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Morphofunctional characterization of rat thymus mast cells after
administration of magnesium orotate mechanically activated forms
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Annotation. Relevance. The topicality of the work is determined by the wide spread of hypomagnesemia among the people,
which makes it necessary to correct it. The aim of the work is to elucidate the cell-mediated response of the thymus mastocytic
link to magnesium deficiency and its correction by the mechanoactivated form of magnesium orotate. Materials and Methods.
Animals with drug-induced magnesium deficiency (administration of furosemide 30 mg/kg for 14 days) were administered
either the initial preparation Magnerot (Magnerot©, Vervag Pharma, Germany), or its mechanoactivated form. The level of
magnesium in the blood was determined by test systems «ARKREY» (Japan). The concentration of magnesium in the thymus
tissue was determined by the method of emission spectroscopy with inductively coupled (argon) plasma on an atomic emission
spectrometer. Density of mastocytes and the indices of degranulation and granulolosis were calculated on paraffin sections of the
thymus after coloration with toluidine blue. Results and Discussion. It was shown that furosemide administration the amount of
magnesium decreased in the blood (from 1,75+0,08 to 0,902+0,18 mmol/l, p<0,05), but increased in the thymus (from 1,6+0,6
in the control to 3,7+1,2 mg/l); in the gland tissue, the number of mastocytes of morphotype «A» decreased and the number of
mastocytes of morphotype «D», after active degranulation, increased (by 7,1 times, p<0,05). The type of mastocyte secretion
in hypomagnesemia is represented by the merocrine variant. The administration of the initial magnesium orotate led to an
increase in the concentration of magnesium in the blood to 1,15+0,25 mmol/l, which is 65,7% of the initial level, the amount of
magnesium in the thymus remained elevated (3,4+1,1 mg/1), the number of actively degranulating cells (morphotype «D») was
increased. Mechanoactivated magnesium orotate restored the concentration of Mg2+ in the blood to 89,1% (1,56+0,18 mmol/I,
p>0,05) and decreased in the thymus (to 2,3+£0,7 mg/l), restored the subpopulation of mastocytes saturated with heparin (type
«A»), reduced the number of mastocytes of morphotype «D». Conclusion. The mechanoactivated form of magnesium orotate
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has a normalizing effect on the population of thymic mastocytes, shows pronounced immunomodulatory activity, which allows
us to consider it as a potential therapeutic agent for clinical testing in the complex therapy of hypomagnesemia and associated

immunodeficiency.
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Introduction

Mast cells are active participants in the regulation
of immune homeostasis, which are given active
attention in the scientific literature, including
recent years [1—3]. A variety of reasons [4, 5] is
the basis of the immune imbalance in magnesium
deficiency, which requires pharmacological
correction. Magnesium salts of organic acids are the
active substances of most drugs used to correct the
condition of hypomagnesemia and its consequences.
Magnesium orotate has three isomeric forms that differ
by functional groups: nitrogen- and oxygen-containing
groups. These groups determine the participation
of the orotate anion in biological and biochemical
processes, which is accompanied by different
therapeutic effectiveness [6]. Obtaining isomers in a
stable state is possible using the method of mechanical
activation, which results in an improvement in the
biological properties of medicines [6, 7]. An important
stage in the study of the properties of new or modified
already known and used in the clinic (like magnesium
orotate) forms of medicines is the analysis of their
immune and/or allergic effects on the body. Thus, the
aim of the research is to elucidate the cell-mediated
reaction of the mast cells of thymus to magnesium
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deficiency and its correction by the mechanically
activated form of magnesium orotate.

Materials and methods

The work was performed on 50 white rats Rattus
norvegicus Berk (vivarium of the Izhevsk State Medical
Academy) of both sexes at the age of 2—3 months,
weighing 180—200 grams.

