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Extremely low frequency electromagnetic field enhances
human keratinocyte cell growth and decreases
proinflammatory chemokine production
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Background Proliferation and differentiation of keratinocytes are central processes in
tissue regeneration after injury. Chemokines, produced by a wide range of cell
types including keratinocytes, play a regulatory role in inflammatory skin dis-
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NF-KB, real-time polymerase chain reaction chemoattractant protein (MCP)-1, macrophage inflammatory protein (MIP)-1o
and interleukin (IL)-8] in order to evaluate a potential therapeutic use of mag-

netic fields.
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Methods The human keratinocyte cell line HaCaT was exposed at 1 mT, 50 Hz for

different lengths of time and compared with unexposed control cells. Cell growth
and viability were evaluated at different exposure times by cell count and trypan
blue exclusion. Chemokine production and expression were analysed by enzyme-

linked immunosorbent assay (ELISA) and by real-time polymerase chain reaction.
Total NF-kB p65 was quantified by ELISA.

Results Significantly increased growth rates were observed after 48 h of EMF
exposure as compared with control cells, while no difference in cell viabilities
were detected. Gene expression and release of RANTES, MCP-1, MIP-1a and IL-8
were significantly reduced after 72 h of exposure. NF-kB levels became almost
undetectable after only 1 h of EMF exposure, and were inversely correlated with
cell density.

Conclusions Our results show that ELF-EMF modulates chemokine production and
keratinocyte growth through inhibition of the NF-kB signalling pathway and thus
may inhibit inflammatory processes. ELF-EMF could represent an additional ther-
apeutic approach in the treatment of skin injury.

The effects on human health of exposure to an extremely low
frequency electromagnetic field (ELF-EMF) have been widely
debated, the main concerns focusing on their carcinogenic
potential and relationship with immune system functions.
However, controlled EMF exposures are still widely used for
the treatment of some pathological conditions to stimulate
neural regeneration, tissue and bone repair.l'2 In fact, EMFs
have been shown to enhance circulation by increasing blood
flow,> favour bone formation and healing through the
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increase of osteoblast maturation* and enhance the recovery of
tensile strength after tendon injury.®

The biological effects of EMFs are dependent on frequency,
amplitude, timing and length of exposure, but are also related
to intrinsic susceptibility/responsiveness of different cell
types.® In bone marrow-derived macrophages, EMFs induce a
significant increase in phagocytic activity, small differences in
O; production, but no differences in nitric oxide (NO) pro-
duction. No effects on cytokine production in mononuclear
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blood cells after EMF exposure have been detected,” while a
growth inhibitory effect has been shown in T lymphocytes.® A
previous study demonstrated downregulation of inducible
NO synthase and upregulation of monocyte chemoattractant
protein (MCP)-1 in human peripheral blood monocytes
exposed to 1 mT, 50 Hz EMF.” Chow and Tung'® have dem-
onstrated that magnetic fields can actually enhance the effi-
ciency of DNA repair.

In general, repair stimulation is one of the stronger and bet-
ter documented biological effects of EMFs. The variability of
the therapeutic results and therefore of exposure windows of
the different tissues for repair relate to the involvement of sev-
eral cell types that may differentially respond to the EMF stim-
ulus. For example, repair by EMF has been morphologically

documented in skin and soft tissue.''

Other reports high-
lighted the effect on vascularization, reduction in wound
depth by granulation tissue, and reduced inflammatory cell
migration and infiltration.'> However, contradictory results
have been observed in human clinical studies involving the
use of EMFs to treat chronic ulcers.'® Chronic ulcers are a sig-
nificant cause of morbidity and mortality in the elderly popu-
lation, as healing is frequently difficult to achieve. One of the
underlying mechanisms responsible for the failure of chronic
wound healing is an out-of-control inflammatory response
that is self-sustaining."*

Indeed, tissue healing is a complex process involving epi-
dermal, dermal as well as inflammatory cell proliferation and
migration, mediated and modulated by paracrine and/or auto-
crine production of chemokines."® The processes of keratino-
cyte proliferation and differentiation represent the central and
final event in tissue regeneration leading to the formation of a
massive bulk of cells, necessary to cover the wounded area.'®

