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Biological Effects of Electromagnetic Fields
Martin Blank (Columbia University)
(Summary of Lecture at Kyoto University, July 8, 2005)
Abstract
The scientific problems that stimulated the development of biology, chemistry
and physics led inevitably to interdisciplinary sciences when more complex problems
were studied. The continued interactions between the sciences account for the current
widespread interest in DNA. In bioelectromagnetics, a recent interdisciplinary science,
the activation of DNA by electromagnetic (EM) fields has been a stimulus for
understanding of EM mechanisms. Studies of EM fields have shown that they
accelerate electron movement. Since increases in charge can cause disaggregation of
biopolymers, EM fields could move electrons in DNA to cause charging, local DNA
disaggregation, and initiation of biosynthesis. These studies also raise concerns about
health and safety, since they show that current EM safety standards are not based on
biological thresholds. It is urgent that biologically based safety standards be
developed.

Bioelectromagnetics

The origins of bioelectromagnetics go back about two centuries to Galvani,
whose studies on the contraction of frog muscle stimulated the modern field of
electrophysiology. Volta’s explanation of the observations followed a different path that
led to electrochemistry. The origins of electromagnetics date from the same period,
when Oersted found that current in a wire caused a magnetic field around the wire.
Shortly thereafter, Faraday showed that passing a magnetic field across a wire induced
a current in the wire. The inter-relations between electric and magnetic fields were
subsequently developed into a theory by Maxwell.

Information from these different disciplines is needed to understand complex
biological problems. Cells are composed of charged species (e.g., polyelectrolytes,
ions), and problems involving electrochemical signaling in nerve and muscle, and
electron transfer reactions in biochemical energetics, require interdisciplinary
approaches. The need to understand how EM fields affect living cells led to the
development of bioelectromagnetics.

Biochemical studies on living cells have shown that EM fields stimulate genes to
make proteins, accelerate enzyme reactions, etc. These biological effects affect human
health, and epidemiological studies show an increased risk of childhood leukemia that
correlates with exposure to EM fields. Also, therapies based on EM fields, such as
trans-cutaneous and trans-cranial stimulation, have been used to treat pain, depression,
etc. EM fields have been particularly effective in killing (cancer) cells by hyperthermia,
as well as stimulating the healing of bone fractures.

The finding that cells synthesize stress proteins in very weak EM fields has
raised concerns about health and safety, because stress proteins are normally
synthesized in reaction to potentially harmful stimuli in the environment (e.g., toxic ions,
changes in temperature, pH, etc). Since protein synthesis in cells starts with separation
of the two chains in DNA to make messenger RNA, it is clear that EM fields activate
DNA. Studies of the mechanism of stress protein synthesis have shed light on safety

~ 637 —



issues, and have helped to unravel fundamental aspects of EM field interaction with
DNA.

Studies on EM field mechanisms

To provide information on the molecular level about the interaction of EM fields
with DNA, we studied interaction with the promoter of a stress gene, the region of the
DNA that starts the synthesis of messenger RNA. To determine the factors involved in
gétting DNA to come apart, we studied the disaggregation of the multi-subunit protein,
hemoglobin. We also studied the effects of EM fields on three biochemical reactions,
Na,K-ATPase, cytochrome oxidase and the catalyzed oxidation of malonic acid (the
Belousov-Zhabotinsky reaction), which indicated that EM fields can accelerate electron
transfer reactions.

Some ideas from cell biology are helpful at this stage to point out how charge
can affect many processes. Living cells maintain internal concentrations of ions and
other chemicals that differ from the concentrations in their environments by having a
relatively impermeable membrane matrix consisting of a phospholipid bilayer.
Biochemical traffic into and out of the cell is controlled by many transmembrane
channels, protein aggregates of 4-12 subunits arranged in a cylinder. The charge on
channel proteins controls assembly, gating, permeability and selectivity. The effect of
charge on aggregation is important in many cellular processes, and may be the key to
how EM fields stimulate DNA.

We have studied the influence of charge on subunit assembly in the blood
protein, hemoglobin (Hb), specifically the disaggregation of the Hb tetramer (af)? into 2
dimers (af), where a and B are protein subunits. A simple model based on surface
energy accounts for disaggregation of the protein due to charging. The model also
accounts for the change in oxygen binding due to the change in Hb charge, as well as
the effect of increasing concentration of Hb on viscosity. The increase in viscosity with
concentration is assumed to be due to aggregation,

o - (ap)’ - (aB)’ > (aB)* - (ap)’,
and a steep increase in viscosity occurs when the ends of the growing chain join and
change the flexible chain into a rigid rod.