The study was approved by the Committee
on Biomedical Ethics of the Izhevsk State Medical
Academy (registration N656, from 23.04.2019). The
animals were kept in standard vivarium conditions
with standard light, a diet, free access to water and
physical activity. To eliminate the influence of seasonal
circadian dependence, experiments were conducted in
the autumn-winter period in the afternoon.

A model of drug-induced deficiency of magnesium
with a furosemide load was used for the formation of
hypomagnesemia [8]. For this purpose, animals were
administered intraperitoneally with a 1 % solution
of furosemide (Lasix ®, Aventis Pharma Ltd., India)
at a dose of 30 mg/kg for 2 weeks. Furosemide was
discontinued after 14-day administration and the
animals were divided into 2 groups: experimental
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group Ne 1 — received magnesium orotate by gastric
catheter; the second experimental group Ne 2 —
mechanoactivation form of magnesium orotate, obtained
by mechanical activation. The dose of the drug (initial
and mechanoactivated) was 50 mg/kg of elemental
magnesium, which corresponds to the therapeutic
dose of magnesium orotate used for the treatment and
prevention of hypomagnesemia. The time duration of
the course of administration of magnesium preparations
was 2 weeks.

The mechanoactivated drug was prepared in the
Department of Structural and Phase Transformations
of the Scientific Center for Metallurgical Physics and
Materials Science, Udmurt Federal Research Center of
the Ural Branch of the Russian Academy of Sciences
(Izhevsk, Russia). The mechanoactivated form was
prepared of the initial preparation Magnerot (Vervag
Pharma GmbH and Co., Germany) in a spherical
planetary mill AGO-2C at a drum speed of 600 rpm,
power density is 2 kJ/g. The temperature of the drum
walls during mechanical activation did not exceed 60 °C
due to forced water cooling. Mechanical activation
does not introduce foreign impurities into the processed
substance, which may appear when the balls and the
walls of the grinding vessels are worn [6].

Histological investigation of the thymus was
performed in intact animals and animals with
hypomagnesemia (comparison group) and on day 14
after the end of the administration of drugs. The thymus
was fixed in 10 % formalin, poured into a paraffin
medium for filling (HISTOMIX), serial sections with
a thickness of 5—7 microns were prepared, stained with
hematoxylin and eosin for the analysis of the general
structure of the organ, toluidine blue (BioVitrum,
Russia), and Brachet method — for the detection of
mast cells.

The number of cells was calculated per 100 pm?2
when the magnification of the microscope will be 400
times. Functional status of mast cells was evaluated
by degree of degranulation, releasing 4 types of
cells [9]: «A» —is mast cells with densely filled with
indistinguishable granules and the nucleus; «B» — mast
cells with discernable individual grains and is not fully
masked by the nucleus; «C» — mast cells with a well-
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defined granules within and around cells, and a distinct
nucleus; «D» — devastated mast cells with single
granules inside and scattered granules around the cell.
Individual mast cells populations were characterized at
x1500. Secretory indices (relative units) of mast cells
was calculated by the formula: index of degranulation
(ID) ID=C/(A+B+C+D); index granulolysis (I1G):
IG=D/(A+B+C+D); index total granulolysis (ITG):
ITG=(C+D)/(A+B+C+D); index saturation heparin
(ISH): ISH=(A+B)/(C+D) [9], where «A», «B», «C»,
«D» morphofunctional types (morphotypes) of mast
cells.

The blood test for the magnesium level was
performed on the equipment and test systems of the
company «ARKREY» (Japan). The concentration of
magnesium in the tissue of thymus was determined
by inductively coupled (argon) plasma emission
spectroscopy on an atomic emission spectrometer
Spectroflame Modula S (Spectro Analytical Instruments
GmbH, Germany).

All procedures were carried out under strictly
controlled conditions, the material from the
experimental and control animals of each series was
processed simultaneously. Experiments on animals were
conducted in accordance with the Geneva Convention
«International Guiding principles for Biomedical
Research Involving Animals» (Geneva, 1990) and the
Helsinki Declaration (1975).

