 72 h (Fig. 2B). The expression 
of GATA4 was increased by 15-fold after 48 h of REAC 
treatment (Fig. 2C). Moreover, cells treated with REAC 
up to 72 h and then cultured in the absence of REAC stim-
ulation for an additional period of 4 or 7 days, exhibited 
a further increase in the expression of all the cardiogenic 
genes (Fig. 2). These findings indicate that upon REAC 
exposure a cardiogenic program was induced. Further 
support to this view arises from the observation that 
REAC exposure also remarkably increased the transcrip-
tion of prodynorphin and Nkx2.5 (Fig. 3A, B), two genes 
deeply involved in stem cell cardiogenesis (10,12,30,31). 
In particular, Nkx2.5 mRNA levels were early increased 
after 24 h of treatment, reaching an 80-fold increase after 
72 h, as compared with unexposed cells. Prodynorphin 
mRNA levels shown a significant increase during the first 

72 h of REAC treatment, followed by a further increase 
after 7 days in culture in the absence of REAC stimula-
tion (Fig. 3).

REAC Induces the Expression Genes Controlling 
Multiple Lineage Commitment

We have previously provided evidence that REAC expo-
sure resulted in the induction of targeted genes controlling 
neurogenic and myogenic commitment, followed by the 
appearance of the corresponding phenotypes, in mouse ES 
cells (11). Here, we evaluated the effect of REAC treat-
ment on the transcription of neurogenin 1 for neurogenesis, 
and myoD, for skeletal myogenesis. Compared to the gene 
expression of the cardiogenic transcription factor Nkx2.5, 
neurogenin 1 transcription was enhanced at a later time 
by REAC treatment, being significantly increased after 
72 h of exposure (Fig. 3C). Worthy to note, after a 4-day 
additional culture in the absence of REAC, neurogenin 1 
transcription continued to increase, the specific mRNA 
levels being 200-fold more expressed than in the control 
cells that did not receive any previous REAC treatment 
(Fig. 3C). Comparative time-course analyses also revealed 
that in REAC-treated cells the overexpression of Nkx2.5 
declined earlier than that of neurogenin 1 (Fig. 3B, C). 

Figure 1. Effect of REAC on cell viability, apoptosis, and necrosis. After plating (2 × 105/well), cells were left untreated (white 
bars) or treated (gray bars) with a Radio Electric Asymmetric Conveyer (REAC) for the indicated times and counted to estimate 
cell growth (A) or processed to assess the amount of apoptosis (B) or necrosis (C) (mean ± SE; n = 6). In (B), release of the 7-amido-
4-methylcoumarin (AMC) moiety (pmol/ml) after cleavage of the fluorogenic acetyl-Asp-Glu-Val-Asp-7-amido-4-methylcoumarin 
(Ac-DEVD-AMC) caspase substrate by cell lysates was calculated from a standard curve determined with defined AMC solutions. 
(C) Cell supernatants and pellets were collected, and total proteins extracted from both fractions. Lactate dehydrogenase (LDH) 
activity in each supernatant was normalized to total LDH activity of their own pellet + supernatant.
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The mRNA levels of myoD were 40-fold increased after 
72 h of treatment and when cultured up to 4 days without 
REAC exceeded by 60-fold the levels detected in unex-
posed controls (Fig. 3D). On the whole, these observa-
tions indicate a modularity in the timely expression of  
tissue-restricted orchestrators of complex differentiating 
patterning in REAC-reprogrammed hSFs. So far, a remark-
able complexity has been encountered in the expression 
profiles of these transcription factors, with unexpected 
multidirectional actions, as shown by the ability of Nkx2.5 
itself to drive noncardiogenic decisions, including the 
commitment to neuronal differentiation in both skeletal 
muscle and ES cells (18,27). Deciphering the molecular 
mechanism that interconnect with the transcriptional units 
intervening in REAC-mediated commitment of hSFs may 
provide a window into the cellular circuitry that specifies 
the attainment of multiple fates from these cells.