Chemokines are low molecular weight chemotactic cyto-
kines that have been shown to play a relevant role in inflam-
matory events, such as transendothelial migration and
accumulation of leucocytes at the site of damage. In addition,
they modulate a number of biological responses, including
enzyme secretion, cellular adhesion, cytotoxicity and T-cell

17,18 .
Chemokines are

activation and tissue regeneration.
divided into four families, based on the arrangement of cys-
teine residues, two of which have been extensively studied:
the CXC family, including interleukin (IL)-8, and the CC
family, including MCP-1, macrophage inflammatory protein
(MIP)-1 and RANTES (Regulated upon Activation, Normal
T cell Expressed and Secreted). Chemokines are produced

by a variety of cells including monocytes, T lymphocytes,

neutrophils, fibroblasts, endothelial cells and epithelial cells.
Keratinocytes have been shown to produce RANTES, MCP-1,
MIP-1 and IL-8."

In the present study, we investigated the influence of EMF
exposure on cell growth and production of the chemokines
IL-8, MCP-1, MIP-1a and RANTES, as well as the transcription
factor NF-xB, in the human keratinocyte cell line HaCaT. Our
results suggest that the constitutive IL-8, MCP-1, MIP-1a and
RANTES production by HaCaT cells is significantly downregu-
lated by EMF exposure. These data, paralleled by the early
reduction of NF-kB levels, support the hypothesis that EMF
exposure could favour wound healing by increasing keratino-
cyte growth rate and reducing the production of proinflamma-
tory molecules.

Materials and methods

Electromagnetic field exposure system

All experiments were performed using a sinusoidal 50-Hz
EMF at a flux density of 1 mT (r.m.s.) produced by an elec-
tromagnetic generator (Hewlett-Packard (Palo Alto, CA,
U.S.A.) model 33120 with stability higher than 1% both in
frequency and in amplitude), as previously reported.'® A cur-
rent flow of 1-20 A (I.¢) passed through a 160-turn solenoid
coil of length 1 = 0:22 m and radius a = 0-06 m. The copper
wire thickness was 125 X 107> m. The generator was con-
nected to a power amplifier (Denon POA 2800, NAD Electro-
nics Ltd, London, U.K.). Cells were placed in the central part
of the solenoid, which presented the highest degree of field
homogeneity (98%). Magnetic field strength and distribution
within the solenoid were measured with a Hall-effect probe
connected to a Gaussmeter (MG-3D; Walker Scientific Inc.,
Worcester, MA, U.S.A.). Geomagnetic field intensity inside the
incubator was about 40 uT; in the same area, the environ-
mental magnetic noise due to power line (50 Hz) was about
7 WT (r.m.s.). The experimental setup for exposure to mag-
netic field is shown in Figure 1.

The immortalized human keratinocytes HaCaT were grown
in complete medium (Dulbecco’s modified Eagle’s medium
supplemented with 10% heat-inactivated fetal bovine serum,
100 U mL™" penicillin and 100 pg mL™" streptomycin). Cells,
derived from the same freeze-down batch, were thawed,
grown in a flask, seeded at densities of 10 X 10° and
50 X 10> cells per well on to six-well tissue culture plates and
cultured in two different incubators, in the same room, at

Fig 1. Schematic representation of the

exposure system. The solenoid was placed

inside the cell incubator. The diameter of the

solenoid was a = 006 m, and its length was

Solenoid
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1 = 0-22 m. The number of solenoid turns
was 160, and the diameter of the copper wire
was 1-25 X 107 m. B indicates the direction

of the magnetic field.
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37 °C in a humidified atmosphere of 5% CO,. Both control
and exposed culture experiments were run simultaneously
and under exactly the same conditions. HaCaT cells were
exposed to a 50-Hz EMF at a flux density of 1 mT (r.m.s.)
produced by an electromagnetic generator and located on a
grid to allow air circulation in the central part of the solenoid
where the highest EMF homogeneity (98%) was present. Con-
trol nonexposed cell plates were placed in a different incuba-
tor where only the environmental magnetic field could be
detected.

