Electron Paramagnetic Resonance in the
Experimental Oncology: Implementation
Examples of the Conventional Approaches
A. P. Burlaka, M. R. Gafurov,
K. B. Iskhakova, S. M. Lukin,
A. A. Rodionov, E. P. Sidorik &
A. V. Vovk
BioNanoScience
ISSN 2191-1630
BioNanoSci.
DOI 10.1007/s12668-016-0238-5

1 23

Your article is protected by copyright and all
rights are held exclusively by Springer Science
+Business Media New York. This e-offprint is
for personal use only and shall not be selfarchived in electronic repositories. If you wish
to self-archive your article, please use the
accepted manuscript version for posting on
your own website. You may further deposit
the accepted manuscript version in any
repository, provided it is only made publicly
available 12 months after official publication
or later and provided acknowledgement is
given to the original source of publication
and a link is inserted to the published article
on Springer's website. The link must be
accompanied by the following text: "The final
publication is available at link.springer.com”.

1 23

Author's personal copy
BioNanoSci.
DOI 10.1007/s12668-016-0238-5

Electron Paramagnetic Resonance in the Experimental Oncology:
Implementation Examples of the Conventional Approaches
A. P. Burlaka 1 & M. R. Gafurov 2 & K. B. Iskhakova 2 & S. M. Lukin 1,3 & A. A. Rodionov 2 &
E. P. Sidorik 1 & A. V. Vovk 1

# Springer Science+Business Media New York 2016

Abstract This paper presents a mini-review of application of
electron paramagnetic resonance (EPR) in the experimental
oncology studies based on the authors’ experience acquired
at the R.E. Kavetsky Institute of Experimental Pathology,
Oncology, and Radiobiology of the National Academy of
Science of Ukraine in cooperation with the EPR group at
Kazan Federal University. We show some applications of the
conventional X-band EPR measurements combined with the
spin trapping techniques to study the mechanisms of the
chemical, radiation-induced, and hormonal carcinogenesis;
to investigate the influence of the regulators of the cell
proliferation; to diagnose and differentiate the tumors; and to
monitor the effectiveness of the therapeutic treatment of the
malignant tumors.
Keywords EPR . ESR . Tumor . Mitochondrial electron
transport chain . Cell proliferation

1 Introduction
An understanding of the nature of cancer is an urgent medical
and social problem of our society. According to the reports of
* A. P. Burlaka
apburlaka@gmail.com
* K. B. Iskhakova
kamilaiskh@gmail.com

1

R.E. Kavetsky Institute of Experimental Pathology, Oncology, and
Radiobiology NAS of Ukraine, Kyiv, Ukraine

2

Kazan Federal University, 420008 Kazan, Russia

3

Lashkaryov Institute of Semiconductor Physics NAS of Ukraine,
Kyiv, Ukraine

International Agency for Research of Cancer (IARC) of the
World Health Organization [1], cancer is the biggest cause of
mortality worldwide—there were an estimated 8.2 million
deaths from cancer in 2012, and cancer cases are forecast to
rise by 75 % and reach to 22 million annually over the next
two decades. The complexity of the cancer-related studies
demands an application of different analytical tools and approaches for investigations at the fundamental levels, in the
pre-clinical research, clinical diagnostics, to estimate the effectiveness of the therapeutic treatments, etc. Soon after the
discovery of the electron paramagnetic resonance (EPR)
phenomenon in 1944 by E.K. Zavoisky at Kazan University,
it became clear that EPR can give unique information in the
biological and medical-related studies (see [2, 3] for the literature list on this topic).
Since the 1960s, different EPR approaches including spin
trapping were and are used in the Institute of Experimental
Pathology, Oncology, and Radiobiology to study the mechanisms of the chemical, radiation-induced, and hormonal
carcinogenesis; to investigate the influence of the regulators
of the cell proliferation; to diagnose and differentiate the tumors; and to monitor the effectiveness of the therapeutic treatment of the malignant tumors. Some of the results are gathered
in the monographs [4–7] published either in Russian or in
Ukrainian. This direction of the research gained an impetus
over the last few years in cooperation with the EPR group at
Kazan Federal University [2, 3, 8–11].
The usage of EPR methods for a long time was restricted
by the complexity and high price of analytical equipment. An
appearance of the low-cost table EPR spectrometers with the
perceptible sensitivity produced by different companies all
over the world opened new horizons for the medical and biological applications of magnetic resonance methods in the
research and for the routine analysis. In this connection, the
establishment of the recognized investigation protocols and
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understanding the biochemical processes that can be tracked
by EPR along with the knowledge of the basic physical and
technical principles of the spectroscopic detection take center
stage. This paper presents an attempt to summarize the most
significant original output of our studies to facilitate the incorporation of EPR methods into the biochemical and clinical
laboratories.

