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Effects of pulsed electromagnetic fields on rat skin metabolism

W De Loecker, PH Delport and N Cheng
Afdeling Biochemne Katholiek Uwiersiteit te Leuven 30NN Lenten { Befoum)

{Received 19 January 1086y

Key words  Eleciromagneuc field Metabolic effect Membrane transport Prote n syathess (Rat skin)

In an attempt to approach the mechanism of achion of pulsed electromagnetic fields (PEME) on biolegical systems, the
effects on protein synthesizing activity and on membrane transport have been exammed in vat shin PEMF
characterized by specific physical parameters stimulate the incorporatton of L-{U-" Clisoleucine into the proteins of rat
skin as well as the a-amino[1-"Clisobutyric acid uptake during incubation n bufter medium with exiracellular
electrolyte composition. Analogous incubation expeniments carmed out in an mtracelhlar medivm resylis in an
inhibitory effect of PEMF on both biological functions. Addition of 10~ M caahain to the incubation medium,
partially blocking the Na* /K*-ATPase pump mechanism, apart from reducing amino acid transport, results m an
overall disappearance of any stmulatory effects by PEMF PEMF applied to the skin in the presence of 10> M
24-dinitrophenol uncoupling the oxudatve phosphorylation in the mitochondna and seriously restricting protein
synthesis, still provides a limited stimulatory effect on proten synthesizing activity and on membrane transport. The
effect. of PEMF may well be understood by an increased availability of precursor elements controlled at the cell
merabrane level. Indeed the observed effects may even be simulated outside electromagnetic fields by modifications in

the electrolyte composihon of the incubation i edium

Introduction

Electric and electromagnetic fields have been shown
to affect metabolsm when chimcally apphed in the
treatment of non-umon of bone [1-3] Furthermore
emphyseal growth and nerve generation have been re-
perted 1o be stmulated by electro and electromagnetic
application {4-6] In experimental studies pulsed elec-
tromagnetic frelds (PEMF) appear to mteract with me-
logcal systems at different levels, by reducing cyclic
AMP, by affecting Ca®* flow patierns and by stumulal-
ing the protein synthesizing activity n skin tissue [7-12]
Even plant growth regulator systems have been reported
to be affected by PEMF {13]

In order to approach the mechanism of action of
PEMF, protein synthesis and membrane transport activ-
1ty have been examned n rat skin

Materials and Methods

The slan from the back of locally mbred male Wistar
R rats was used dunng the rest phase after the first
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hawrcycle at 2t days of age The hair was plucked skin
flaps measuring S by 6 cm and D 5 mm thickness were
wolated After the manual removal of excessive subcuta-
neous fat and connective tssue with a scalpel, the sk
was longitudmally halved One half was to be used as
non-treated control, while the other half was treated
with a PEMF (Fig 1) Each skin segment was attached
with wooden plugs on a perspex frame, placed in a
plastic contamer, submerged n exther a buffer medmum
at pH 74 charactenized by an extraceilular high Na*,
low K*. or an mtracellular low Ma™, igh K* electro-
lyte composition {Table 1) 100 mi of incubation medsum
always contained 100000 umits of pemcillin-K (Sigma,
St Louss, MO) 100 mg of streptomycin sulfate (Sigma)
and 20 mg of genlamycin sulfate (Sigma) as well as 1 ml
of a L-amino actd muxture {Vamun, Vitrum, Stockholm
12, Sweden) Tlus resulted i a final concentration of
055 mmol of total free amuno acids and 003 mmol of
L-tsoleucine in 100 ml of incubation medium 40 pCi of
t-{U-"*Clisoleucine (spec radioact 150 mCi/mmol,
Amersham Internauonal, Amersham, Bucks, U K ) were
added to 100 ml of buffer to follow the incorporation
into the protemns To evaluate the amino acid transport
activity through the cell membrane, 40 pCi of a-
amuno{1-"*Cliscbutynic acad (AIB) (spec radwoact 60
mCi/mmol, Amersham International} were added to
100 ml of buffer
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Fig 1 Schemauc representation of skin ussue fixed on a perspex
frame and trealed by mductively coupled PEMF

