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Abstract: This research was aimed to study a combined influence of a low-intensity electromagnetic field (EMF) with 5-30 Hz frequency in
presence of cadmium ions on structural changes in deoxyribonucleic acid (DNA) and human seralbumin (HSA). Special attention is paid to
HSA, as it transports drug molecules and bound ligands. Changes that occur with DNA and HSA after exposure to EMF and cadmium ions
are studied using the method of fluorescence spectroscopy.

Material and Methods — Aqueous solutions of HSA and DNA were the objects of this study. They were extracted from whole blood
samples obtained from volunteers. The samples were processed for 10 minutes with EMF intensity at 24+4 A/m and frequency increased
stepwise by 2 Hz.

Results — It was shown that after HSA and DNA were treated by EMF and cadmium ions, there was a significant increase in their
fluorescence intensity when compared to control solutions, which reflects building of cadmium ions into DNA double helix as an
intercalating agent and a disbalance in nucleic acid metabolism as well. When concentration of cadmium ions in aqueous HSA solution was
as high as 10® maximum acceptable concentration there was a softening of protein globules of HSA molecules within their native structure
without complete protein denaturation.

Conclusion — A conclusion was made that combined exposure of studied factors on DNA and HSA molecules leads to a more significant

change in structure of these biopolymers when compared to separate exposure of low-intensity EMF and cadmium ions.
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Introduction

Research into influence of low-frequency electromagnetic field
(EMF) and heavy metal exposure on denaturation and
conformational changes of deoxyribonucleic acid (DNA) and
tryptophan-containing proteins is motivated mostly by the problem
of screening for DNA-damaging factors. The study of influence of
heavy metals exposure on structure of natural biopolymers,
albumins in particular, is rationalized by need to discover new and
effective methods to detect protein aggregation processes, which
are activated by presence of heavy metals in environment [1, 2].

Serum albumin not only maintains an osmotic blood pressure
and body’s protein reserve, but also performs a significant
function of transporting endogenic and exogenic substances [3].
While studying albino rats’ blood serum using a fluorescence-
based method, authors [4-7] have shown that an excess
concentration of heavy metal ions in blood leads to blocking or
allosteric change of albumin binding sites. In certain articles [4, 8]
experimental data is discussed, which was obtained during
research of low-frequency EMF exposure on the human serum
albumin (HSA); the data was found using an analysis of intrinsic
and induced fluorescence. The authors made a conclusion
concerning the level of low-frequency EMF at which native

conformation of human blood plasma proteins is preserved and,
consequently, their functional properties as well.

Cadmium (Cd2+) is one of the most dangerous toxic factors,
having a deleterious impact on membranes, enzymes and genetic
apparatus; it impairs nucleic acid and protein metabolism, has a
tendency towards cumulation in heart, liver and kidney cells [1].
Cadmium ions which cumulate in mitochondria, lysosomes and
nucleus, cause ultrastructural changes and interact with thiol
groups of proteins thereby leading to metabolic deceleration and
causing a hypoenergetic state with impairment of carbohydrate
metabolism and hepatic glycogenesis [1]. It is known that local
sewage pollution from mines and metallurgical plants, dye and
mineral fertilizer factories, nickel-cadmium battery producing
facilities etc., is a significant issue even after special purification
because sewage still contains a substantial amount of cadmium
salts. Therefore, Cd** intake and cumulation in human body is a
pressing medical and ecological problem [9].

Research of EMF exposure on living systems gives significant
attention to nucleic acid biopolymers. Many authors have observed
the effects of EMF exposure on DNA, with EMF density being within
range of fractures to hundreds of mT. In one study [10] authors say
about EMF mutagenicity. The magnetic field increases the extent of
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DNA damage [9, 11] and leads to defects in cell proliferation and
apopotosis [12], as well as to altered gene expression [13]. Authors of
one study [13] established that long-range charge transfer within DNA
molecule and photon emission during molecular excitation of DNA are
possible. A low-frequency EMF exposure is used to change the rate of
some of important biochemical processes: repair of DNA elements
with evident somatic mutations, generation of reactive oxygen species
by neutrophils, change in cytokine levels etc. [3, 14-15]. A well-known
manifestation of a cellular stress reaction is damage to biologically
significant molecules, DNA first of all. In one article [14] an opinion is
presented that changes in DNA hydration shell under the influence of
specific low-frequency EMF exposure leads to the restoration of
hydrogen bonds, bridging and DNA repair as a whole.