2 Results
The experiments on animals from the vivarium of the R.E.
Kavetsky Institute of Experimental Pathology, Oncology,
and Radiobiology NAS of Ukraine were carried out following
the rules and under the control of the Institute Animal Ethics
Committee for use of animals in research, testing, and
teaching, according to the regulations of BThe basic ethical
principles of experiments on animals^ approved by the First
National Congress of Bioethics of Ukraine (Kyiv, 2001) as
well as were guided by the statute of the BEuropean
Convention for the Protection of Vertebrate Animals used
for Experimental and Other Scientific Purposes^
(Strasbourg, 1985) and EU Directive 2010/63/EU for animal
experiments.
Malignant tumors were induced in animals by the following chemical compounds: 2-acetylaminofluorene, 4dimethylaminoazobenzene, and N-diethylnitrosamine (liver
tumor); 7,12-dimethylbenzantracene (DMBA, breast tumor);
and 3-methylcholanthrene and benzopyrene (lung tumor).
Tumors of various locations were induced by the cointroduction of the carcinogenic polycyclic aromatic hydrocarbons and nitrosamines, chemical carcinogens, and viruses.
Different tissues, organs, and blood of patients with breast
cancer, stomach cancer, and colorectal cancer were investigated to find reliable markers of the cancer progression and to
estimate the influence/effectiveness of the chemotherapeutic
compounds. The experiments were carried out under the guidance of the Declaration of Helsinki (1964 and later versions).
All participants expressed their prior written consent to take
part in the research and to use the tissues obtained by surgery
for the research purposes.
The majority of the experiments were carried out by using
conventional X-band (9 GHz) technique at liquid nitrogen
(T = 77 K) or liquid helium (T = 4.2 K). Due to the fast spinlattice relaxation times (i.e., due to the spectral broadening and
increase of intensity with temperature), a lot of EPR features
are not detectable at room temperatures (RT). There are not so
much literature data that show the detailed temperature dependencies of EPR signals in tissues. As it was already mentioned, we connect this fact with the absence of the appropriate equipment for the temperature changing in most biochemical laboratories. Recent investigations show an importance of

such kind of experiments that can shed light on the nature of
some EPR signals [12–14].
Paramagnetic centers in human and animal tissues include
primarily the molecular complexes containing iron Fe3+ (supplied mainly in transferrin and hemoglobin) or copper Cu2+
ions (ceruloplasmin) and Bfree^ radicals. Figure 1 shows the
typical EPR spectra of blood samples of donor and patient
with colorectal cancer. To exclude the influence of the resonance frequency ν onto the shift of the EPR spectra, it is quite
common in the medical-related literature to re-calculate the
data and present the spectra in the units of g-factor rather than
magnetic field strength following the simple relation:
hν ¼ gβΒ