Durnng the incubation penods from 15 men up to 360
mun 1n a thermostatically controlled waterbath a¢ 37°C
a PEMF was apphed to one skin segment while the
coliateral half was identically mcubated outside the
reach of the electromagnetic field

Ouabain (Sigma) to block the Na* /K *-ATPase and
2. 4-dimtrophenol (DNP, Sigma) to uncouple the oxida-
uve phosphorylation were supplementary added 10
specific expenments m final concentrations of 1073
molar The electromagnetc field source (ESA T, Fa-
culty of Engineenng, Unuversity of Leuven) contaned
five vanable parameters driving voltage from 51020 V,
pulse frequency from 05 to 10 kHz, pulse widths from
10 to 150 gs, pulse-burst frequency from 1 to 70 Hz and

TABLE 1

El 1 B of the wcub buffers

Compastiion Extracellular Intraceltylas
charactenistics characienistcs

Na* (mequiv ) 115 10

K™ (mequiv ) 10 115

€Cl™ (mequiv) 15 15

HCOT (mequv ) n 10

HPO; ™ (mequiv) 85 85

H,FO; (mequiv) 15 15

Glucaose (mM) 194 194

Osmotahty (mosmol /kg) 330 320

number of pulses per pulse burst from 1 to 100, The
wave-form applied to the coils was rectangular and the
field was applied perpendicularly on the surface of the
skin [9]

After incubation with 1seleucine, 100 mg portions of
skin tisswe were weighed and placed i 5 ml of 20%
trichloroacetic acid (TCA, Merck, Darmstadt, FRG)
to precipitate the protemns After ceninfugation, the
tissue was furthermore washed three times with 10 m} of
5% TCA and finally placed in 3 ml of Lumasolve
(Lumac Systcmns AG, Basel, Swiizerland) to be dis-
solved overught 1n an oven at 60°C After the addition
of 10 ml of Lipoluma {Lumac Systems AG) the radioac-
tivity n the samples was counted 1n a qud semmtilla-
uon spectrometer {Rack Beta, LKB, Wallae, OY, Turku,
Finland) After incubanon with AIB, the tissues were
washed four times with 10-ml fractions of ice-cold phys-
10logical saline contamung 30 mmolar non-radioactive
AIB (Sigma), fmally to be dissolved in Lumasclve and
processed as described for the amune aad ncorpora-
tion

The radwactivity mcorporated mto the protemns or
taker up by the celis was expressed as disintegrations
per min (dpm) + S E Every expennment was carried out
on skin of at least six different rats Statistical evalua-
tions of the significance was carried out according to
Student’s r-test

Results

Effects of PEMF on protein synthesizing and membrane
transport getiviies

Specific inductively coupled magnetic fields applied
perpendicularly to the skia tissue were able 1o affect
metabolism With doving voltages between 5 and 20 V
and with 20 pulses per pulse burst, stmulatory effects
of identical magmtude were obtamed with pulse fre-
quencies between 1 and 5 kHz, pulse-widths of 10 to 20
s and pulse-bursts frequencies between 10 and 30 He,
Instead of pulse bursts, contmuously ruiming pulses
resulted 1n analogous observations Qutside these hmits
modifications of pulse frequencies, pulse-wadths or
pulse-bursts frequencies considerable reduced the stimu-
latory effects These electromagneuc fields apphied dur-
mg ncubation of the skin at 37°C for 15, 30, 60, 120,
180 and 360 mun 1n & buffer medium characterized by
an extracellular electrolyte composition resulted in an
increased mcorporation of L-[U-"Chsoleucine into the
protens amountimg 1o 27%, 19%. 20%, 21% (P <005),
26% (P <001) and 52% (P <001), respectively (Fig
2)