The aim of this research is to study how the combined
exposure to low-intensity EMF with 5-30 Hz frequency and
cadmium ions on human DNA and HSA structure using fluorescent
spectroscopy, taking into account a significant role of HSA in the
drug transport and mechanisms of ligand binding regulation, and
to reveal possible denaturation and conformational changes of
natural biopolymers.

Material and Methods
Objects

Aqueous solutions of DNA and HSA were the objects of this
research. The DNA from the volunteers’ blood samples (males, 21-
25 years old, non-smokers, n=10) was extracted by adsorption
technique using «DNK-sorb-B» laboratory kits produced by
«AmpliSens» (Moscow, Russia).

DNA extraction from biological material

Samples were processed using the following technique: blood
was collected into 2.5 ml plastic tubes containing ethylene diamine
tetraacetate (EDTA) disodium salt with final concentration of
2.0 mg/ml as anticoagulant. The contents of the tube were mixed 2-
3 times, centrifuged at 3000 rpm for 20 minutes at room
temperature (18-25°C). Upper fraction was separated and
transferred into another plastic tube. DNA extraction was done in a
sterile laminar box «BAVp-01-Laminar» (Moscow, Russia) supplied
with thermostat for Eppendorf tubes, vacuum aspirator for removal
of supernatant fluid and vortex mixer. After taking a sample for
further study, a lysing solution of guanidine was introduced into the
test tubes. The samples extracted and prepared in the manner
described above have been carefully resuspended using a vortex
mixer in order to remove fragments of cell membranes and
organelles. After that 25 pL of a multipurpose sorbent were added
into each tube. The procedure of resuspension was performed
several times and was followed by centrifugation at 5,000 rpm.
Then, supernatant fluid was removed by vacuum aspiration. After
that, sorbent-containing samples were washed thoroughly multiple
times, dried for 5-10 minutes at 65°C temperature. Then, 50 pL of TE
buffer were put into the tubes to achieve DNA elution. The resulting
liquid was resuspended by the vortex mixer and then dried for 5
minutes in the thermostat at 65°C, then centrifuged at 12,000 rpm
for 1 minute. After all these procedures supernatant fluid contained
purified DNA which was separated from sediments. The DNA
concentration in  final solution was evaluated by a
spectrophotometric analysis using an extinction coefficient
E,60nm =200. The described method of extraction allows achieving
DNA concentration up to 30 pg/ml in the final solution [16]. All

further experiments were carried out using diluted aqueous
solutions with DNA concentration of 2.5 pg/ml.

HSA solution with 5 UM concentration and cadmium acetate cd*
solutions with concentration from 0.5 pg/ml and above were also used
in this study. To stabilize HSA solution the samples were stored at 4°C
for a day or longer before measurements and adding of cadmium
salts. Low concentration hydrochloric acid solution or potassium
hydroxide solution were used to change the pH of a solvent.

Treatment of samples by electromagnetic field

Aqueous solutions of DNA and HSA were treated by EMF in a
chemically clean and sterile plastic dish, with depth of irradiation
being 2 mm. In our experiments we used a device that we have
described elsewhere [17, 18], designed for a computer-aided
analysis of biological fluids in a variable magnetic field. Aqueous
solutions of DNA and HAS were introduced into the module for
measurement of physical characteristics of biological fluids.
Temperature of the solution was controlled by a temperature
sensor with 0.2°C precision and was maintained at 23°C, initial
magnetic field frequency was 1 Hz, intensity was 2444 A/m; the
sample was treated for 10 minutes. Then the intensity of
fluorescence of DNA and HSA aqueous solutions was registered.
After that a microcontroller measured the frequency of the
magnetic field with a 2 Hz step within the range of 1 to 30 Hz. After
each frequency measurement and sample treatment the intensity
of fluorescence was registered and a 30 s pause was made.

Registration of fluorescence of DNA and HSA aqueous
solutions

Evaluation of fluorescence was performed at room temperature
(22°C) using «Hitachi F-2700» (Japan) spectrofluorometer.
Tryptophan fluorescence of HSA aqueous solutions was registered in
the range of 270-500 nm at A, =295 nm excitation wavelength.
Tryptophan fluorescence of DNA solutions was registered in the
range of 220-900 nm at wavelength of Ag =320 nm.