Immunocytochemical Analysis of Cardiogenic, 
Neurogenic, and Myogenic Differentiation

To further confirm cardiogenic, neurogenic, and myo-
genic differentiation of hSFs, cells cultured in the absence 
or presence of REAC were subjected to confocal micros-
copy analysis in the presence of selected antibodies tar-
geted against a-sarcomeric actinin and a-myosin heavy 
chain for cardiogenesis, MyoD for skeletal myogenesis, 
and b-3-tubulin for neurogenesis. As shown in Figure 4,  

expression of each selected marker protein could be 
observed only in REAC exposed cells. Flow cytometry 
analysis performed in hSFs treated with REAC for 72 h 
and then left unexposed for additional 4 days revealed that 
16.30 ± 1.8% of cells expressed b-3-tubulin, whereas the 
percentage of myoD- and a-sarcomeric actinin-positive 
elements was 21.60 ± 2.20% or 32.00 ± 2.00%, respectively 
(mean ± SE; n = 6).

Fibroblasts Treated With REAC Are Directly 
Reprogrammed Without a Persistent iPSC State

Oct4, Sox2, and Nanog play a major role in maintain-
ing stem cell identity. These transcription factors are mas-
ter regulators, silencing genes that are waiting to create 
the next generation of cells, and upon their disabling stem 
cells rapidly begin to differentiate (9,13,14,16). Ablation 
of the Oct4 gene in mouse embryos prevented prolifera-
tion of inner cell mass (ICM) cells and promoted differen-
tiation into trophectoderm (15). Once expressed, Nanog 
blocks differentiation (15). Thus, negative regulation of 
Nanog is required to sustain differentiation during ES cell 
commitment (3). Similarly, early phases of ES cell dif-
ferentiation involved a downregulation of Sox2 expres-
sion (11). Viral vector-mediated transduction of hSFs 
with Sox2, Oct4, Klf4, and c-Myc can directly reprogram 
somatic cells into a pluripotent state (24), opening new 

Figure 2. REAC exposure induces the expression of genes 
involved in cardiac reprogramming. Cells were exposed for 24, 
48, or 72 h in the absence or presence of REAC or were treated 
with REAC for 72 h and then left unexposed for additional 4 
or 7 days (day 7 or day 10 from time zero, respectively). The 
amounts of myocyte enhancer factor 2C (Mef2c) (A), T-box pro-
tein 5 (Tbx5) (B), or guanine-adenine-thymine-adenine-binding 
protein 4 (GATA-4) (C) mRNA from REAC-treated or untreated 
cells were normalized to glyceraldehyde 3-phopshate dehydro-
genase (GAPDH), and the mRNA expression of REAC-exposed 
cells was plotted at each time point as fold change relative to the 
expression in control untreated cells, defined as 1 (mean ± SE; 
n = 6). *Significantly different from untreated cells.

 

Figure 3. Effect of REAC stimulation on the expression of 
genes orchestrating cell commitment toward cardiogenic, skel-
etal myogenic, and neurogenic lineages. Cells were exposed 
for 24 or 48 or 72 h in the absence or presence of REAC or 
were treated with REAC for 72 h and then left unexposed for 
additional 4 or 7 days. The amounts of prodynorphin (A), NK2 
homeobox 5 (Nkx2.5) (B), neurogenin 1 (C), and myogenic 
differentiation 1 (MyoD) (D) mRNA from REAC-treated or 
untreated cells were normalized to GAPDH, and the mRNA 
expression of REAC-exposed cells was plotted at each time 
point as fold change relative to the expression in control 
untreated cells, defined as 1 (mean ± SE; n = 6). *Significantly 
different from untreated cells.



1232 MAIOLI ET AL.

Figure 5. REAC treatment time-dependently modulates the expression of genes involved in fibroblast to induced pluripotent stem 
cell (iPSC) reprogramming. Cells were exposed in the absence or presence of REAC for different time periods up to 72 h or were 
treated for 72 h and then left unexposed for additional 4 or 7 days (day 7 or day 10 from time zero, respectively). The amounts of 
octamer-binding transcription factor 4 (Oct4) (A), sex-determining region Y box 2 (Sox2) (B), v-myc myelocytomatosis viral oncogene 
homolog (cMyc) (C), Nanog (D), and Krüppel-like factor 4 (Klf4) (E) mRNA from REAC-treated or untreated cells were normalized 
to GAPDH, and the mRNA expression of REAC-exposed cells was plotted at each time point as fold change relative to the expression 
in control untreated cells, defined as 1 (mean ± SE; n = 6). 