Taking into account that the solenoid inside the incubator
may generate power and thus increase the internal tempera-
ture, the thermal effect of EMF exposure on the incubator
and on the culture medium was monitored for the entire
length of the EMF exposure both in preliminary experiments
and every hour for the first 24 h, and then randomly until
the end of the study (72 h). The temperature inside the
incubator was monitored by a built-in thermometer (temper-
ature, t = 37 £ 0-2 °C), while the temperature of the cell
medium was measured using a specially designed thermore-
sistor (HD 9216; Delta OHM, Padua, Italy). The low-level
Joule heating was efficiently dissipated by the fan system
inside the incubator as At was < 0-1308 °C in the medium
of exposed cells.

Cell viability was not influenced by field exposure. More
than 98% of cells were viable, as determined by trypan blue
dye exclusion at the beginning of the culture, and more than
90% were viable before cells were collected.

Cell growth curves

Cells were seeded at densities of 10 X 10% and 50 x 10> cells
per well in separate six-well plates for control and EMF-
exposed cultures and placed into different incubators as
described. HaCaT cells were exposed at 1 mT, 50 Hz in the
solenoid region, where the field gradient was 3%. The cultures
were kept under continuous EMF exposure for the entire
length of the experiments (1, 4, 12, 24, 48, 72, 96 h) with-
out medium replacement. Control cells were grown simulta-
neously in a different cell incubator for the same time and
under identical conditions except for EMF. At the selected
intervals, cells were counted and viability determined by try-
pan blue dye exclusion.

EMF exposures and control experiments were repeated at
least five times in triplicate to ensure and verify the reproduc-
ibility of the results. All experiments were run in parallel for
EMF-exposed and control cells.

Chemokines assay

MCP-1, MIP-1or and RANTES release levels were evaluated by
commercial SearchLight Multiplex Assays sandwich enzyme-
linked immunosorbent assay (ELISA) kits (Endogen, Woburn,
MA, U.S.A.) following the manufacturer’s instructions in con-
ditioned medium after 1, 4, 12 and 72 h of culture. Before
assay, aliquots of tissue culture supernatant were thawed and
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diluted (1 : 10) with the sample diluents, in order to obtain
values lower than the upper limit of the calibration range. The
plates were imaged using a specialized cooled CCD instru-
ment. The integrated density values of spots for known stan-
dards were used to generate standard curves. Density values
for unknown samples were assessed using the standard curve
for each analyte to calculate actual values in pg mL™'. The
detection limit of the assay was < 0-8 pg mL™' for MCP-1,
<31 pg mL™" for MIP-1o and < 0-4 pg mL™' for RANTES.
The intra- and interassay reproducibility was > 90%. Experi-
ments with duplicate values differing by > 10% were
repeated. IL-8 release was evaluated by commercial ELISA kits
(Endogen) following the manufacturer’s instructions; the
detection limit of the assay was < 2 pg mL™".

NF-xB assay

Cells were washed twice with cold phosphate-buffered saline,
centrifuged at 4 °C and resuspended in 10 mmol L™ Tris pH
74, 100 mmol L™' NaCl, 1 mmol L™ ethylenediamine tetra-
acetic acid, 1 mmol L™' EGTA, 1 mmol L™' NaF, 1% Triton
X-100, 01% sodium dodecyl sulphate, 10% glycerol,
2 mmol L' NasVO,, 20 mmol L”' Na,P,0,, 1 mmol L™’
phenylmethylsulphonyl fluoride, 1 mg mL™" leupeptin and
aprotinin, and vortexed at 10-min intervals and kept on ice for
30 min. Cell lysates were centrifuged for 10 min at 10 000 g at
4 °C and 200 pg mL™" of total protein used to quantify total
NF-kB p65 using the BioSource ELISA kit (Camarillo, CA,
U.S.A.). The detection limit of the assay was < 50 pg mL™".