Analogous expeniments carried out 1o the presence of
a-ammno[1-" Chsobutync acid led to an mcreased amino
acid analogue uptake (£ < 001) by the skin amounting
to respeclively 41%, 48%, 40%, 23%, 25% and 125% m
funetion of incubation time (Fig 3)
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Fig. 2 The effects of PEMF on protemn synthesizing actwaty The
denuded skin from the back of 21 days old Wistar R rats was
longaudimally halved and incubated for 15 30, 66, 120, 180 and 350
mun m 100 ml of buifer characterized by extracellutar charactensucs
{Table 1) at 37°C contammung 40 pCr of E{U-"*Chsolevcine (spic
radwact 15¢ mCi/mmaly One hali of the skin served as control
whle the other half was electromagnetically shmulated with continu-
ously runming pulses charactenzed by a dnving voltage of 10 V, a
pulse frequency of 5 kHz and pulse widths of 20 ps After incubation
100 mg skin tissue portions were taken and prepared for hqud
scintillation counting. The amuno aud incorporation mio the proluns
of control skun 15 represented by open blocks and the PEMF-trealed
ussue by shaded blocks Each value represents the mean of cight
expenmenis+S E

Iateraction of buffer composition on PEMF effects

Although PEMF apphcaton on skin tissue for a
penod of 120 min m a buffer medum charactenized by
extracellular onic composition, stimubated the incor-
poration of L-{U-"Clisoleucine mnto the protems by
18% (P < 001), analogous expenments carmed cut 1n an
miracellular medium resulted in an inhibitory effect of
PEMF by 14% (£ <001) The control incorporation
values mto an extracellular medrum were shghtiy hgher
than those observed mn an mtracellular medm were
shghtly lugher than those observed in an intracellular
medium The a-anuno[1-'*Clhsobutync acid uptake dur-
ing PEMF sumulaton 1n an extracellular medinm was
mereased by 19% (P < 001) while PEMF stimulation
applied duning mcubation 1n an intracellular medium
decreased label uptake by 9% (P <005) Ammno acid
transport was already considerably reduced in the -
tracellular medium compared to the extracellular buffer
(Table ITA)

Without applying any PEMF, the transfer of the sian
ussue from an extracellular medmim, where it had been
preincubated for 30 mun, nto an intraceliular medium
contaming the amino acid tracer, reduced the azor-
poration by 13% (P <001) over a further 60 r.a of

1

imcubation, compared to bssue contnued to be m-
cubated n the extracellular buffer However when after
preincubation 1n an intracellnlar medum, neubation
with labeled amino acids present took place mn an
extraceliular medium, the incorporation was increased
by 29% (P <0 01) Analogous expenments without any
PEMF sumulation carried out in the presence of a-
aminof{1-"*Clisoburyric acid resulted 1n an intubition of
31% (P < 001) when thc ussue afier premncubation in
extracellular medum was transferred to intracellular
buffer contaiung the labelled anuno acid analogue
Transfer after a premcubation w an ntracellular
medium to an extracellular buffer contaiung the tracer
resulted inte a stmulatory effect of 53% (P <001)
{Table I1B)

Interaction of ouabain on PEMF effects

In the presence of cuabain added to a buffer medium
characterized by extraceliular elecirolyle composition,
the stimulatory effects of PEMF on armno acid incor-
poration into the protens disappeared completely
Equally the amino acid transport already being reduced
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Fig 3 The effevts of PEMF on membrane transport Skin ussue flaps
were prepared and incubated wath or without PEMF treatment identi-
cally as in Fig 1 but 1n the presence of 40 pC1 of a-aminof1-"*Cliso~
bulyne acid {spec rachoact 60 mCi/mmol) Afer incabation the
fissue was prepared for higud L] The trol
amuno acd analogue nptake 15 eapressed by open and the PEMF-
treated one by shaded blocks Each value represenis the mean of eight
etpenments+S E

o Aming[1-'C| sobutyric acid uptake by rat skin  OPM/I0MQ hissue (we! waight)
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Effecis of electrolyte compositton on PEME interacion and on protein
synthesis and membrane rransport