ð1Þ

where h is Planck constant, β is Bohr constant, and B is a
magnetic field strength.
As it can be noted, the most prominent alterations are to
observe in the vicinity of g ≈ 2.0–2.4. Origin(s) of the frequently detected EPR features and their changes under the
pathological conditions are partially presented in Table 1 and
discussed further in the text.
One of the EPR labels of the pathological changes is an
appearance of Btriplet^ (as usually referred in the medical literature) signal with g ≈ 2.007 that was firstly observed by N.M.
Emanuel with his co-workers in different types of carcinoma,
hepatoma, and sarcoma tissues. Its origin is caused by the nitrogen hyperfine interaction with the iron ions in nitrosyl-iron
protein complexes of hemoproteins and cytochromes. This
EPR marker of the malignant tumor growth was revealed in
the tumor tissues of the chemical, radiation, and hormonal genesis. Its spectrum (three hyperfine lines with giso = 2.007) and
the dynamics of its formation depending on the stage of tumor
development are presented in Fig. 2 [6]. (In this paper, we

Fig. 1 EPR spectra of samples of blood of (1) donor and (2) patient with
colorectal cancer at T = 77 K in the units of g-factor. Description and
assignment of the obtained EPR features are given in the text. The
internal references signals are from the ruby crystals on the wall of EPR
cavity for the qualitative analysis of EPR spectra
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Table 1 Parameters of EPR spectra of a number of the intrinsic
paramagnetic species obtained in blood and tissues (adapted from
[21–23]). Note that in the case of anisotropic signals, very often, only
the most intensive EPR features (usually, g⊥) are registered and described
in literature
Origin of the signal

EPR parameters

Methemoglobin in blood
(high-spin ferri-heme)
Fe3+ bound to—transferrin
in blood and organs (highspin ferri-nonheme complexes)
Low-molecular iron complexes
in blood and organs
Cu2+-ceruloplasmin in blood

g⊥ ≈ 6.0 and g|| ≈ 2.0

BFree^ semiquinone radical
centers in mitochondria
FeS clusters in reduced form

g ≈ 2.00

g⊥ ≈ 4.3 and g|| ≈ 9.3
g⊥ ≈ 4.5
g⊥ ≈ 2.05 and g|| ≈ 2.20

g ≈ 1.94

follow a number staging system that is specific for each type of
cancer and is marked with Arabic numbers from 1 to 5 [15]).
We have found a modifying effect of an influenza virus that
accelerates the appearance of malignant lung tumors and increases the number of the malignant tumor cells in the lung
induced by a chemical carcinogen (3-methylcholanthrene).
The mentioned Btriplet^ signal at the vicinity of giso = 2.007
in the lung tissues could be also registered (Fig. 3). From these
experiments, it was established that chemical carcinogens and
their electrophilic metabolites interact with the nucleophilic
centers of DNA guanine [7].
Signals with g = 2.25 and g = 2.42 are connected with the
catalytic cycle of the cytochrome P-450 which serves as a natural detoxifying agent of the body. The formation of NO-P-450
complexes of the blood components are responsible for the
signals with g = 4.25 and g = 6.0. The presence of the NOhemoglobin complexes is manifested in the isotropic signal
with giso = 2.01 [10].
Fig. 2 Formation of the marker
of the malignant growth (a
Btriplet^ signal with giso = 2.007)
at different stages (from 1 to 5) of
tumor development. a Breast
tumor induced by 7,12dimethylbenzantracene (DMBA);
b hepatic tumor induced by 2acetylaminofluorene; c ovarian
tumor of the hormonal genesis.
Note that the spectra are presented
starting from the lowest values of
g-factors, i.e., in the direction of
decreasing of external magnetic
field