RNA extraction and reverse transcription—polymerase
chain reaction analysis

Total RNA was extracted from HaCaT cell cultures using the
TRIzol reagent (Invitrogen, Life Technologies, Paisley, U.K.)
according to the manufacturer’s protocol. The RNA concentra-
tion was estimated by measuring the absorbance at 260 nm
using a Bio-Photometer (Eppendorf AG, Hamburg, Germany),
and RNA samples were kept frozen at —80 °C until use. Puri-
fied RNA was electrophoresed on a 1% agarose gel to assess
the integrity of the purified RNA. Three micrograms of RNA
was reverse transcribed into c¢DNA using a High Fidelity
Superscript reverse transcriptase commercially available kit
(Applied Biosystems, Foster City, CA, U.S.A.), according to
the manufacturer’s instructions. Programmes and primers for
the measurement of steady state levels of mRNA of the other
gene products were as follows: glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) forward: 5'-ATG CAT CTC AGA GGT
GCA GG-3"; GAPDH reverse: 5-ACT GCT GGT GGA AGA TGT
CG-3" (cDNA length is 275 bp); RANTES forward: 5’-CAG
AGG ATC AAG ACA GCA CG-3"; RANTES reverse: 5-CAA GCT
AGG ACA AGA GCA AGC-3" (cDNA length is 394 bp); MIP-
la forward: 5-TTC TCT GCA TCA CTT GCT GC-3’; MIP-1a
reverse: 5-TCC ATA GAA GAG GTA GCT GTIG G-3" (cDNA
length is 329 bp); MCP-1 forward: 5-AAT GAA GCT CGC
ACT CTC G-3"; MCP-1 reverse: 5-GAG TGA GTG TTC AAG
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TCT TCG G-3" (cDNA length is 338 bp). All polymerase
chain reactions (PCRs) were performed in PCR-express cyclers
(Hybaid, Heidelberg, Germany). The PCR
programme was as follows: an initial period of 5 min at

amplification

95 °C, followed by a variable number of cycles of 30 s
denaturation at 95 °C, 30 s annealing at 60 °C and finally
30 s of extension at 72 °C. The programme was terminated
with a period of 10 min at 72 °C. To be within the expo-
nential phase of the semiquantitative PCR reaction,’® the
appropriate number of cycles was newly established for every
set of samples. PCR products were separated by gel elec-
trophoresis on 1-5% agarose gels and visualized by ethidium
bromide staining. All gels were scanned and the normalized
intensities of all reverse transcription (RT)-PCR products were
determined by the BioRad gel documentation system (BioRad,
Hercules, CA, U.S.A.). Mean * SEM intensities were calculated
for all RT-PCR experiments.

Real-time polymerase chain reaction system

Total RNA was extracted in the same way as for RT-PCR.
Quantitative real-time PCR assay was carried out in an Eppen-
dorf Mastercycler EP Realplex (Eppendorf AG). Preliminary
PCR reactions were run to optimize the concentration and
ratio of each primer set. For all the cDNA templates 2 puL was
used in a 20-pL real-time PCR amplification system of SYBR
Green Real Master Mix Kit according to the manufacturer’s
directions. Primers for human RANTES, MIP-1a. and MCP-1
genes and GAPDH as control were designed using GeneWorks
software (IntelliGenetix, Inc., Mountain View, CA, U.S.A)).
Similar amplification procedures and data computation were
followed as described above. No PCR products were generated
from genomic vs. cDNA template.

The fluorescence intensity of the double-strand-specific SYBR
Green, reflecting the amount of formed PCR product, was mon-
itored at the end of each elongation step. Melting curve analysis
was performed to confirm the purity of the PCR products. Rela-
tive expression of RANTES, MIP-1a and MCP-1 was normalized
to GAPDH using the ACT method [relative expression = 27ACT
where ACT = CrT(RANTES, MIP-1, MCP-1) — CT(GAPDH)]‘ZO’ZI Predicted
cycle threshold values were exported directly into Excel work-
sheets for analysis. Relative changes in gene expression were
determined by the 2AAcT

reported as the difference (n-fold) relative to the value for

method as described previously”> and

a calibrator cDNA (control) prepared in parallel with the experi-
mental c¢DNAs. Data are representative of three different
experiments each run in triplicate and are presented as the
mean + SEM of triplicates. DNA was denatured at 95 °C for
2 min followed by 40 cycles of 30 s at 95 °C together with
30 s at 60 °C. The experiments were repeated twice with
consistent results.

Statistical analysis

Differences in growth curves were compared by the two-way
Kruskal-Wallis test. Exposed vs. control chemokine levels at

each time point were compared by the nonparametric Mann—
Whitney U-test with Bonferroni correction. NF-kB levels were

correlated with cell growth by Spearman test.

Results

Keratinocyte growth curves

In order to evaluate the effect of EMF on keratinocyte growth,
HaCaT cells were seeded and exposed to 50 Hz, 1 mT EMF in
the solenoid region for different times (Fig. 1). In parallel,
HaCaT cells were grown under identical conditions, but in a
different incubator to ensure the absence of EMF interference
and were used in all experiments as control.