Figure 4. REAC induces fibroblast commitment toward cardiac, neuronal, and skeletal muscle lineages. The expression of a-myosin 
heavy chain (MHC), a-sarcomeric actinin (a-actinin), MyoD, and b-3-tubulin (tubulin) was assessed by confocal microscopy in fibro-
blasts cultured for 72 h in the absence or presence of REAC and then left unexposed for additional 4 days. In separate experiments, 
cells were preincubated for 2 h prior to REAC treatment with the free radical scavenger N-(2-mercapto-propionyl)-glycine (NMPG) 
(100 mM). Scale bars: 40 μm. Nuclei are labeled with DAPI (blue). Representative of five separate experiments.
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routes for regenerative therapies. Nevertheless, persistent 
activation of these genes in engineered cells is associ-
ated with very low differentiation efficiencies (24), also 
raising cautionary issues concerning the fate of the large 
proportion of cells that remain undifferentiated after com-
mitment to defined lineages. We have previously shown 
the effectiveness of REAC treatment in downregulating 
the expression of the genes controlling pluripotency in 
mouse ES cells after 24 h of exposure. Here, time-course 
analysis at shorter intervals of Oct4, Sox2, cMyc, Nanog, 
and Klf4 transcription, in exposed and unexposed hSFs, 
revealed that REAC elicited a biphasic response encom-
passing an early increase in the gene expression during 
the first 6–20 h, followed by a downregulation after 24 h 
(Fig. 5A–E). Such a decline persisted after 72 h of expo-
sure, being still clearly evident even when cells were 
maintained in culture for an additional 4 or 7 days in the 
absence of REAC treatment (Fig. 5A–E). These findings 
indicate that REAC may have initially switched hSFs 
to pluripotency without freezing cells into an iPSC-like 
intermediate state, thus avoiding a decrease in differen-
tiation efficiency from a long-term overexpression of 
stemness-related genes. 

REAC-Mediated Commitment Involves Selective 
Induction of Nox4 Subunit of NADPH Oxidase

Previous studies revealed a role of reactive oxygen 
species (ROS) in transducing mechanically or electrically 
driven cardiovascular differentiation in mouse ES cells 
(22,23). Cardiac differentiation was accompanied by an 
upregulation of the NADPH oxidase isoforms Nox2 and 
Nox4 (1). In the current study, REAC-exposed hSFs exhib-
ited a time-dependent increase in the gene expression of 
Nox4, which reached a maximum at 7–10 days in cells 
that were left unexposed after the first 72 h of treatment  
(Fig. 6A). Different from Nox4, Nox1 transcription was 
downregulated during the first 72 h of REAC treatment, 
while increasing after an additional 7 days in culture with-
out further treatment (Fig. 6B). These observations prompt 
one to verify whether ROS may be involved in the dif-
ferentiating responses elicited by REAC in hSFs. Such a 
possibility is indeed inferred from the finding that all the 
differentiating responses elicited by REAC were abolished 
when cells where cultured in the presence of NMPG, a free 
oxygen radical scavenger (Fig. 4). Studies are in progress 
to dissect the molecular patterning and cell signaling net-
work involved in the ROS action. 

On the whole, our findings indicated that RECF energy 
may be delivered with an ad hoc designed device to afford 
expression of pluripotentiality from human somatic cells. 
hSFs may be reprogrammed by a physical stimulus to 
acquire three differentiating outcomes (i.e., cardiogenic, 

neurogenic, and skeletal myogenic) that have long been 
pursued as major target lineages holding future promise 
for regenerative medicine in most morbidity-associated 
diseases, such as cardiovascular, neurodegenerative, and 
(neuro)-muscular disorders. So far, the acquirement of 
a pluripotent state in somatic cells, including fibroblast 
reprogramming to iPSCs or direct commitment to cardiac 
or neuronal fates without an iPSC intermediate, has only 
been achieved by targeted genetic engineering through viral 
vector-mediated technologies or cumbersome and expen-
sive protein transduction methods or by combinatorial 
approaches encompassing both viral-mediated gene deliv-
ery and chemical stimulation of the target cells (7,8,17). 

