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Abstract By a method of spectroscopy of electron paramagnetic resonance the tis-
sues of rats after exposure of microgravity simulation (model of hindlimb unloading)
were investigated. In the tissues of heart, lung, liver and muscles the signals of electron
magnetic resonance (EMR) depending on orientation were detected. The temperature
and orientation dependences of the signals were studied. Comprehensive analysis of
the characteristics of the EMR signals made it possible to identify the source of the
signals as a crystalline magnetite. Three types of anisotropic EMR signals corre-
sponding to a variety of spatial forms of accumulation of biogenic magnetite were
detected. The appearance of the signals after microgravity simulation indicates an
alteration in iron metabolism and an abnormal accumulation of iron in the rat tissues.

1 Introduction

The gravitational field is one of the inevitable environmental factors for living
organisms under Earth conditions. Limitation of the effect of gravity leads to a
number of systemic changes in the organisms of mammals and humans, such as
body fluids redistribution; alterations in the locomotor system (muscle atrophy and
decreased bone strength as a result of the calcium loss), and hematopoietic system
(anemic syndrome); in the cardiovascular system (vegetative-vascular dystonia,
myocardiodystrophy, atherosclerosis), and others [1]. However, the relationship
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between the systemic, cellular and molecular mechanisms involved in the
development of microgravity effects on physiology remains poorly studied.

Iron metabolism undoubtedly plays a significant role in above-listed processes.
Iron metabolism incorporates the synthesis and subsequent desintegration of a
number of proteins participating in functioning of the intracellular elements, such as
cytochromes in mitochondria, guanylatecyclase, and other heme-containing
proteins, for instance myoglobin, involved in oxygen supply system of muscle
cells. Nutrient supply of iron into the body under microgravity remains as previous,
under the Earth conditions, but at the same time, there is an atrophy of muscle cells
and washout of the intracellular proteins and other elements, including iron-
containing ones out of them. So the question arises, “Where may the iron be
accumulated?”

To study the effects of microgravity under Earth conditions a rodent model of
hindlimb unloading (HU) or antiorthostatic hypokinesia, based on deprivation of
weightbearing by the hindlimbs, is widely used [2, 3]. HU allows to simulate on rats
some physiological effects of staying in weightlessness for a long period of time; in
particular—the body fluids shift to the cranial direction, which is weightlessness
associated [4], the development of muscle atrophy of the hind limbs [5].
Furthermore, it is known that the HU reduces the rate of myofibrillar protein
synthesis even after short period of model using [6].

The HU rat model has been accepted by scientific community as the model of
choice for simulating space flight. It was established [4] that it is an adequate model
to assess the hemodynamic changes in mammals, similar to those in real space
flight. This model is most applicable for the cardiovascular and motor systems.

Previously the parameters of iron exchange were investigated also in humans,
within the framework of the model of antiorthostatic hypokinesia, connected with
bed rest in antiorthostatic position with head-down tilt of 6° [7]. A relation between
changes in the body’s need for oxygen and iron metabolism in conditions of
antiorthostatic hypokinesia was established. That is a manifestation of the
pathophysiological processes in the body in response to extreme conditions
simulating weightlessness. A study of physiological changes of iron metabolism in
microgravity is of interest for space medicine. The investigation on molecular
mechanisms underlying the regulation of iron metabolism in microgravity may be
useful for the development of approaches to prevent systemic disturbances in the
conditions of space flight.

It is known that some biological processes accompanied by disturbances of iron
metabolism, may course the accumulation of iron in tissues in the form of a
nanosized crystalline iron oxides, as a result of biomineralization process [8, 9] in
organism. Such nanoparticles may be detected by EPR spectroscopy as isotropic
[10] or anisotropic [11] signals of electron magnetic resonance (EMR). These
signals are characterized as the signals of EMR because they are due not to
magnetic moment of isolated ion, as it is for the EPR signal but to the total magnetic
moment of the crystalline particles.

The most widespread forms of nanocrystalline iron oxides in living organisms are
ferrihydrite—5Fe,03.9H,0 in a crystalline core of ferritin protein and magnetite—
Fe;04; they play a significant role in the functioning of living systems, in the
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development of pathologies and may be involved in the adaptation mechanisms.
The presence of such kind of particles leads to the appearance of the magnetic
properties in biological tissues, and to the emergence of EMR signals.

Nowadays the EPR spectroscopy technique is widely used to determine the
magnetic properties of individual paramagnetic centers or their ensembles in
physical and chemical research. This method is also widely used in modern
biophysical, biochemical and biomedical research, as it provides entirely new
information about the molecular processes.

The aim of this study was to detect the iron oxides in the tissues of rats exposed
to model simulating weightlessness by hindlimb unloading with the method of ESR
spectroscopy, to determine the EMR signal parameters, and to establish their origin.