Figure 2 shows the growth curves obtained by counting
cells at 4, 12, 24, 48, 72 and 96 h. EMF-exposed keratino-
cytes demonstrated an increased growth rate compared with
control cells (P < 0-001). However, only a slight increase was
observed in the first 24 h, while cell growth was significantly
increased following prolonged exposure (at 48 and 72 h:
P = 0-005 and P = 0:001, respectively). No differences in cell
viability were noted between exposed and control cells, as
reported in Figure 2.

Effect of electromagnetic field exposure on chemokine
release and mRNA expression

Cell culture supernatants collected at the time of cell counts
were used to analyse chemokine production levels. Table 1
illustrates chemokine levels detected after 4, 12 and 72 h of
EMF exposure. Significant differences were observed after
72 h of exposure. The production of RANTES and IL-8 dis-
played the most significant reductions in exposed cells,

% viable cells + SD
92 +0-07
89 +0-05

450 - |Control cells

400 - |Exposed cells
350 -
300 -
250
200
150 -
100 +

50 -

0 T T
4h 12h 24h 48 h 72h 96 h

Time (h)

Cells number (x 1000)

Fig 2. Growth curves of human HaCaT keratinocytes exposed

to extremely low frequency electromagnetic field (squares) and
controls (circles). Curves represent the mean + SD of five different
experiments run in triplicate. Differences in growth curves were
compared by two-way Kruskal-Wallis test (P < 0-001); individual
time points were compared by nonparametric Mann—Whitney U-test
with Bonferroni correction (P = 0-005 at 48 h and P = 0-001 at 72 h,

respectively).
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Table 1 RANTES, monocyte chemoattractant protein (MCP)-1,
macrophage inflammatory protein (MIP)-1a and interleukin (IL)-8
levels (mean + SD) in 1 mT, 50 Hz electromagnetic field (EMF)
exposed and control HaCaT cells

1h 4h 12 h 72 h P-value
RANTES (pg mL™")
EMF ND 33+ 071 16 £ 015 882+ 14 <0001
Control ND 55 % 002 51+ 1:05 441 £ 129
MCP-1 (pg mL™")
EMF ND 17 £ 0:05 3+130 656+38 0-002
Control ND  3-3 £ 020 62+ 010 214 £ 515
MIP-10. (pg mL™")
EMF ND  ND ND 546 £ 1:35 0008
Control ND  ND ND 1664 + 104
IL-8 (pg mL ")
EMF ND 10 £ 003 1'5 £ 003 285+ 4 0-008
Control ND 648 £ 1-05 2599 + 3 1481 + 2

ND, not detectable. Statistical analyses were performed by non-
parametric Mann—Whitney U-test comparing levels at 72 h in
exposed vs. unexposed cultures.

exhibiting a fivefold decrease (P < 0:001 and P = 0-008,
respectively), while MCP-1 and MIP-1a displayed threefold
reductions (P = 0002 and P = 0-008, respectively). Note that
the levels measured in the conditioned media represent the
total amounts produced over the test period (72 h), as no
medium replacement was performed.

To determine whether the decreased chemokine levels in
the exposed cells were dependent on alterations at the gene
transcription level, RT-PCR experiments were performed
using specific primers. Figure 3 illustrates a representative
RT-PCR experiment (Fig. 3a) and the mean intensity of the
of all RT-PCR
(Fig. 3b). Based on RT-PCR relative levels, quantitative real-

densitometric gel analyses experiments
time PCR experiments were performed for RANTES and
MCP-1. In control cells the expression levels of RANTES
and MCP-1 increased from 4 to 72 h of growth, thus con-
firming the increased release into the medium. EMF-exposed
keratinocytes showed a similar decrease of expression both