Another example of the effect of charge is the Na,K-ATPase reaction, which
occurs on one surface of the membrane and leads to a transfer of ions across the
membrane. The reaction,

ATP « ADP + P + nH,
liberates n moles of H* because the dissociation constants of ATP and ADP differ. The
liberated protons, H*, cause the protein to change its charge and shape (and its contact
with the aqueous phase). The change in exposure of the enzyme to the two aqueous
phases gives rise to a ‘flip-flop” mechanism that results in a net transfer of ions.

We have found that the Na,K-ATPase reaction is affected by both E and EM
fields. If we assume that the same force is needed at the threshold for the two fields (E,
B), we can determine the velocity (v) of the charge (q) that is being affected by the
fields. If the force,

F=qE=qvB, then E=vB orv = E/B.
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Since the measured thresholds in the ATPase are E = 5¢10™ volts/m, B = 5¢107T
(0.5uT),
v = 10° m/s. This speed is similar to that of electrons in DNA.

To test the effect of EM fields on reactions where we know that electrons are
involved, we studied electron transfer in cytochrome oxidase and in the
Belousov-Zhabotinsky reaction (the oxidation of malonic acid). All three studies have
indicated that EM fields: '
: accelerate chemical reactions (including electron transfer reactions)

compete with the intrinsic chemical force driving the reactions

thresholds are low: Na,K-ATPase (0.2-0.3uT), cytochrome oxidase (0.5-0.6uT),

BZ reaction (<0.5uT), biosynthesis (<0.8uT)

frequency optima for the two enzymes studied are close to reaction turnover

numbers(Na,K-ATPase, 60Hz; cytochrome oxidase, 800Hz), suggesting a

resonance like interaction. Since a wide range of both ELF and RF frequencies

stimulate stress proteins in DNA, we are probably not affecting an ongoing

reaction. .

Proposed mechanism of electromagnetic stimulation of DNA
The line of reasoning is as follows: experimental observations are shown as
bullets (o), and inferences are shown in italics.

EM fields in both ELF and RF ranges stimulate protein synthesis.
DNA, which is held together by H-bonds, comes apart to initiate protein
synthesis.

This suggests that EM fields stimulate DNA to come apart at the H-bonds.

EM fields act on electrons.
This suggests that EM fields stimulate DNA by acting on electrons in H-bonds to
weaken them. Since H-bonds flicker in HO (frequency ~10"°Hz) there are many
transient protons and electrons that can be affected by the fields.

We have identified specific DNA sequences in the promoter needed for the EM

field response. When an EM field responsive DNA segment is transfected into

the promoter of a reporter gene, the reporter gene responds to EM fields.
The CTCT sites we have identified as essential on the promoter have low electron
affinities, so electrons are more easily displaced. Furthermore, instead of the usual
mixture of pyrimidines and purines, when the H-bonds between pyrimidines (CTCT) and
purines (GAGA) split, the smaller area on splitting would lead to greater disaggregation.
The relatively smooth surface also suggests fewer multiple H-bonds (i.e., bonds
involving more than one base pair), and consequently lower adhesion.

Comparable forces from electric fields stimulate DNA in living muscle (10V/m)

and in HL60 cells (3mV/m), as well as affecting the Na,K-ATPase (0.5mV/m).
One would expect electric fields to also affect charges in DNA, and this has been
observed.
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A simple model based on protein disaggregation with increase in charge shows
that DNA cleavage would be optlmal for short segments (3base pairs) and low
initial charge.
The CTCT sites we have identified as essential on the promoter may be sites of DNA
cleavage or sites from which electrons have been displaced.

Environmental EM field safety issues

Low frequency EM fields from power lines and high frequency EM fields from
radio, TV, and cellphone broadcast antennas are everywhere, and the effects of the
different frequency ranges on humans are probably additive. This raises questions
about safe levels of exposure, and whether we are getting the information we need for
developing safety standards.