A Skin ussue flaps prepared as m Fig. 2 were incubated for 120 min
either m buffer medium charactenzed by an extracellular (E) and
mtracettalar (I) electrolyte composion m the presence of L-[U-
HChsoleuane or o ammo{l-" Clsobutyne acid, wuh and without
PEMF stmulanan

TABLE [l

Effect of PEMF on prorem spntheuzing acnivuy and on membrane
transport in the presence of eugbam

Ouabain m a concuntration of 10~ M was added to the extraceifular
mncubation buffer in which rat skin tissue was incubated for 60, 120
180, 240 and 360 min in the prcsence of L-{U-**Chscleucine to
evaluate the incorporation mto the p or 1n the p of
a-ammofl-*Clisobutyric acid 10 fcllow the transport of the amuno

B Afier a prencubanon period of 30 nun etther in (E) or (T) medium,
cach Lssue was Lransferred, respectively, into {1} or into (E) medium
and further meubated for 60 mun m the presence of L-{U-"*Cliso-
leucine or a amumofl-"*Clisobutynic acd without PEMF treatment.
Each value represents the mean of eight experiments £ SE

Incubation charactenstics -{U-12C)- a-Ammofl-"*C}-
Tsolencime 1sobutyne
INCOrporauon uuid uptake
(dpmr/100mg  (dpm /100 mg
fissue (wet wi )}  mssue (wet wi)}
A
E. Conirols a52+39 13646 £251
E. PEMF-stimulated 1175+21 16507 1 439
1 Controls 04142 109344237
1 PEMF-suimulated 13924 10149303
B
Preincubation and wcu-
bationm E 9474+ 41 14507 1406
Premcubation in E followed
by incubatton m 1 B10+ 30 10016 £ 356
Preimncubation and meuba-
non in [ 882122 11102179
Preincubation m 1 followed
by incubation m E 1095429 16908 1525

by ocuabain could not further be stimulated hy the
application of PEMF (Table I1I)

Companng the sole effect of the presence of 107> M
ouabamm without considerning PEMF effects, over in-
cubation penods of 120, 240 and 36C mun, 1soleucine
meorporation 1nto the proteins became reduced by,
respectively, 20%, 10% and 7% (P <005) while o-
ammaosobutync acid uptake by this tissue over penads
of 120, 240 and 360 mun became reduced 1n the pres-
ence of ouabamn by 26%, 16% and 22%. respechively
(P <001

Interaction of 2,4-dinurophenol {DNP) on PEMEF effects

Asthough drastically reducing protemn synthesis, in
the presence of DNP, a stimulatory effect by PEMF
was stll observed amountng to 19% (P <005), 10%
(P<005), 17% (P <005), 23% (P<001) and 22%
(P < 001) over incubation periods of, respectively, 60,
120, 180, 240 and 360 mun The a-amunosobutyric acid
uptake remained shmulated by PEMF in the presence
of DNP by 4%, 3%, 7% (P <005), 7 5% (p <005) and
7% (P <005) over the same meubation periods The

amd e into the cells Preparahon of the samples and treatment
witli PEMF took place as i Fig. 2 Bach value represents the meas of
eight experiments + S E

Incu- t-[U-¥ CJlsoleucine a-Amno[1-'4Chsobutync
bauon  mcorporation acid uptake
time (dpm,/190 mg vssue (dpm /100 mg ussue
{rmun) (wet wL.)) {wet wt ))
—PEMF +PEMF — PEMF +PEMF