at 4 h and at 72 h of exposure, as compared with control

(a) RT-PCR
p— RANTES
o oy MCP-1
—
— MIP-10
-—- GAPDH
Bp100 4h 12h 72h 4h 12h 72h
Control Exposed
Fig 3. Effect of exposure to extremely low b . . .
frequency electromagnetic field (EMF) on (b) RT-PCR densitometric analysis 4
chemokine expression in HaCaT cells. RANTES, 4 4 o3
. o 35 o33 eh 3
monocyte chemoattractant protein (MCP)-1 25 25 g bs
and macrophage inflammatory protein (MIP)- 225 225 i )
1o mRNA expression were determined by ‘?1 § ‘él z 2 15
reverse transcription—polymerase chain 8 § "1 % 1
= = =
reaction (RT-PCR) and real-time PCR. (a) Total — 05 ~os 03 [I:Ij
RNA was subjected to RT-PCR. Lane 1, HaCaT 0 4h12h72h 4h12h72h 0 4h12h72h 4h 12h 72h 0 4h12h72h 4h12h72h
(4. h-— unexposed control cells); lane 2, HaCaT Control Exposed Control Exposed Control Exposed
(12 h — unexposed control cells); lane 3, MCP-1 MIP-10 RANTES
HaCaT (72 h —unexposed control cells); lane . .
4, HaCaT (4 h — EMF exposed); lane 5, HaCaT (€) Real time PCR analysis
1-84 1-8 4
(12 h — EMF exposed); lane 6, HaCaT (72 h - E 6 I E 6
2 164 2 161
EMF exposed). GAPDH, glyceraldehyde-3- é 1.44 é 1.4
phosphate dehydrogenase. (b) Densitometric 2o 124 212
analysis of semiquantitative RT-PCR products % 1 % 1
determined using a BioRad gel documentation g 22 3 gi
system (mean * SEM). (c) Relative increase of 2 0.4 %’ 041
RANTES and MCP-1 mRNA expression =02 = 024
(mean * SEM) by real-time PCR at 4 h and = T T & o i an TRETS
72 h of exposure. Time points were compared Control Exposed Control Exposed
by nonparametric Mann—Whitney U-test with RANTES MCP-1

Bonferroni correction (P = 0:008).
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Fig 4. Effect of electromagnetic field exposure on activated NF-kB
levels in HaCaT cells. Open circles, NF-kB levels; closed circles, HaCaT
cell numbers. Results are shown as mean * SD. NF-kB levels were
correlated with cell growth by Spearman test (control cells: p = —1;
exposed cells: p = —0-9). Exposed vs. control levels at each time
point were compared by nonparametric Mann—Whitney U-test with
Bonferroni correction (P = 0-005, P = 0-006, P = 0056, P = 0-064 at
1, 4, 12 and 72 h, respectively).

cells (percentage reduction for RANTES at 4 h: 23:6%;
72 h: 38%; and for MCP-1 at 4 h: 24%; 72 h: 39%)
(Fig. 3c).

Effect of electromagnetic field exposure
on NF-kB activation

In order to ascertain a potential effect of EMF on the transcrip-
tion factor NF-kB, we analysed the activated NF-kB p65 levels
in total cell extract from proliferating exposed and control
HaCaT keratinocytes. Figure 4 compares NF-kB p65 levels in
proliferating keratinocytes exposed to EMF and in proliferating
control cells. Control keratinocytes show a progressive reduc-
tion of activated NF-xB levels inversely correlated with cell
number (p = —1, P <0:001). In contrast, NF-kB levels in
EMF-exposed HaCaT cells dramatically decreased (P = 0-037)
after only 1h of exposure. Thus, NF-kB levels in EMF-
exposed cells are not correlated with cell growth/number. In
fact, while in unexposed keratinocytes NF-kB levels decreased
over a time period of 72 h, in exposed keratinocytes NF-kB
levels became almost undetectable after only 1 h of EMF
exposure (at 1 h P = 0-:005).

Discussion

Magnetic field exposure enhances wound healing by reduc-
ing inflammatory cell infiltration and by enhancing the sub-
stitution of granulation tissue with dense connective tissue.'”
In addition, several lines of evidence indicate that extremely
low ELF-EMF modulates growth and keratinocyte differentia-
tion and interferes with cellular adhesion, thus favouring
wound healing.”® In experimental models, advanced stages
of wound repair are associated with a shift towards macro-
phage and anti-inflammatory chemokine profiles in parallel
with a decrease of proinflammatory chemokines such as
RANTES, MCP-1, MIP-lo. and IL-8.** As skin is usually
exposed to electromagnetic radiation more than other tis-
sues, HaCaT cells, a spontaneously immortalized human
keratinocyte cell line, was chosen as an in vitro model to
investigate the effect of ELF-EMF on keratinocyte growth
and on production and expression of proinflammatory mole-
cules.