The biophysical marker of the malignant tumor growth
with giso = 2.007 identified in the models of the induced
tumors of various origins (Figs. 2 and 3) was also obtained by us in the clinical material: in the mitochondria of
the cells of the malignant tumors of the stomach, breast,
colon, as well as in the neoplasmas of other localizations
(Fig. 4). As a result of the long-term studies of the redox
state of the respiratory chain of the cell membranes of
different organs, we have revealed the alterations in the
functioning of the electron transport complex of N-type
associated with the interaction of the endogenous nitric
oxide with FeS-proteins that lead to the reprogramming
of the redox metabolism of mitochondria, uncontrolled
generation of superoxide anions, and tumor initiation process. Figures 5 and 6 demonstrate the results of studies
showing an inappropriate functioning of iron-sulfur proteins in the electron transport chain of mitochondria of the
cells of different organs in carcinogenesis [2, 6–9].
The EPR is sensitive to the changes in the mitochondrial
electron transport chain (ETC.). Signal with g = 1.94 is related
to the activity of the iron-sulfur cluster N2 of NADH: ubiquinone oxidoreductase, also called respiratory complex I. Signal
with g ≈ 2.00 is usually ascribed to the Bfree^ radical centers
practically completely localized in mitochondria—
semiquinones of flavoproteins found in the inner membrane
o f m i t o ch o nd r i a a n d co e n zy m e Q s e m i q u i n o ne s
(ubisemiquinones). Signal with g = 2.03 characterizes a generation of NO and N types FeS-protein complexes [3].
In the initial period of carcinogenesis in the mammary
glands, a reduction of the level of FeS-protein N2 (g = 1.94)
accompanied with the reduction of ubisemiquinones signal
(g = 2.003) were observed in the mitochondria of the liver
cells. In the case of the malignancy caused by the disturbances of the hormonal homeostasis in the animal organism,
the similar patterns of the changes of the activity of N-type
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Fig. 3 The typical EPR spectra of the tissues of the lungs (1) of the
animals with the pulmonary tumor induced by the joint effect of 3methylcholanthrene and influenza A virus vs. (2) of the intact animals

iron-sulfur proteins in the mitochondria of liver cells were
revealed (Fig. 5) [6].
The characteristic changes in the activity of the liver ironsulfur protein N2 and ubisemiquinones in the nicotinamide
adenine dinucleotide (NADH)-ubiquinone oxidoreductase
complex of the respiratory electron transport chain of mitochondria with the mammary carcinogenesis induced by
DMBA were also found in the adrenal cells by examining
the activity of the iron-sulfur protein adrenodoxin (g = 1.93)
and the level of semiquinone radical (g = 2.003) that provide
the hydroxylation of steroid hormones (Fig. 6) [7].
The nature of the intensive broad signal at g ≈ 2.2–2.4 that
appears in the tumor affected tissues is still intriguing. The
broad unresolved line arises Bsometimes^ in Ba part^ of the
pathologically changed tissues, including carcinoma and

Fig. 4 Typical EPR spectra of the tissues of the malignant tumors of the
(1) stomach, (2) mammary glands, and (3) colon

Fig. 5 The changes of the redox state of the electron transport chains of
mitochondria of liver cells at different stages (1 and 2) of the ovarian
tumors induced in the conditions of the misbalance of the hormonal
homeostasis as revealed from the measurements of intensity of the EPR
line at g = 1.94 (FeS clusters). Error bars indicate the standard error of the
mean value (SEM) for seven measured tissue species at every point

carcinoma-affected tissues (Fig. 1, curve 2) and is not registered
in healthy animal and human tissues (see [2, 8] for the original
investigations and literature review on this issue). Its g-factor
indicates that at least a part of that is undoubtedly due to the
presence of iron-containing complexes. The last trend is to
connect the origin of at least a portion of this broad signal with
the ferritin molecules or non-ferritin (anti)ferromagneticaly
ordered iron-containing nanoparticles [12–14]. We hope our
further investigations by exploiting different EPR approaches
[16–19] could help to dig out a root of that.