Statistical analysis

Obtained data was analyzed using «Statistica 6.0» statistical
package (StatSoft, USA). Hypothesis of normal (Gaussian) type of
distribution for data on fluorescence intensity of DNA and serum
albumin solutions was tested using a Shapiro-Wilk test, as well as
by determining the ordinates of a normalized Gaussian distribution
function according to the recommendations outlined in a paper
[19]. Experimentally obtained data had normal type of distribution,
which made it possible to use Student's test for statistical
processing of the results with a significance level of 0.05.
Correlation analysis of the joint effect of EMF frequency and
cadmium ions on the DNA fluorescence intensity was performed
using Spearman correlation analysis [19].

Results

Nucleic acids, as well as tryptophan-containing proteins, belong to
natural fluorophores which allows studying their condition in aqueous
solutions using fluorescence spectroscopy. An optimal wavelength for
DNA aqueous solution excitation found during the experiment was
320 nm. In the fluorescence spectrum of DNA aqueous solutions at
Aexat =320 nm there are two peaks of fluorescence intensity at 320+1
nm and 64015 nm respectively (Figure 1).
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Figure 1. Fluorescence spectra of aqueous DNA solution with 2,5 ug/ml
concentration after EMF exposure, Hz: 19 (1), 15 (2), 13 (3), 25 (4). 10
minutes exposure, Aex: =320 nm, t =22°C.
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Figure 2. The effect EMF frequency on the fluorescence intensity of
aqueous solutions of DNA.

The fluorescence intensities of aqueous solutions of I, DNA (at 320 nm)
are gray columns and Iy (at 640 nm) are black columns, studied for DNA
solutions after their treatment with an electromagnetic field, having
corresponding frequencies indicated along the X-axis, from 5 to 30 Hz. The
EMF exposure time was 10 minutes for each sample, the fluorescence
excitation wavelength was 320 nm at a temperature of 22°C.

During EMF exposure of DNA aqueous solutions there was an
insignificant increase of the first peak area at 13 Hz and 21-25 Hz
EMF frequency when compared with controls (Figure 2). The area
of the second peak changed little.

Addition of cadmium ions into aqueous solution of DNA above
maximum acceptable concentration (MAC) leads to a staged
increase in fluorescence intensity and to an increase of cadmium
concentration (Figure 3); this reflects the absence of DNA
denaturation process in which fluorescence would have subsided
[6]. Cadmium MAC in whole blood is reported by certain sources
[16, 20] to be 0.007 pg/ml. Several plateaus are observed
(Figure 3) on the curve illustrating an association between
fluorescence intensity of DNA aqueous solution and cd®
concentration in the solution at the points corresponding to
Cd2+/DNA =1:5; 1:2.5; 1:1. This demonstrates a discrete nature of
changes in DNA structure associated with presence of cadmium
ions in the solution. Possibly, cadmium ions build themselves into
DNA double helix as an intercalating agent and zinc antagonist,
which further leads to an impairment in nucleic acid metabolism,
as it was described by some authors [1].

During the treatment of DNA solutions with EMF with 5-30 Hz
frequency in presence of cadmium ions there was a more

pronounced increase of fluorescence intensity, being up to 2-2.3
times more intensive (Figure 4). This confirms an assumption that
cadmium ions build into the DNA double helix, which causes an
increase of the intensity DNA molecule fluorophores glowing.
Stabilization of DNA double helix by cadmium ions can be used in
one of the branches of biotechnology: in nanotechnology of
nucleic acids [21], as well as in production of molecular wires and
novel biopolymer-based molecular devices [22]. A correlation
analysis of the joint influence of EMF frequency and
concentration of cadmium ions on DNA fluorescence intensity
was performed by calculating the Spearman’s rank correlation
coefficient, which was 0.5.

An intrinsic HSA fluorescence spectra were filmed with
different amounts of cadmium in the solution at the physiological
value of pH 7.4 above the albumin isoelectric point (pl=4.7) and
with long excitation waves at 295 nm. The fluorescence spectra
are presented on Figure 5. It is evident that in cadmium
concentrations in the solution lower than or equal to the HSA
concentration, there is an insignificant decrease of the HSA
fluorescence intensity, which is probably due to destabilization of
a tertiary structure of protein, as the albumin globule is labile and
sensitive even to weak influence [21].