In this study we showed that ELF-EMF exposure increased
the proliferative activity of HaCaT cells, reduced their produc-
tion of chemokines and reduced transcription factor NF-«B
p65 levels.

In control keratinocytes, chemokine expression and produc-
tion were related to cell number: higher chemokine levels
were detected in high density HaCaT cultures. In contrast,
chemokine levels in keratinocytes exposed to ELF-EMF were
not directly linked to cell growth, as they were significantly
lower, as compared with the control cells, even with a three-
fold increased cell number.

The effects of ELF-EMF exposure on keratinocyte growth
are consistent with those reported for other cell lines.”>**
Nevertheless, the susceptibility to the proliferative effects of
ELF-EMF varies widely among cell types, as no single or com-
mon mechanisms have been implicated for all tissues. Keratino-
cyte proliferation is modulated by at least two pathways: one
NF-kB dependent and one NF-kB independent (e.g. Ca’").
Some authors reported that NF-xB exerts an inhibitory influ-
ence on keratinocyte growth.”® Several studies have suggested
that EMF exposure can alter intracellular Ca* homeostasis.

2+
levels have been

Significant increases in intracellular Ca
observed in various immune-cell models,?’ but conflicting
observations have emerged from studies of neuroendocrine
cells.”®

Unexposed HaCaT cells showed a progressive reduction
of NF-xB levels during the time course experiment, reach-
ing very low levels at 72 h. In contrast, the exposure to
ELF-EMF had an almost immediate effect on NF-kB levels,
which became nearly undetectable after only 1 h. In add-
ition, exposed cells displayed a more rapid growth rate than
control cells. Thus, an inverse relationship between NF-kB
levels and cell growth in exposed and unexposed cells is
suggested.

A selective inhibition of the NF-xB signalling pathway by
ELF-EMF may be involved in the decrease of chemokine pro-
duction. An inverse relationship between NF-kB levels and

© 2008 The Authors

Journal Compilation © 2008 British Association of Dermatologists e British Journal of Dermatology 2008 158, pp1189-1196



Effect of EMF on keratinocyte growth and chemokine production, G. Vianale et al. 1195

chemokine production in both nonexposed and exposed
HaCaT cells was immediately apparent.

Our results suggest that ELF-EMF exposure, interfering
with many cellular processes, may be included in the pleth-
ora of stimuli that modulate NF-kB activation (including
proinflammatory cytokines such as tumour necrosis factor-o
13-acetate,

and IL-1f, chemokines, phorbol 12-myristate

growth factors, lipopolysaccharide, ultraviolet irradiation,
viral infection, as well as various chemical and physical
stresses).

In vitro studies have demonstrated diverse cellular responses
to EMF that may be relevant to wound healing. For exam-
ple, migration of cultured fibroblasts and epithelial cells in
perpendicular alignment to applied electrical fields is a
well-established phenomenon.29 During re-epithelialization,
keratinocytes proliferate to form a dense hyperproliferative
epithelium to cover the wound, and repair requires resolution
of the inflammatory response. However, whereas the knowl-
edge about mechanisms and molecules inducing and perpetu-
ating the inflammatory responses is constantly increasing,
mechanisms that downregulate these activities are still poorly
understood.

As it is well accepted that an excessive or prolonged inflam-
matory response results in poor and late healing, any approach
that could downregulate proinflammatory chemokines may
have potentially relevant therapeutic application. Our findings
highlight the role of ELF-EMF in downregulation of chemoki-
ne production paralleled by decreased levels of activated
NF-kB.

It is widely accepted that in vitro keratinocyte model systems
at low and high density can be compared with early and late
phases of the re-epithelialization process. As ELF-EMF modu-
lates keratinocyte proliferation and expression of inflammatory
chemokines, it could be suggested that ELF-EMF could be used
to treat inflammatory skin conditions. ELF-EMF exposure, a
noninvasive therapy, could represent an additional therapeutic
approach in the treatment of skin injury and to increase the
performance of bioengineered skin substitutes as a new strat-
egy for repair. Furthermore, our model could help to optimize
the EMF field amplitude, timing and length of exposure in
order to achieve clinical results.
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