Statistical processing of the material was carried out
using the application software package «STATISTICA
10.0». The arithmetic mean (M) and the standard error
of the mean (m) were calculated. The 95 % level of
statistical significance of the differences in the results of
the study was used. Statistical analysis was performed
according to the methods used in medical and biological
statistics.

Results and discussion

Magnicificent status in experimental rats is
characterized by a decrease in the concentration of
magnesium in serum 1,94 times (from 1,75+0,08
to of 0,902+0,18 mmol/L, p<0,05) and increase in
the concentration of magnesium in the thymus 2,3

OUBNONOT A



Chuchkova N.N. et al. RUDN Journal of Medicine. 2021;25(3):248—255

times (from 1,6+0,6 in the control to 3,7+1,2 mg/l at
hypomagnesemia). The number of mast cells in the
thymus in hypomagnesemia increases slightly and
is 2,13+1,60 pcs/unit area, but, in comparison with
the control parameters (1,97+0,56 pcs/unit area,

p<0,1), does not change significantly. Mast cells in
hypomagnesemia are in a state of active degranulation,
concentrated near dilated vessels, with signs of sludge.
Morphofunctional types of mast cells and secretion
indices are presented in Table 1.

Table 1

Morphofunctional types of mast cells and secretion indices in animals with hypomagnesemia and administration of various forms of

magnesium orotate

Morphofunctional types of Comparison group Administration of the initial Admlnlstratllon of
Control B - mechanoactivated
mast cells (Hypomagnesemia) magnesium orotate .
magnesium orotate
A-morphotype (%) 62,3+2,5 16,7+2,5* 15,14£2,1*# 23,4+4,5%x
B-morphotype (%) 20,8+1,2 22,6+4,2 24,9+4,2# 34,243 ,6*x
C-morphotype (%) 11,5%1,1 22,614,2% 30,8+5,4* 29,7+2,1*
D-morphotype (%) 5,410,6 38,147,6* 29,2+5,8* 12,621,6%x
Index of deg’lj“r:‘i‘;;"m” (refative 0,1240,01 0,2340,01* 0,3140,05%x 0,2940,03*
Index granulolysis 0,10£0,01 0,2240,05* 0,2940,04%# 0,13 +0,02*x
(relative units)
Index saturation heparin 4,92+0,98 0,65+0,08+ 0,67+0,05%# 1,36+0,32
(relative units)
Index total granulolysis 0,1740,051 0,6040,03* 0,6040,07*x# 0,42 £0,01%
(relative units)

Comment: the differences were significant at p<0,05 in comparison with: * — with intact control, x — with the hypomagnesemia
group; # — between the groups with the administration of initial and mechanoactivated magnesium orotate

There is a reorganization of the morphofunctional
types of mast cells in the thymus with hypomagnesemia
in compared to the control. Thus, the number of
A-morphotype mast cells filled with granules decreases
by 3,7 times; an especially sharp increase (by 7,1 times,
p<0,05) in the number of D-morphotype cells emptied,
after active degranulation, representing shadow cells.
In mast cells, the heparin saturation index was sharply
reduced (by 7,6 times, p<0,05). The index of total
granulolysis (reflects the merocrine type of secretion)
and the index of degranulation (apocrine secretion) in
animals with hypomagnesemia are increased: index total
granulolysis — 3,5 times, index total granulolysis —
1,9 times compared to the control, which reflects the
active secretory reaction of mast cells in response to
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the formation of magnesium deficiency. The ratio of
the types of secretion in hypomagnesemia is shifted
towards significantly the predominance of the merocrine
variant and is 3:1 (merocrine: apocrine).