There is general agreement that EM fields in the environment can affect natural
processes, but no consensus on safe levels. The strong epidemiological evidence, in
the case of ELF and childhood leukemia, leads us to suspect that current safety
standards are not sufficiently protective. Two recent pooled analyses of many studies
indicate an elevated risk at fields as low as 0.3-0. 4uT. In the RF range, a recent paper
shows a similar increased risk of acoustic neuroma (tumor) associated with long term
cell phone use.

Current ‘safe’ levels were developed on the basis of divisions of the EM
spectrum and the rate of energy input, the specific absorption rate (SAR). It was
recently shown that both the spectral divisions and the SAR make no sense in terms of
biological thresholds. The SAR standard in the radlo frequency (RF) range is ~10"
W/kg; The threshold of the stress response, is ~10" W/kg in the RF range, but only
~10"% W/kg in the ELF range. Since the biochemical pathways are the same in both
ELF and RF ranges, it is obvious that SAR is not a valid measure of biological
thresholds and not a valid basis for a safety standard. SAR (energy/time) increases
with frequency. The energy (E) increases with frequency while the duration (t) of a
cycle decreases with frequency, so the product (Eet), energy/cycle, is independent of
frequency and probably a better measure of biological response.

We can conclude that biological responses are independent of frequency
(divisions of EM spectrum are irrelevant), that biological thresholds are independent of
SAR, and that SAR is no basis for a safety standard! It would appear that the best
advice regarding safety of exposure to EM fields is the ‘Precautionary Principle’ or
what used to called ‘Prudent Avoidance’. In a few words, minimize exposure as much
as reasonably possible.

The cellular stress response can probably be adapted as a biological measure
for developing a safety standard, because:

itis a protective cellular mechanism

it transcends EM spectrum divisions, and reflects total exposure in multiple EM

ranges

there is now a plausible molecular mechanism

Before leaving this subject, it is important to note that current methods of
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research support have become a problem for science in general, and also in
bioelectromagnetics. Let me quote from the Journal of the American Medical
Association (JAMA 284:2203-2208, 2000).
“There is a growing body of literature showing that faculty who have industry ties
are more likely to report results that are favorable to a corporate sponsor, are
more likely to conduct research that is of lower quality, and are less likely to
disseminate their results to the scientific community”
There is evidence that this problem has affected research on biological effects of RF

fields.

Conclusion
: Regarding the mechanism of electromagnetic stimulation of DNA, we have

shown that increasing charge can lead to the disaggregation of biopolymers, and
that EM fields accelerate charge (electron) movement. These results suggest a
way in which EM fields cause DNA to disaggregate and start biosynthesis.

The experimental results indicate clearly that SAR (specific absorption rate), the
basis for the safety standards to protect the public against overexposure to EM
fields, makes no sense in biology. Until a biologically based standard is
developed, it is sensible to be guided by the ‘Precautionary Principle’.

Suggested Readings
Blank M and Goodman R (2004) Initial interactions in electromagnetic field-induced

biosynthesis. Journal of Cellular Physiology 199:359-363.
Blank M and Goodman R (2004) A biological guide for electromagnetic safety: The stress
response. Bioelectromagnetics 25(8):642-646.
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WEBASEAMIIERT 2002 BB T 5 I ARERRFIIBZE L TE 7,

MR T 5 HECF ORI L D ERAVEEFRERICL S Y V37 ERRPEED G
DREL EIEEL ThEBNGhoTEz, INLDOAYENLERZAEROREICE
BL., BEFRBECINIBEARZICLIVDARAMBRO) A7 B EATHENGh > T
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SEICHT AREESTHL SR, DNACHT 2 BRAOHEERAOERNLEZLH
NRBENAL LI TE,