This is the first report demonstrating the feasibility to 
afford a rapid, long-lived, and inexpensive commitment 
of human fibroblasts to multiple complex lineages, with-
out the use of intricate chemistry or viral transduction. 
Studies are on the way to dissect the electrophysiologi-
cal properties of REAC-committed cells and to assess 
whether these cells may provide effective structural and 
functional rescue in defined animal models of heart fail-
ure, neurodegeneration, and skeletal muscle dystrophy. In 
the affirmative, the strategy proposed in the current study 
may pave the way to novel unprecedented approaches of 
regenerative medicine in humans. 

ACKNOWLEDGMENTS: We thank Dr. Eng. Matteo Lotti 
Margotti for data analysis, Lucia Aravagli M.D., and Stefania Bini 
M.D. of Rinaldi Fontani Institute, Florence, Italy, for their helpful 
support. This research was supported by Ministero della Salute, 
Italy, Programma per la Ricerca Sanitaria: attività di Ricerca 
sulle Cellule Staminali; Fondazione Fornasini, Poggio Renatico, 
Italy; Fondazione Cardinale Giacomo Lercaro, Bologna, Italy; 
Fondazione Luisa Fanti-Melloni, Bologna, Italy; Tavola Valdese, 

Figure 6. REAC exposure selectively activates the transcription 
of the Nox4 subunit of NADPH oxidase. Cells were exposed 
for 24 or 48 or 72 h in the absence or presence of REAC or 
were treated with REAC for 72 h and then left unexposed for 
additional 4 or 7 days. The amounts of nicotinamide adenine 
dinucleotide phosphate (NADPH) oxidase subunit 4 (Nox4) (A) 
and Nox1 (B) mRNA from REAC-treated or untreated cells were 
normalized to GAPDH, and the mRNA expression of REAC-
exposed cells was plotted at each time point as fold change rela- 
tive to the expression in control untreated cells, defined as 1 
(mean ± SE; n = 6). *Significantly different from untreated cells.



1234 MAIOLI ET AL.

Rome, Italy. Salvatore Rinaldi and Vania Fontani are the inventors 
of the REAC. The other authors report no conflicts of interest.