The administration of the initial magnesium orotate
leads to an increase in the concentration of magnesium
in the blood to 1,15+0,25 mmol/l, which is 65,7 %
of the initial level, the amount of the element in the
thymus remains elevated and is comparable to the
hypomagnesemia comparison group — 3,4+1,1 mg/l.
In the thymus of animals of this experimental group,
the number of mast cells per unit area is increased and
is 3,7+0,81 (1,7 times more than in hypomagnesemia,
p<0,05). The number of cells of the A-morphotype filled
with heparin granules is reduced by 4,1 times, the number

251



Chuchkova N.N. et al. Bectunk PYJH. Cepust: Meguuuna. 2021. T. 25. Ne 3. C. 248—255

of actively degranulating cells (C-morphotype), shadow
cells (D- morphotype) is generally 60 %. The degranulation
index was increased by 2,6 times, the granulolysis index
is by 2,9 times in comparison with the intact control
(p<0,05). Ratio of secretion types (merocrine: apocrine)
is 1,9: 1 (in the intact control 1,5:1). Mast cells are mainly
distributed in the connective-tissue compartment of
the organ, are densely located in the capsule, in the
interlobular partitions, there are many of them near the
vessels, only rarely found in the thymus tissue.
Mechanoactivated magnesium orotate restores
the concentration of Mg2+ in the blood 2 weeks
after administration to 89,1 % (1,56+0,18 mmol/l,
p>0,05 as compared to the control) and reduces it in
the thymus to 2,3+0,7 mg/l (lower than in the group
with hypomagnesemia, but higher than in the control
animals). The number of mast cells in the thymus is
5,841,11 pcs per 100 mm2, which is 2,9 times higher
than the control parameters (p<0,05). However, the
ratio of individual morphofunctional cell phenotypes
is more favorable than with the administration of
initial magnesium orotate: cells saturated with heparin
(A-morphotype) begin to recover, they are 1,5 times
more than in the experimental group with initial
magnesium orotate. The number of «empty» cells
with the absence of biologically active substances of
D-morphotype cells significantly decreases (2,3 times,
p<0,05) compared to initial magnesium orotate group
(Table.1), which may indicate the beginning of the
recovery of the mast cells population. The heparin
saturation index begins to increase 2,1 times and
the granulolysis index is restored. In the thymus of
animals with the administration of mechanoactivated
magnesium orotate, in contrast to all the previously
described groups, the distribution of mast cells within
the structural zones of the organ is markedly different.
Mast cells and separate granules are located not only
along of the organ capsule, but also around the medullary
substance of thymus gland, form chains of cells, occur
in the area of the cortico-medullary border and even
inside the medullary substance. The heterogeneity of
the location of mast cells populations was revealed:
B-morphotype are more often present in the tissue
(a transitional variant, the cells are filled with granules
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of biologically active substances), whereas in the septa,
subcapsules — mainly cells of the C-morphotype.
Ratio of secretion types (merocrine: apocrine) with
the administration of mechanoactivated magnesium
orotate is leveled, amounting to 1,4:1, which almost
corresponds to the control index (1,5:1).

Thus, as a result of the experiment, it was found
out that, firstly, the restoration of the concentration
of magnesium in the blood and thymus was observed
only with the administration of mechanoactivated
magnesium orotate. Secondly, all experimental
groups (hypomagnesemia, initial magnesium orotate,
mechanoactivated magnesium orotate) are characterized
by a pronounced reaction of the mastocytic population
of the thymus, which is manifested in quantitative
(an increase in the pool of mast cells and the number
of morphotypes of mast cells with signs of active
degranulation) and qualitative (a change in the type
of secretion of biologically active products and
intra-thymic cell location) data. A more favorable
morphologically and functionally balanced response
of the mast cells population is observed in a group of
animals with the administration of mechanoactivated
magnesium orotate.

Mast cells have pleiotropic and polyvalent
functions, which make them universal cells that can
quickly adapt to changes in the microenvironment [1,
10, 11], provide tissue homeostasis, participate in the
processes of differentiation and migration of thymocytes,
and determine their role in angiogenesis and regulation
of anti-inflammatory and immune activity [3, 12].