60 450+ 35 505 +47 7455 + 544 7462 +246
120 845139 820452 127034488 127124421
1580 1770162 1752:+58 17531532 17988 386
240 2685144 2754164 18262 + 568 18862531
360 3445442 3421161 202214498 206691359

signaficance of this sumulatory effect however became
greatly reduced (Table IV)

Compared to conitrol incubations, carned out 1n ex-
tracellular buffer medium, DNP 1n a concentration of
10~* M reduced the smuno acid mcorporation by 90%
(P <001) while the e-ammnoisobutync acid transport
was only reduced by approx 10% (P < 005) over pen-
ods of 120, 240 and 360 nun

Discusston

It has already been observed that the stmulatory
effects of PEMF on protein synthesizing activity and on
membrane transport are cssentally conditioned by

TABLE IV

Effect of PEMF on proten symkesizing actiity and on mertbrane
transport 1 the presence of 2,4 dinitrapheol (DNP)

Skin tissues prepared as in Table 1l were meubated in butfer char-
actenzed by extracellular electrolyle compositon contamng 1072 M
of 24-d henol in the p of 1-{U-**CJiscleucne or of
e-arunof1-** Clisobutyne acd PEMF Ireatment was camed out as
described mn Fig 2 Each value represents the means of cight expen-
menis+SE

Incubation L{U-"“Cjlsolevcine  a-Amuno{1-'*Clsobutync
time (run)  wncorporation acid uptake

(dpm,/100 mg hissue  (dpm,/100 mg ussue

(wet wi)) (wet wt })

~PEMF +PEMF —PEMF + PEMF

(1) 187+14 24211 9547+366 101201412

120 259417 314=14  12354:569 130281406
180 293420 375121 171331347 185861387
240 382423 492+ 18 200824334 21674=321
380 501+24 622417 281204581 30064+536




specific elect omagnetic parameters [9] Several expen-
mental approaches have 1llustrated that clectnc hields
induce ATP synthesis m dafferent energy-transducing
membranes [14-16] Kumetic studies on the ouaban
mhbitor effect indicate that Na* /K "-ATPase 15 capa-
bie of responding to a transmembrane electnic field [17)
Furthermorc several biological activities simulated by
pulsed electnc fields appear to be mediated by
Nat/K*-ATPase [16] Thus stimulated pumping of 10ns
against concentration gradients can be aclweved by en-
ergy denved from external electric fields [15,16] Cur
present results seem to prowide illustrative and con-
firmatory ¢vidence of the “clectroconformational cou-
pling’ concept proposed by Tsong and Astumian [18] A
protemn such as Na'/K*-ATPase prowided with two
accessible conformation states of different electne mo-
ments may absorb free energy from an ¢xternal oscilat-
mg electric field to be transduced into chemcal or
transport work Theorctically as calculated on the basis
of a four-state model, one c¢ycle of smusmdal elecinc
field could effectively .nduce the enzyme to turnover
once when the system 15 tn resonance with the alternat-
ng field [19,20] Enzyme recychng by modulauon of the
stationary potenhal to an oscillating wave form would
essentially occur m a charging held [18] As pulsed
electromagnetic fields in proxamuty of the nssue mnduce
alternating currents and as pulse Frequencies exceeding
5 kHz reduce or abohsh the stumulatory effects on
metabolism, 1t would appear that an accelerated change
in polanty could destroy the electroconformational cou-
pling, blocking precursor substances and 1ons to trans-
gress the cell membrane

It has already been suggested that stimulatory effects
of PEMF on protein metabohsm may be due to an
mcreased availlability of precursor <'ements across the
cell membrane [7,21]