2 Materials and Methods

The study was conducted on seven laboratory rats weighting 130-150 g. Control
group of three rats was also used. For microgravity simulation, we used the Morey—
Holton model of HU, which is widely used for studying the effects of microgravity
on the Earth (suspending animals by the tail in antiorthostatic head-down position
avoiding weightbearing by the hindlimbs) [3]. After 7 days rat tissues were taken
from anesthetized animals. Immediately after removal, the tissue samples were
frozen in liquid nitrogen (77 K). The samples were freezing without magnetic field
and stored in a frozen state before the measurements.

The crystalline forms of iron in rat tissues were studied by EPR spectroscopy
technique. EPR measurements were performed on X-band EPR spectrometers—
Bruker EMX and Bruker-ESR-300 at a temperature of liquid nitrogen (77 K), and in
the range of 7-260 K using nitrogen and helium flow cryostats (Oxford
Instruments).

3 Results and Discussion

In this work, the frozen rat tissues of heart, lung, liver and muscle (triceps surae—
medial, lateral head of gastrocnemius and soleus muscles) were studied. In the
spectra of the tissues after exposing HU model the intense, rather wide EMR signals
with the values g > 2.1 and a characteristic orientation behavior of the resonance
field were found at the temperature 77 K. It should be noted that in similar tissues of
healthy laboratory rats without any effects or models, such signals are usually do not
observe [12]. In the tissues of rats of control group the similar signals were not
detected too.

A characteristic feature of all detected signals was the orientation anisotropy of
resonance field (H.,s), i.€., the dependence of signal position on sample orientation
in magnetic field of spectrometer. We have studied the angular and temperature
dependences of anisotropic signals. Besides broad anisotropic signals, in spectra of
some tissues there were also weaker narrow isotropic EPR lines of paramagnetic
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centers Fe’, Cu”" and the signals of free radicals in the vicinity of g = 2, typical

for biological tissues, which were not the subject of this study.

In rat tissues three types of anisotropic EMR signals were observed (Figs. 1, 2, 3,
4).

The signal of the first type (I) (Figs. la, 2a, b) with a g-factor within the range of
1.91-2.36 had the greatest line width ~ 1100 Oe. Signal was characterized by
uniaxial anisotropy (Fig. 2a, b). The angular dependence of the resonance field in
the full range of 0°-360° exhibited two maxima and two minima with the period of
180°. Such signals were recorded in lung tissue. Angular H,.; behavior with uniaxial
anisotropy in rat tissues was not detected before.

The signal of the second type (II) (Figs. 1b, 3b) was more narrow with the line
width of about 150-300 Oe, g-factor in the range of 2.1-2.4, and an asymmetric line
shape. It was characterized by the anisotropy, which was the sum of the axial and
cubic contributions. In the angular dependence of H,., (0°-360°) four maxima and
minima were observed. This type of signal was detected in different tissues: heart,
lung, liver and muscle. The signals with similar angular dependences of H in
biological tissues were previously described only in a tissue of mollusk shell and
brain of mammals [13] and in ant tissues of head and antennae [14].

To fit the angular dependences of the signals of I- and II-types the equation for
ferromagnetic suspended nanoparticles frozen in a magnetic field was used [15]:

His(0) = & = HusPa(cos6) — How |1~ 25in’(20) — 2sin* 0sin’(20)| (1)
where H,, and H,,;, are parameters of axial and cubic field anisotropy, 0 and ¢ are
polar and azimuthal angles between magnetization easy-axes and the direction of
applied magnetic field in spectrometer. When measuring the angular dependence of
the EMR signal, the frozen sample was rotated in horizontal plane, z axis is
considered to coincide with the direction of magnetic field H in spectrometer, the
angle 0 counted from the axis z, and the angle ¢ was equal to zero.

Simulation and analysis of angular dependence of the resonance field in an
arbitrary plane showed that the anisotropy of I-type signal is due to an axial
contribution only (for lung tissue the value of H,, was ~320 Oe at the temperature
of 150 K), whereas for the II-type signals to the uniaxial anisotropy the cubic
contribution was added. It should be noted that the axial anisotropy contribution in
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Fig. 1 EMR signals in tissues of rats after HU model exposure: a I type signal in lung tissue, b II type
signal in heart tissue, ¢ III type signal in muscle tissue
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Fig. 3 Angular variation of II type signal: a orientation behavior of line, b angular dependence of H,e

type-II signal was much smaller (for example, at the temperature of 150 K in the
sample of heart tissue it was ~40 Oe and cubic contribution was ~ 60 Oe).