The cellular-tissue response of the mastocytic link
of the thymus to the administration of mechanoactivated
magnesium orotate is associated with a change
in the activity of the drug, achieved as a result of
mechanical activation of the drug. So, the particle
size of magnesium orotate decreases by mechanical
activation (mechaactivated the drug is represented by
particles of about 60 nm, whereas the initial drug is
a large conglomerates, measured in pm) [6, 13], the
degree of amorphization of the compound increases
and the speed of dissolving it in aqueous solutions [13]
which leads to the increase in volume of the substance
is supplied to the blood through the membrane of the

OUBNONOT A



Chuchkova N.N. et al. RUDN Journal of Medicine. 2021;25(3):248—255

epithelium of the intestinal wall. It is known that no
more than 40 % of the magnesium received orally is
absorbed in the intestine, and an increase in the volume
of the received drug can increase the characteristics of
the therapeutic effect of the drug. X-ray photoelectron
spectroscopy of magnesium orotate in the initial state
and after mechanical activation revealed the presence of
four active functional groups in the mechanoactivated
magnesium orotate molecule [6, 12], which provides a
greater number of binding sites on the cell membrane,
and this, in turn, ensures active interaction with the
plasmolemma and the entry of magnesium orotate
molecules into the target cells.

Mechanoactivated magnesium orotate is more
active in vitro [14] and changes the ratio of CD68+
macrophages in the thymus [15]. It is important that
the state of the compounds achieved by processing
in high-energy devices under the regimes does not
lead to destruction or change in the crystal or isomeric
structure of the substance [6, 16]. In the magnesium
orotate molecule, not only magnesium plays a significant
biological role, but also the orotic acid anion, which
is an intermediate in the biosynthesis of pyrimidine
and provides a wide range of usefull effects [17—19].

Conclusion

The mechanoactivated form of magnesium orotate
has a normalizing effect on the population of thymic
mastocytes, shows pronounced immunomodulatory
activity, which allows us to consider it as a potential
therapeutic agent for clinical testing in the complex
therapy of hypomagnesemia and associated
immunodeficiency.
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MOp(I)Od)YHKLI,I/IOHaJ'IbHaﬂ XapaKTepucTukKka MaCtoumToB TUMYCa KpbiC
npu eeeageHnun MexaHoaKTMBMpOBaHHOﬁ (l)Oprl MarHusa oportarta
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'MxeBCKasi rocylapCTBeHHAs: MeJMLIMHCKas akaziemus, 2. Moiceack, Pocculickasi @edepayus
ZYnmypTCcKUi (efiepabHbINA UCCTeA0BaTeIbCKUN LIEHTP YPabCKOro oT/esieHus: Poccuiickoli akaileMUu Hayk,
2. Mxcesck, Poccutickas @edepayust
P mig05@inbox.ru