REFERENCES
Bartsch, C.; Bekhite, M. M.; Wolheim, A.; Richter, M.;  1. 
Ruhe, C.; Wissuwa, B.; Marciniak, A.; Muller, J.; Heller, 
R.; Figulla, H. R.; Sauer, H.; Wartenberg, M. NADPH oxi-
dase and eNOS control cardiomyogenesis in mouse embry-
onic stem cells on ascorbic acid treatment. Free Radic. 
Biol. Med. 51(2):432–443; 2011.
Castagna, A.; Fontani, V.; Rinaldi, S.; Mannu, P. Radio elec- 2. 
tric tissue optimization in the treatment of surgical wounds. 
Clin. Cosmet. Investig. Dermatol. 4(1):133–137; 2011.
Chambers, I.; Colby, D.; Robertson, M.; Nichols, J.; Lee,  3. 
S.; Tweedie, S.; Smith, A. Functional expression cloning of 
Nanog, a pluripotency sustaining factor in embryonic stem 
cells. Cell 113(5):643–655; 2003.
Ebert, A. D.; Yu, J.; Rose, Jr., F. F.; Mattis, V. B.; Lorson,  4. 
C. L.; Thomson, J. A.; Svendsen, C. N. Induced pluripotent 
stem cells from a spinal muscular atrophy patient. Nature 
457(7227):277–280; 2009.
Fontani, V.; Castagna, A.; Mannu, P.; Rinaldi, S. Radioelec-  5. 
tric asymmetric stimulation of tissues as treatment for  
posttraumatic injury symptoms. Int. J. Gen. Med. 4(1):627–
634; 2011.
Forsberg, M.; Carlen, M.; Meletis, K.; Yeung, M. S.;  6. 
Barnabe-Heider, F.; Persson, M. A.; Aarum, J.; Frisen, J.  
Efficient reprogramming of adult neural stem cells to mono-
cytes by ectopic expression of a single gene. Proc. Natl. 
Acad. Sci. USA 107(33):14657–14661; 2010.
Han, D. W.; Tapia, N.; Hermann, A.; Hemmer, K.; Höing,  7. 
S.; Araúzo-Bravo, M. J.; Zaehres, H.; Wu, G.; Frank, S.; 
Moritz, S.; Greber, B.; Yang, J. H.; Lee, H. T.; Schwamborn, 
J. C.; Storch, A.; Schöler, H. R. Direct reprogramming of 
fibroblasts into neural stem cells by defined factors. Cell 
Stem Cell 10(4):465–472; 2012.
Ieda, M.; Fu, J. D.; Delgado-Olguin, P.; Vedantham, V.;  8. 
Hayashi, Y.; Bruneau, B. G.; Srivastava, D. Direct repro-
gramming of fibroblasts into functional cardiomyocytes by 
defined factors. Cell 142(3):375–386; 2010.
Jiang, J.; Chan, Y. S.; Loh, Y. H.; Cai, J.; Tong, G. Q.; Lim,  9. 
C. A.; Robson, P.; Zhong, S.; Ng, H. H. A core Klf circuitry 
regulates self-renewal of embryonic stem cells. Nat. Cell 
Biol. 10(3):353–360; 2008.
Maioli, M.; Asara, Y.; Pintus, A.; Ninniri, S.; Bettuzzi, S.; 10. 
Scaltriti, M.; Galimi, F.; Ventura, C. Creating prodynorphin-
expressing stem cells alerted for a high-throughput of cardio-
genic commitment. Regen. Med. 2(2):193–202; 2007.
Maioli, M.; Rinaldi, S., Santaniello, S.; Pigliaru, G.; Castagna, 11. 
A.; Fontani, V.; Ventura, C. Radio frequency energy loop 
primes cardiac, neuronal, and skeletal muscle differentiation 
in mouse embryonic stem cells: A new tool for improving tis-
sue regeneration. Cell Transplant. 21(6):1225–1233; 2012. 
Maioli, M.; Santaniello, S.; Montella, A.; Bandiera, P.; 12. 
Cantoni, S.; Cavallini, C.; Bianchi, F.; Lionetti, V.; Rizzolio, 
F.; Marchesi, I.; Bagella, L.; Ventura, C. Hyaluronan esters 
drive Smad gene expression and signaling enhancing car-
diogenesis in mouse embryonic and human mesenchymal 
stem cells. PLoS One 5(11):e15151; 2010.
Masui, S.; Nakatake, Y.; Toyooka, Y.; Shimosato, D.; Yagi, 13. 
R.; Takahashi, K.; Okochi, H.; Okuda, A.; Matoba, R.; 
Sharov, A. A.; Ko, M. S.; Niwa, H. Pluripotency governed 
by Sox2 via regulation of Oct3/4 expression in mouse 
embryonic stem cells. Nat. Cell Biol. 9(6):625–635; 2007.