In addition, the signals of third type (III) were recorded, which composed of a
rather wide angle-depended EMR line with the width of ~400-700 Oe (Figs. Ic,
4a, b), resonance field H,.s, depending on the orientation of the sample and sets of
“noise like” narrow lines with the width of 20-90 Oe, also depending on the
orientation. Such type of spectrum was previously observed only in artificially
synthesized samples of ferromagnetic powders, including iron oxides in nonmag-
netic matrixes [16—18]. In the samples of biological origin they were detected for
the first time. This type of signal was investigated in muscle tissue sample. In
angular dependence of this type of signals the broad line had two extreme positions
in the field at ~2900 Oe and at ~3200 Oe (at the temperature 150 K). In these
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Fig. 5 Temperature behavior of
II type signal in heart tissue
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orientations the line was the most intensive. In some intermediate orientations the
broad EMR line practically disappeared, breaking up into a few smaller lines. Lines
of “noise-like” spectrum were recorded in all orientations and their position was
also angle-dependent.
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Narrow “noise-like” lines, or so-called fine-structure lines (FS) of EMR spectra
[16-18]) were observed in the field range from 0 to 6000 Oe, and in the low field
part of spectra within the range of approximately (0-2000 Oe), noise-like lines are
the most tightly located and have the smallest width of ~20 Oe. The amplitude of
the narrow “noise-like” lines at an order exceeds the ordinary instrumental noise of
the equipment. One of the character features of this type of signals behavior is
complete reproducibility of narrow “noise-like” lines in independent series of
recording in the same orientation and at the same temperature (Fig. 4b), but when
rotating the sample by a few degrees the spectrum changes dramatically. Such
behavior is described in [18]. These narrow lines may be caused by individual
single-domain ferrimagnetic magnetite particles of about 50-200 nm in size, which
give the individual resonance absorption line. The appearance of the lines of FS in
EMR spectra indicates the presence of the dispersed magnetic system of interacting
nanoparticles diluted by any non-magnetic material [16—18], in the case of rat tissue
sample it may be the organic matter of which the tissue consists.

To understand the nature of recorded signals, we studied the temperature
behavior of most intense signal of type II in heart tissue (Fig. 5) and determined
dependences of resonance field (H,), line width (AH), and the integral intensity on
the temperature (Fig. 6a—c) for this signal. Temperature anomalies in these
relationships in the temperature range 100-130 K such as—maximum in H,. and

(2) 3200 ] i (b) 50 5
- u L T
- T 700 —{®
3000 - n - 1%
_ . . .. R
@ ) |
S 2800 o (e} 1 ¢
ng ] ] % 500 —_ :
= - = i
o~ 2600 - Fa04
2400 |  m Ta0H g mm P LLL
L - PR -
4 am | i |
2200 |l 00 W L
B e e e e Y 100 +——F—T—T—T—T—— T
0 50 100 150 200 250 0 50 100 150 200 250
Temperature (K) Temperature (K)
¢ -
@],
- : .
2144 a -
=2 ! N u
i 12 — I; i u -,.
= 1 [ ] --,.
0 e e,
:.1" Sng
- 8 - :
L qm
¥ ey
K] i u
4 — T T T T T T 1
0 50 100 150 200 250
Temperature (K)

Fig. 6 Temperature variation of a resonance field H,, b linewidth AH, ¢ integral intensity for II-type

signal
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integral intensity, and minimum in AH demonstrate Verwey phase transition (VT),
characteristic for magnetite [19]. Similar characteristics were previously observed
in [20]. The phase transition temperature in a particular sample depends on the
degree of crystal non-stoichiometry and the size of the magnetite crystals [21]. The
presence of vacancies in magnetite crystalline structure, and the particle size
reduction results in a decreasing of the phase transition temperature below the value
for a bulk magnetite VT at 124 K [19]. For example, for heart tissue sample the
measured inflection point in H.4(7) was 100 K. The behavior of parameters
H.s(T) and AH(T) in high temperature part of dependences correlates with the
temperature behavior of the magneto-crystalline anisotropy parameter K;(7) [22], as
described previously in [20]. However, the dependence of the line width (Fig. 6b) is
somewhat different from AH(T), given in [20]. In this study, we also found a
manifestation of the low-temperature phase transition lower 50 K, character for
magnetite and previously found in biogenic magnetite in brain tissue [23]. Above-
enumerated features make possible to characterize the source of EMR signal as
magnetite, which is confirmed by the temperature dependence of H,.(7T) for
magnetite powders reported in [24].

We have also studied the temperature dependence of the III-type signal above VT
(above 100 K). The behavior of H,(7T) is similar to Fig. 6a, that confirms, it also
belongs to magnetite.