Discussion

The first peak in the fluorescent spectrum of DNA aqueous
solutions is related to chromophores in the DNA molecule, which
absorb ultraviolet (UV) radiation, the conjugated m-bonds of
nitrogenous bases [21]. The peak does not coincide with the
maximum of guanine fluorescent intensity, as some authors have
noted [23]. Excitation of DNA aqueous solution by UV-radiation
with a 320 nm wavelength led to an observed appearance of an
additional fluorescence band, along with the band described
above, which had a long-wave shift with 640 nm wavelength. It is
possible that this fluorescence band appeared as a result of DNA
bases oxidation by free radicals. In one article [6] authors
associate the fluorescence spectrum peak with 635 nm maximum
with the appearance of singlet oxygen in the solution. It is
reported that peaks in the 535, 635 and 1270 nm wavelengths
confirm that there is singlet oxygen in the studied solution, which
emits photons of light during the transition into a basic triplet
state. This conforms with the opinion stated in some papers [14,
15] in which it is said that one of the reasons for a changed
chemiluminescence of DNA aqueous solutions under the low-
frequency EMF influence could be the production of reactive
oxygen species in water. In one article [21] it is said about double-
and single-stranded breaks in DNA solutions which occur under
the influence of peroxide radicals and low-frequency EMF
exposure [22]. Thus, combined exposure of DNA molecules to
EMF and cadmium ions may lead both to breaks in double helix
caused by reactive oxygen species and incorporation of cadmium
ions into non-damaged DNA double helix.

A native HSA molecule in aqueous solution has its own intrinsic
fluorescence caused by an amino acid residue of tryptophan (Trp-
214) which is located at binding site | [7]. Binding site | markers are
warfarin, iodipamide, phenylbutazone, azapropazone, bilirubin [7].
Because of the ligand binding their solubility in blood plasma
increases, while their toxicity decreases and bound molecules get
protected from enzymatic and oxidative degradation. HSA-ligand
binding process significantly contributes to drug pharmacokinetics,
influencing drug distribution and elimination.
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Figure 3. Association of fluorescence intensity of aqueous DNA solution
(2.5 pg/ml) and Cd** concentration in the solution. Aex: =320 nm, t =22°C.
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Figure 4. The combined effect of electromagnetic field and cadmium ions
on the intensity of DNA aqueous solutions.

Fluorescence intensity (Imax1) — gray columns and (Imax2) - black columns
of an aqueous solution of DNA (2.5 pg/ml) with cadmium ions (Il) with a
concentration of 0.5 pg/ml was measured after treatment with
electromagnetic field having a corresponding frequency of 5 to 30 Hz. The
exposure time was 10 minutes, the wavelength of fluorescence excitation
was 320 nm at a temperature of 22°C.
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Figure 5. Intrinsic fluorescence spectra of human seralbumin (5 uM) in
relation with Cd** concentration in aqueous solution (mg/ml): 0 (1),
0.01 (2), 0.05 (3), 0.25 (4), 0.5 (5). Aexet =295 nm, t =22°C, pH 7.4.

HSA fluorescence is observed at extinction wavelength from
280 to 295 nm and at emission wavelength of 35043 nm [2, 8, 20].
With pH value between 6.0 and 8.0 conformational changes of
albumin are accompanied by changes in the milieu of amino acid
residues of tryptophan, tyrosine, histidine and by an N-B-transition

of the molecule which leads to an increase in availability of N-form
imidazole residues, while the size of the globule remains
unchanged [4]. In this case Cd** cations can interact with available
imidazole residues in HSA molecule and therefore decrease the
ability of ligands to bind with site I. The decrease of fluorescence
intensity of HSA (Figure 5) reflects the partial blocking of binding
site | where fluorophore Trp-214 is situated.

Significant structural changes of albumin molecules in
solutions with cadmium concentration comparable to HSA
concentration are probably hindered by a system of inaccessible S-
S-bonds spaced throughout the length of all the polypeptide chain
[7], and this preserves albumin molecule from denaturation.
Flexibility of HSA molecule, its extreme conformational lability and
ability to fold/unfold serve as basis for allosteric influence of
cadmium ions on the condition of binding site I, and on the ligand
and drug binding with albumin as a whole.

Therefore, a combined influence of cadmium cations and low-
frequency EMF on the characteristics of fluorophores in DNA and
HSA molecules leads to an intensification of structural changes in
DNA and HSA.

Conclusion

Based on the experimental findings we may conclude that
under combined influence of cadmium cations and low-frequency
EMF on DNA molecule two simultaneous processes happen: DNA
helix breaks happen under the influence of reactive oxygen species
and cadmium ions build themselves into non-damaged DNA
double helix, which leads to an increase in cadmium toxicity and a
disbalance in nucleic acid metabolism.

When the concentration of cadmium cations in HSA solutions
increases to 10*> MAC conformational changes in HSA within its
native structure are observed; in particular, there are changes in
condition of binding site | and albumin ability to bind ligands and
drug molecules.
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