Anaranusa. AkmyaisbHocmb. ['UroMarHe3ueMust IIMPOKO PacripoCTpaHeHa CPeiu HaCesleHusl, UTO BbI3bIBAeT HEO0OXO/ -
MOCTb ee KoppeKiuu. []esib paboThbl — BbIICHEHHE K/IeTOUHO-0MOCPe0BaHHON pPeaklii MacTOLIMTapPHOTO 3BeHa TUMYCa Ha
IedUWIUT MarHUs U ero KOPPeKI[HI0 MeXaHOaKTUBUPOBAHHOM GopMoii MarHust opotara. Mamepuanbl u Memoobl. JKUBOTHBIM
C JIeKapCTBEHHO-00YC/I0B/IEHHBIM fle(ULIUTOM MarHus (BBefeHue dpypocemuzia 30 Mr/kr 14 nHeld) C 11e/1bH0 KOPPEKIMU TUTIO-
MarHe3veMHU BOJUIH MO0 UCXOAHBIH npenapaT Marnepot (Magnerot©, Bepsar ®apma I'm6X u Ko, I'epmanust), in6o ero
MeXaHOAaKTUBHUPOBaHHYIO JopMy. YPOBeHb MarHusi B KpoBu onpeessii TecT-cucteMamu « ARKREY» (SImonwst). KoHieHTparumio
MarHusi B TKAaHU TUMYCa OTIpe/IeIs/Ti MeTOJO0M SMHUCCHOHHOM CITeKTPOCKOIINY C UHAYKTUBHO CBSI3aHHOMW (aproHOBOM) T1/1a3MOM
Ha aTOMHO-3MHCCHOHHOM CrieKTpoMeTpe. [T7I0THOCTh pacriosioykeHust MaCTOLIUTOB Ha eIMHULTY TUIOILAAU, WH/EKChI AerpaHy-
JISILIAY U TPAHYJI0/IA3MCa PACCUMTHIBA/IN Ha MapaUHOBBIX Cpe3ax TUMYCa Mocjie OKpPaCKy TOMYUUHOBBIM CUHUM. Pe3yibmamabl
u obcydicoeHue. BbIIo MOKa3aHO, UTO NPU (PypOCEMUTHOM HArpy3Ke KOJMUeCTBO MarHusi CHIXKanock B Kpoew (c 1,75+0,08 no
0,902+0,18 mmosns/mn, p<0,05), Ho noBsIIaI0Ch B TUMYCe (¢ 1,6+0,6 B KOHTpOse 10 3,7+1,2 Mr/1); B TKAHU >KeJie3bl CHIKAI0Ch
KOJTUeCTBO MaCTOLIUTOB TUIa «A» U ToBbImanock (B 7,1 pasa, p<0,05) KomuecTBO MaCTOLIUTOB TUMA «D», OMyCTOIIeHHBIX,
T0CJIe aKTUBHOM JlerpaHy/isALuu. TUM ceKperiu MacCTOLIUTOB TIPH TUTIOMarHUeMHHU TTpeCTaB/ieH MePOKPUHOBBIM BapUaHTOM.
BBesieHue UCXOAHOT0O MarHusi OpoTaTa MPUBOAMIIO K MOBBILIEHUIO KOHLIEHTPaLy MarHusi B Kpoeu 1o 1,15+0,25 mmosb/mn, uto
cocraBsisieT 65,7% OT UCXOJHOTO YPOBHS, KOJIMYECTBO MarHusi B TUMYCe OCTaBajI0Ch MOBBIMIeHHBIM (3,4+1,1 MT//T), KOMMUYeCTBO
aKTUBHO JIeTPaHy/IUPYIOMIUX K1eToK (TUM «D») roBeiiieHo. MexaHO0aKTHBUPOBAaHHBIA MarHWsl OpOTaT BOCCTaHAB/IMBa/ KOH-
ueHTparuo Mg2+ B kpoBu 70 89,1% (1,56+0,18 mmons/n1, p>0,05) u cHkan B Tumyce (go 2,3+0,7 Mr/i), BocCTaHaBIMBaIaCh
CyOTIOny/IsILIKSE MACTOLIUTOB, HACKIIIEHHBIX TeMapUHOM (THIT «A»), CHUKAIOCh KOJTMUECTBO MAaCTOLIUTOB THMa «D». Bbigodbl.
MexaHOaKTUBUpOBaHHasi JopMa MarHusi OpoTara OKa3biBaeT HOPMaJM3yIolljee /IeHCTBYe Ha MOMY/ISALHI0 MACTOLIUTOB TUMYyCa
TIPOSIBJISIET BHIPAYKEHHYH UMYHOMOZY/TUPYIOIIYIO aKTUBHOCTb, UTO TT03BOJISIET pAaCCMaTPUBaTh ee B KaueCTBe IMOTeHL[Ha/IbHOTO
TeparneBTHUUeCKOrO areHTa /jisl KTMHUYeCKOo arpobaliuy B KOMIIEKCHOMN Teparnuy rUNoMarHe3ueMuu U CBSI3aHHOTO C Hel
MMMYHO/1e(PULIUTHOTO COCTOSTHUSL.
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