Nakatake, Y.; Fukui, N.; Iwamatsu, Y.; Masui, S.; Takahashi, 14. 
K.; Yagi, R.; Yagi, K.; Miyazaki, J.; Matoba, R.; Ko, M. S.; 
Niwa, H. Klf4 cooperates with Oct3/4 and Sox2 to activate 
the Lefty1 core promoter in embryonic stem cells. Mol. 
Cell. Biol. 26(20):7772–7782; 2006.
Nichols, J.; Zevnik, B.; Anastassiadis, K.; Niwa, H.; 15. 
Klewe-Nebenius, D.; Chambers, I.; Schöler, H.; Smith, A.  
Formation of pluripotent stem cells in the mammalian 
embryo depends on the POU transcription factor Oct4. Cell 
95(3):379–391; 1998.
Pereira, L.; Yi, F.; Merrill, B. J. Repression of Nanog gene 16. 
transcription by Tcf3 limits embryonic stem cell self- 
renewal. Mol. Cell. Biol. 26(20):7479–7491; 2006.
Qian, L.; Huang, Y.; Spencer, C. I.; Foley, A.; Vedantham, 17. 
V.; Liu, L.; Conway, S. J.; Fu, J. D.; Srivastava, D. In vivo 
reprogramming of murine cardiac fibroblasts into induced 
cardiomyocytes. Nature 485:593–598; 2012.
Riazi, A. M.; Lee, H.; Hsu, C.; Van Arsdell, G. CSX/18. 
Nkx2.5 modulates differentiation of skeletal myoblasts and 
promotes differentiation into neuronal cells in vitro. J. Biol. 
Chem. 280(11):10716–10720; 2005.
Rinaldi, S.; Fontani, V. Radioelectric Asymmetric Conveyer 19. 
for therapeutic use. Patent No. EP1301241. April 16, 2003.
Rinaldi, S.; Fontani, V. Radioelectric Asymmetric Con-20. 
veyer for therapeutic use. Patent No. US 7333859. Feb-
ruary 19, 2008.
Satoh, J.; Obayashi, S.; Tabunoki, H.; Wakana, T.; Kim,  21. 
S. U. Stable expression of neurogenin 1 induces LGR5,  
a novel stem cell marker, in an immortalized human neural 
stem cell line HB1.F3. Cell. Mol. Neurobiol. 30(3):415–
426; 2010.
Schmelter, M.; Ateghang, B.; Helmig, S.; Wartenberg, M.; 22. 
Sauer, H. Embryonic stem cells utilize reactive oxygen spe-
cies as transducers of mechanical strain-induced cardiovas-
cular differentiation. FASEB J. 20(8):1182–1184; 2006.
Serena, E.; Figallo, E.; Tandon, N.; Cannizzaro, C.; Gerecht, 23. 
S.; Elvassore, N.; Vunjak-Novakovic, G. Electrical stimula-
tion of human embryonic stem cells: Cardiac differentiation 
and the generation of reactive oxygen species. Exp. Cell Res. 
315(20):3611–3619; 2009.
Takahashi, K.; Tanabe, K.; Ohnuki, M.; Narita, M.; 24. 
Ichisaka, T.; Tomoda, K.; Yamanaka, S. Induction of pluri-
potent stem cells from adult human fibroblasts by defined 
factors. Cell 131(5):861–872; 2007.
Takahashi, K.; Yamanaka, S. Induction of pluripotent stem 25. 
cells from mouse embryonic and adult fibroblast cultures 
by defined factors. Cell 126(4):663–676; 2006.
Takeuchi, J. K.; Bruneau, B. G. Directed transdifferentia-26. 
tion of mouse mesoderm to heart tissue by defined factors. 
Nature 459(7247):708–711; 2009.
Theodorou, E.; Dalembert, G.; Heffelfinger, C.; White, E.; 27. 
Weissman, S.; Corcoran, L.; Snyder, M. A high throughput 
embryonic stem cell screen identifies Oct-2 as a bifunc-
tional regulator of neuronal differentiation. Genes Dev. 
23(5):575–588; 2009.
Valberg, P. A.; van Deventer, T. E.; Repacholi, M. H. 28. 
Workgroup report: Base stations and wireless networks-
radiofrequency (RF) exposures and health consequences. 
Environ. Health Perspect. 115(3):416–424; 2007.
Ventura, C.; Cantoni, S.; Bianchi, F.; Lionetti, V.; Cavallini, 29. 
C.; Scarlata, I.; Foroni, L.; Maioli, M.; Bonsi, L.; Alviano, 
F.; Fossati, V.; Bagnara, G. P.; Pasquinelli, G.; Recchia, F. A.;  
Perbellini, A. Hyaluronan mixed esters of butyric and reti- 
noic Acid drive cardiac and endothelial fate in term 



RADIO ELECTRIC FIELDS AND HUMAN FIBROBLASTS 1235

placenta human mesenchymal stem cells and enhance 
cardiac repair in infarcted rat hearts. J. Biol. Chem. 
282(19):14243–14252; 2007.
Ventura, C.; Maioli, M. Opioid peptide gene expression 30. 
primes cardiogenesis in embryonal pluripotent stem cells. 
Circ. Res. 87(3):189–194; 2000.
Ventura, C.; Zinellu, E.; Maninchedda, E.; Maioli, M. 31. 
Dynorphin B is an agonist of nuclear opioid receptors 

coupling nuclear protein kinase C activation to the tran-
scription of cardiogenic genes in GTR1 embryonic stem 
cells. Circ. Res. 92(6):623–629; 2003.
Yu, J.; Vodyanik, M. A.; Smuga-Otto, K.; Antosiewicz-32. 
Bourget, J.; Frane, J. L.; Tian, S.; Nie, J.; Jonsdottir, G. A.;  
Ruotti, V.; Stewart, R.; Slukvin, I. I.; Thomson, J. A. 
Induced pluripotent stem cell lines derived from human 
somatic cells. Science 318(5858):1917–1920; 2007.