For the II-type signals in the heart tissue the angular dependences at several
temperatures of 100, 120, 150 and 180 K were measured (Fig. 7). As a result, it was
found that the axial and cubic contributions to anisotropy are changed with the
temperature and in the vicinity of VT temperature they change the sign—that seems
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Fig. 7 Angular dependences of H,. for II type signal at the temperatures: 100, 120, 150, 180 K and the
result of simulation of H,.s according to formula (Eq. 1)
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to reflect the processes near the isotropic point (~ 130 K) [22] (Fig. 8). Change of
H.,, contribution reflects the temperature variation of the magneto-crystalline
anisotropy parameter K;(7) in magnetite [22].

It should be noted that different orientation behavior of the three types of signals
represent different forms of accumulation of crystalline iron oxides in tissues. Thus,
the behavior of the signal type I, registered in lung tissue, corresponds to the
behavior of thin magnetite films [25], the behavior of the signal type II (recorded in
the different tissues) the three-dimensional ensemble of nanoparticles of magnetite,
a multilayer film of magnetite or bulk-magnetite [26, 27], IlI-type signals detected
in muscle and lung may indicate the presence of regions with a finely dispersed
inclusions of magnetite [16—18], that may be connected with the peculiarities of cell
structure. As it was established previously [18], “noise-like” spectra are FMR
absorption lines due to weakly interacting particles of magnetite. For biological
tissue the existence of such areas indicates the inhomogeneous accumulation of iron
in the tissues, or probably some local destruction of cells or tissues. Signals similar
to IlI-type signals we also recorded earlier in tumor tissues after radiation and
chemotherapy. Their temperature behavior in the high-temperature phase also
corresponded to magnetite, and below 90 K, the signal disappeared.

Signal of I type, with axial anisotropy, character to ultrathin ferromagnetic films,
was recorded only in lung tissue. Such anisotropy type for signal I may be explained
by assuming that the crystal particles of magnetite are mineralized on the surface of
lung alveoles, whose structure allows the formation of thin films. Furthermore, the
accumulation of particles in the form of thin films is possible in cell membranes, as
it is known that the molecules of ferritin, catching the flow of extra iron ions,
coming from outside the cell are located on cell membranes and magnetite may be a
byproduct of ferritin crystal core growth.

It is known that as the film thickness increases, the contribution of cubic
anisotropy is growing too, but the axial anisotropy contribution decreases inversely
proportional to film thickness [26]. This situation is typical for signals of type II, and
every sample is characterized by its own individual parameters of axial and cubic
anisotropy. For signals of type II axial contribution was several times smaller than
the axial contribution for I type signal, that indicates a greater thickness of the films
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or bulk-magnetite (large pieces of magnetite over 1 pum size). Thus, according to
inversely proportional relation of H,y to film thickness [26] parameter 60 Oe may
correspond to the thickness ~ 125 nm and parameter ~ 320 Oe to the thickness
~7 nm.

Therefore, the different anisotropic behavior of signals, characterizing the spatial
distribution of the crystal particles in different tissues may reflect the different scale
or degree of heterogeneity of biomineralization, and the peculiarities in structure of
tissues and cells of different organs: lung, liver, muscle and heart.

It should be also noticed that described above signals were observed not in all
studied tissue samples after the application of HU model. This fact may indicate the
different degree of adaptation to short-term microgravity effects in different
individual animals. However, 40-50 % of samples of each tissue type demonstrated
such orientation depended lines.

The study of tissues by EPR spectroscopy has revealed an abnormal accumu-
lation of aggregated iron form in rat tissues after microgravity simulation, which is
not observed in tissues under normal conditions. It may be a consequence of
increase in free iron pool in tissues in simulated microgravity conditions, and as a
result, a spontaneous biomineralization of magnetite nanocrystals.

It is known [28] that microgravity alters the structure of skeletal muscle and
myocardium. Perhaps one of the reasons for the increased free iron pool is the
destruction of myoglobin and outcome of iron out of it, as well as the destruction of
mitochondria and the outcome of cytochromes, containing heme structures.
Consequently, the accumulation of extra iron in crystalline forms such as magnetite
nanoparticles may occur. It should be noted also that similar EPR signals, as we
found, previously were recorded in blood serum EPR spectra of professional
sportsmen undergoing intensive physical exercises [29]; intense physiological
processes in their muscles are accompanied by the microdamages of myofibrils.

4 Conclusions

The results obtained in this study indicate the alteration of iron metabolism in rat
tissues in simulated microgravity conditions. It was also shown that there is an
abnormal accumulation of aggregated forms of iron oxides in rat tissues. The iron
storage presents in tissues of lung, heart, liver, and muscle in the form of crystalline
structures, particularly in the form of magnetite. The results are of interest for space
medicine; they give an opportunity to use highly sensitive EPR spectroscopy
technique to study the molecular processes associated with disturbances of iron
metabolism in conditions of weightlessness and simulated microgravity.
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