2 BHSRANZXLICHT DR

GFVUNRVTODNA NS L2BRAOHEEHERM24, Ay ¥V v—RNA
AREFEICE TS DNA HBOX MUV RAIBEDBEFO 7O E— 7 I3 2E/EH
IZDOVTEHEED TV o DNA O X DEBY (HAOHMENERD) BT THEIRE
T55, 2L DOF T2y bOI U NRIPLRIDBBBEEDANETTE VIZOWTHN
%o (7) T-ABIC. 3DODHEAFORSE LT, NaK-ATPase. ¥ b2 0 AB{LBE
E (BRRAVETFHERICEZMESIE)ZELRLTVS) vuyBROBR{LOMEIER
(Belousov-Zhabotinsky Bt LT, BZ RE) I3 2 BEROXEICOVTHMNRT
v <o
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L ZAHEB T A0ODERTDIEIN > T b, HEMAZEA 4 ¥ R0 {LEWE O ERR
B ) VIBEZERBPOEAHMNICAEAETHAMBEELEFTA2EICIVEI LT
ARELILEIRELR > T05, MIBBOAANNDELEZERE XX, 2DV Y F—K
WHBREIN/ZAD001 20072y b HROEEY YNV BEOEERF ¥ V2 MIZK )T
Y=V ERTWE, FY Y ANZ 7 REOBFIZEMAME. ¥— POKE, &
., HELEEREZ I POV LT0E, &L TOIPWEDOEROELEIIME SO
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EMOBBIIOVWTHLEDTE ZANVT-—HICEISHELET ML AL
BEOBREVEFICIVEZ TVRLEIFHBEBKLD, /2. TOETMICIYBILESIC
R 2EHRAP HD BEOHIMC L 2HEOENMOXBE LRI, Hh EMICLoTWEE
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T Lo
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LT IoBEBOMELEFEMO v, BES, BRETHIIFEL . B EBAFEEHL TOARETIE
EB BHEIZTEARL TR LG E LTRER %5,
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-Na,K-ATPase T 0.2~0.3[T]. ¥ b2 0 AB{LEEE T 0.5~0.6[T]. BZ KIS T< 0.5[T].
ELET< 0.8[T] & v o7z IV,

- 2DODOBFEICHT AN A RBELIREIEIZ S 4 ORFEEH (Na,K-ATPase it
60Hz THH. ¥ b7 0 ABLEEFE X 800Hz) IZFEEITEWEERZRLTB Y., LBEOH
BRI LTS EEZZLNS, ELF 75 RF ICRSLEH#HBEOREHK T DNA F o
2 PVRIBES VT PEBAASIH TV 2E, S, EITHOSICE L TdE2 313 T
WwWiwetEbhis,

3 DNA [CXHT DERISFDIERDA N ZX L

KEIZBWTIRERERIIOVWTRELEESTRL, BEII2WTE | ofFkEET
ALTWwL,

-ELF & REHONSFORBEFEFOBBRICLD ¥ Vs AR EREILE 5,

- DNA FOKEHEEPYNIETY V0 EERIEE B,
[COBEPLBRRIL o TRERKENFDIBESNLHE T DNA FFEHILL TR LEZ
¥ (V-

- BRFIIEFICH L TERT 5,
[COEPSERAIKELEEPOEFIHMEHTAET DNA 2EHILIETVEEEZ
LbNB, KGFHROKEREOREEE (~10°[Hz)) THEHDT, BRAFETELD
KERTFHA AL L, KFEA AV EBETF IO 5.
CBRBRACEELYOE-FE LTERTS DNA OEBSEETAELHEL 2, B
FIZE D EHILE NS DNA BN R— %7 —BET GEEFORARRNLARLED
V=) OTOE—Y IREERINEE, VR -BETFIIEBRFICX D HERELS
n, &35,

[Fe2 BEARWLTOE—F L LTHRLZ CTCT OBEETEE (R V¥ —) BT &
BMEESHE0T, BHEFFELR TV, BICEY IV ET) Y OBEBEOREORD
DICEY IV (CTCT) &7V ¥ (GAGA) OEIIAERHETH LK. MELZET
DRNERICE 5Ty LD KRELRBRENEL D, HHNICHE L2 LREIT T 2. KEL
BEOENL NI VEEZONLZEPLLRHEEGUNTL Lo TwEEEZOSND,)
OB LRBLTO) EAROEBRE LTHA (10[V/m]). HL60 Ml (3mV/m]) <
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Na,K-ATPase (0.5[mV/m]) %4 DNA 2EHIALSE25DE LTHFEL TV,
[COBEDPSERRZITITRLERDIZDNATOEF2EHALIE2b0THELEE
Zhbh, EBIIEROBEZRLIB LN TV 5.}