Furthermore as membrane transport siimulation be-
comes proportionally redoced over the imcubation
penod, sumulation of the ammme acd mcorposation
continues to increase with tume, mdicahng protem
synthesis consecutive to the avalabiny of precursors
Moreover, the kind of PEMF effect greatly depends on
the electrolyte composition of the incubation medium
For 1he amme acid mcorporation nto the proteins as
for the AIB wransport across the celi membrane, PEMF
treatment results in an inlabitory =ffsct on both param-
aters when PEMF s applied during mcubation of the
skin 1n a buffer charactenzed by an iniracellular electro-
Iyte composition The crucial imporiance of the electro-
lyte composiion 15 clearly demonsirated by the evalua-
ton of metabalism 1n intra- and extracellular electrolyte
buffer after an mmtal preincubation 1n extra- or n-
tracetlular butfer, dlustrating the overall reduction n
metabolism durmg incubatton 1 an intracellular
medivm

In order to biock artificially or considecably mhuibit
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either membrane transport or protem synthesis the
effects of ovabain and of DNP are analysed

It has previously been observed that additon of
ouabain n witro blocking the Ma* /K *-ATPase or re-
moval ot Na* from the incubation medmm nhbnt

mcoporation of leuune inte protems of rat skeletal
muscie {22

Considenng the varous more or less specific trans-
port systems serving different groups of amuino acids
and analogues we essentially analyze the AIB uptake
mamly by the A system which 1s infubited by ovabain
Cellular uplake of L-isolcucne 15 equally performed by
the A system although outward transport cccurs more
likely by the L system {23,24)]

In the presence of cuabain AIB transport as well as
the 1soleucine incorporation 1rts the protems 1s reduced
while PEMF treatment remamns #tthout effect Ouabain
added to the skin ussue 1n an extracellular mcubation
medwim considerably mhubits the amuno acid transport
whle the simultaneous reduction i protein synthesizing
activity seems secondary to the reduced availability of
precarsors The desenbed digutalis mseasttin.ty of the
cat appears essentially due Lo an excessively fast hepatic
clearance for ouabain, demonsirated by in vivo expen-
ments The binding of glycosides ta Na* /K *-ATPase
of ntact cells 1s less species dependent and 1s promoted
by intracellular Na* and nfubited by extracellular K*
concentrations [25-27] Our observations are 1n agree-
ment with the mtial assumpuoa that a common gradi-
ent could be resoonsible for K* and ammo acid trans-
port, with the energy required for the ammno acid trans-
port, provided by the potential energy of the potassium
gradient Thus xmmo acid uptake will be reduced when
exrracellular potassium 15 increased competing with
amuno acid uptake or when extracellular Na* levels
decrease at constant ¥* concentrations. thus mamnly
mmplicating the Na " electrochemucal potential gradient
n amuno acd transport mechamsm §24.28,291

With DNP however, uncoupling the oxidative phos-
phorylation m the mitoenondria, PEMF treatment con-
tinues to stimulate the AIT} uptake across the membrans
and the precursor mcorporation into the protemns al-
though 2t a much reduced rate Although ATP levels
may reman unaffected dunng the uncoupling, ATP
synthess does not oucur and the requirements for pre
temn synthesis of lugh-energy mntermediates of the oxida-
tive phosphorylabon appear confirmed in this expert-
mental system Inhbitory effects on DNA synthesis m
the presence of DNP has been attnbuted to the falure
to synthesize protems essenttal for nuclear DNA forma-
ton [30] DNP added to a buffer mediom chacactenzed
by extracellular electrolyte composition essentially re-
duces protein synthesss while the concommuttant shght
reduction 1n amino acid transport, without excluding an
additional membrane effect, may even be due to the
generally reduced metabohe activity requinng only small
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quantities of amine acids to be avalable is. incorpora-
uen

The present expenmenial approach io the mecha-
msm of action of PEMF indicates that electromagnetic
fields affect protemn synthesizing activity througn mod-
ifications 1 transport activity at cellular membrane
levet which adequately retate to the “electroconforma-
tronal couphrg’ concept [18] Changes 1n electrolyte and
amung acad transport induced by PEMF explain the
observed metabolic eifects winch can be simulated out-
side electromagnetse fields by modifications 1 the elec-
trolyte composition of the incubation medium
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