Fig. 6 Time-dependant changes of the levels of a the iron-sulfur protein
adrenodoxin and b semiquinones in the adrenal glands in mammary
carcinogenesis (1) induced by DMBA, (2) under the administration of
3-methylcholanthrene, and (3) of intact animals. Error bars indicate the
standard error of the mean value (SEM) for seven measured tissue species
at every point
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Reactive oxygen and nitrogen species (ROS/RNS) are
considered as potential diagnostic and prognostic
markers in many types and stages of cancer and targets
for the therapeutic treatments [4, 20]. Among them, the
superoxide (O2•) and nitric oxide (NO) radicals are of a
great interest to specialists in biochemistry and can be
detected by EPR. The superoxide radicals regulate key
cell functions, including cell proliferation, differentiation, and apoptosis. At low levels the superoxide
radicals function as mitogenes, they promote cell
poliferation and survival. At a high generation rate,
O2• can easily react with the membrane lipids causing
membrane permeability changes, genomic instability as
a result of the genome oxidative modification, etc.
Direct in vivo measurement of superoxide (and ROS/
RNS in general) is usually problematic due to its short
lifetime and its continuous detoxification by intra- and
extracellular antioxidants. Therefore, different spin trapping techniques and different types of spin traps were
used to derive the levels and generation rates of ROS/
RNS at the physiologically relevant conditions.
By combining the EPR and spin trapping techniques
for the clinical material, a relationship between the formation of the iron-nitrosyl complexes of NO with the
FeS proteins and generation rate of superoxide radicals
in the mitochondria of breast cancer cells, gastric cancers, and cancers at other sites was shown. Fig. 7 presents the results of the measuring of the generation rate
of superoxide radicals at RT in the mitochondria of
breast tumor cells, depending on the tumor stage, showing a direct link between the superoxide radicals and the
development of malignant tumors. As a spin trap, 1-hydroxy-2,2,6,6-tetramethyl-4-oxo-piperidine hydrochloride
(TEMPONE-H hydrochloride) was exploited [7–9].
The data obtained in experimental and clinical studies
showing a key role of the nitric oxide in the reprogramming

of metabolic fluxes in the cells’ mitochondria is of particular
importance. NO in mitochondria has several functions.
Most notably, the nitric oxide can act as a physiological
messenger that modulates the rate of the electron transport
through the structural components of the mitochondrial
electron transport chain. In our experiments, a direct correlation between the generation rate of NO in the mitochondria of tumor cells of different histogeneses and at different
tumor stages was found (Fig. 8) [7, 11, 21].

Fig. 7 Superoxide generation rate in the mitochondria of the malignant
tumor cells of breast cancer at different stages (1-4) of the disease taken at
room temperature by using TEMPONE-H hydrochloride as a spin trap

Fig. 8 NO generation rates in the mitochondria of the malignant tumor
cells of breast cancer at different stages (1-4) of the disease taken at room
temperature by using Fe/diethyldithiocarbamate (Fe/DETC) as a spin trap

3 Conclusions and Perspectives
A growing interest to the clinical applications of the EPR
methods is to observe last decade (see [2] for the list of
the references on this issue). Along with the use of the
high-filed/high-frequency EPR techniques, EPR imaging,
and their Fourier-transformed variations, appearance on
the market of a number of the Beasy-to-use^ table-top
EPR spectrometers with the enhanced sensitivity and stability turn the EPR into the powerful tool for the
(bio)medical research that can cover a wide range of
expertise from the fundamental studies to the routine
screening. We hope that all these in combination with
other experimental and theoretical approaches, finally,
could significantly help in the cancer-related investigations to unravel the tricks of the Nature.
Application of the original EPR approach has already
allowed suggesting the mechanism of the redoxdependent initiation of cancer [2, 11]. The identified systemic changes of the redox state of cells of different
organs during the neoplastic process that caused by the
reprogramming of the redox metabolism of mitochondria
are the basis for the development of the effective strategies of the regulation of the mechanism of the electron
transport in tumor cells in order to increase the effectiveness of the cancer treatment and its prevention.
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