CEBWHOBIMNIE) ¥ N OBRBREICHTAMELETNMICL D DNA OFREE
FihOFCHHERO T CRAMEEZ NS EN RSN,

{4 DBEAPHLTOE—F L LTHEZ L CTCT O#& %P DNA ORSIERR». &
LAREFADBEIN-BRATHL LEZ LD

4 RIBERFEUTOBEUFOLZEMEDERER

BRERICL2EBERERRARLT VA, TV REHEE 2 L 2B ARERTIEIELHR
KHFEL. AMRICREBLEZ 284 LBEBGEPERAmMEhTws, EBREABREIIHT
HREFEOME (THTHHL) ZEABToT0EH, TOXEELVTTW ETE
BEL B ERIRA B ONTE TS,

BREAVPABIIZEZSZ5FICHLTERAENIELON TV LY, REXEIHL T
FE MEON TV VOPRRTH S, LL. BEEERICHTSZNRELKEICETS
BEENLARI ), BEOREEENRT G THLENT P 5. mED 2 DODOWIERHR L
D 0.3~04[T] PEEDOFVER T (MNEAMMKRD) VAP ERTHEIREIN TN,
REFOBHAICELTE. BHEZOERMOSEHICL VEEAKED ) X7 B ERT
5EOMFEZRE LB I TS,

BAED (4] £EQERAOBRBEHENOLNOTH D, SAR*? LHITh IR F U
FBEOZZHEZIY) AN/ EEXERODOHD, LA L. ThoDBEEEEIIST:
D SAR A E D ANBIZHE o TEYEHNLZBBEEZRICARLOR T2V, RF HIZ
BT % SAR fEDE#EIX 107 [W/kg] TH B, LA L. REFFICRITHA ML AREDH
fliix 10 1[W /kg] T 5%, ELF #ICR 5 2 N0 BIMER 107 12[W /ke] IS8 X 2o 4
CALEMLEZFTIRELF#E RFFHICEVRZVWOT, TOEZIZET L SAR fHid4E
WEHLREICEDT, KERBEL LTI RLELETIRIZLZ>TLE ). SAR EHH
EBICE > TERL T ERZRICANRTEL 62D TH D, BERICHEZ X
VE=PLERTH20EBRBERFECRIT 20T, 23X -LKEHOKE (Et) &
B> My LfEx e ). SRTHNTEMFENLUSICOBL-ETNL L EZ S

*2 Specific Absorption Rate Z£#IZi4 2 T A V¥ —RINEOFMO—D2, EMEEIZHINE LD BALK
70 DI 7N F—% W/kg TRL Do SAR = weE? tan(8)/p
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N5,

BHTHE. ARFENLIESTREBUICH L ORI L (EWEH 2 BAMEIE SAR EI24
520, BEMECHITEZAFIEETIIAZVOT, T Tk SAR fHidLeiE L
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ELTETONL D0 [FFEAI (Precautionary Principle) I\ # L < & [{HE % % [l 4
(Pruduct Avoidance) | EFFENEHDTH S, 2F HidF 2 ShEL2RABROT BT %
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MO ML AREIEYFHL2REREIIBGEINDL, RE 5,
cCNEBHIBOHCUHBA I =X LTHELHLTHb,

- COMEIR. BEEECHTTERERILOTRLZL., ZLOBEEFICX2BES
HEBLTERLRThER 20 TH S,
CBETIE, SFLAVOAHIZZLCHLTEL DERFHoTE TV 5,

KE R LA, BEOMEFEF — B LHFLERIFICH LTELHER
HZTVWBEVIREIIDEETHALDTERL THB L, [Journal of American Medical
Association] L DFIHT A&, [EEREBEUDVIHRELVIDIZE P EFERICES
THEDRVWRERICHDLERICHY ., ZOBICHENEOERNY L2 HEHIZH D, M
W RSSO LTI ZOMARRE AR L2 25| £B. ZoOMEIX RF HI2R
FBEENDEBIIOWTOMBICH L THE TR ELOTRLEVES ) D%

5 &

DNA OBBRICIAEHAA D=L LCHLCEHETFOMMC LD, £&EETFD
BREgEsRE, ERAVNETOEHEMEL TV LENGTP o7z, INLOFHRIIERR
HDNA ZRBESE, AEREREZITTVEEZRL TS,

EBRRID, HOPIIARERABE I TrLKEEEDEK L > TS SAR ED
EMFERICITEERTH L2 ENR SN, AYENLREXENRERERFTH YR
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T8z A HENDHDZ:HY)

[BRFOEEHIKT 5 I BRREOHEEH ]
Blank M and Goodman R (2004), Journal of Cellular Physiology 199:359-363
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