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ABSTRACT

Background. The presence of increased manganese concentrations in soils and water
intakes areas for drinking and household purposes in a number of the Russian Federa-
tion subjects indicates the chronic influence of this metal on all segments of the popula-
tion. This situation is aggravated by violation of the optimal nutrition principles, which
leads to changes in the organism absorption of micronutrients. In this regard, the study
of the elemental status of an organism against the background of manganese expo-
sure is of particular importance.

The aim of the study. To study the effects of subchronic exposure to manganese
on the mineral status of Wistar rats.

Materials and methods. To conduct the study, 20 mature rats were selected,
from which two groups were formed - control (n = 10) and experimental (n = 10). Ani-
mals in the control group received a general diet, animals in the experimental group re-
ceived a diet with additional administration of manganese sulfate at a dose of 1433 mg/
kg for 28 days. At the end of the preparatory period, blood and brain samples were tak-
en to determine the content of chemical elements using inductively coupled plasma
mass spectrometry and of metal-ligand manganese forms using high-performance
liquid chromatography combined with inductively coupled plasma mass spectrometry.
Results. It has been established that subchronic oral exposure to manganese leads
to an increase in the content of this microelement in the blood serum and to a decrease
in the levels of calcium, potassium, magnesium, iron and copper. In the cerebral cortex,
the level of manganese, lead, mercury and strontium increases against the background
of a decrease in iron and iodine levels. An increase in the gross content of manganese
in blood serum leads to an overload of the main high-molecular carriers and initiates
the formation of low-molecular forms of manganese.

Conclusion. Subchronic oral exposure to manganese leads to the accumulation
of this microelement in the body of animals and to the development of an imbalance
of a number of macro- and microelements.
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PE3IOME

O6ocHoeaHue. Hanu4ue nosblueHHbIX KOHUeHmpayuli MapeaHuyd 8 Nno48ax, Ha 8000-
3a6opax NUMbeso2o U x03aUCcMaeHHO-0bIM0o8020 HAa3HA4YeHUs 8 psde cy6vekmos Poc-
cutickou ®edepayuu caudemesnibcmeayem o XpOHUYECKOM 8/1UAHUU OaHHO20 Memasiia
Ha 8ce c/iou HaceneHus. Ycyaybnsem 0aHHOe NOIoXeHUe HapyuleHue NpUHYUNo8 on-
MUMasnbHO20 NUMAHUA, YMO NPUBOOUM K U3MEHeHUI0 yCB80eHUSA MUKPOHYMpUEeHMOo8
op2aHu3Mom. B ceazu c samum ocoboe 3Ha4deHuUe npuobpemaem usyyeHue 37emMeHMHo-
20 cmamyca op2aHu3ma Ha hoHe 8030elicmeausa Map2aHyd.

Llens uccnedoesanus. V13yqume 3¢pghekmeol CybXpOHUHECKO20 8030elicmBUA MAP2aHUA
HA MUHepasabHbIld cmamyc kpeic auHuu Wistar.

Mamepuansl u Mmemooel. []51a nposedeHuUA Ucciedo8aHusa 6bl10 omobpaHo 20 no-
J10803peJsibiX KPbIC, U3 KOMOpbIX 6bLIU ChOPMUPOBAHBI 08€ 2pyNNbl — KOHMPOJIbHAA
(n = 10) u oneimHas (n = 10). XugsomHsle KOHMPOLHOU 2pynNNnbl NOSy4Yanu obwul
PAYUOH, XXUBOMHbIe ONbIMHOU 2pynnbl — pAUUOH C 00NOTHUMEsIbHbIM 88e0eHUeM
cynbhama mapeaHya 8 0ose 1433 me/ke 8 meyeHue 28 OHel. [1o OKOHYAHUU NOO-
20MoBUMesIbHO20 Nepuodd OCywecmsnanca 3abop Kposu U 20/108HO20 MO32d
071 onpedesieHUs COOePXKAHUA XUMUYECKUX 3/1eMeHmo8 MemoOOM MAacc-cnekmpo-
Mempuu ¢ UHOYKMUBHO C8A3AHHOU n1a3mol U Memasi-nuzaHoHblix hopM MApeaH-
ua memooom 8bICOKOIekmuesHOU XUOKOCMHOU Xxpomamozpaguu 8 coyemaHuu
¢ Macc-cnekmpomempueli ¢ UHOYKMUBHO-C853aHHOU nasmod.

Pe3ynemamel. YcmaHosneHo, Uumo cybxpoHuyveckoe nepopadsbHoe eo3delicmeue
MapeaHya npusooum K nosblueHUlo co0epXaHus 0aHHO20 MUKPO3JieMeHma 8 Cbi-
B0pOMKe KPOBU, CHUXEHUIO YPOBHS KasbUus, Kasus, MdzHUs, Xene3a u Meou. B kope
20J/108HO20 MO32d NOBbLILIAEMCSA YpOBeHb MAap2dHUd, C8UHUA, pmymu U CMpPOHYUsA
Ha ¢hoHe CHUXeHUA Xese3a u iood. [TosvbilueHue 84108020 COOEPXAHUA Map2aHyd
8 CbIBOPOMKE KPOBU NpUBOOUM K nepezpy3ke OCHOBHbIX 8bICOKOMOJIEKYIAPHbIX HOCU-
mesnel U UHUYUUPYem 06pa308aHue HUSKOMOJIeKY/TAPHbIX (hopM MApeaHyd.
3aknryeHue. CybxpoHU4YecKkoe nepopasabHoe 8o3delicmaue Map2aHya npugooum
K KyMynayuu OdHHO20 MUKpPO3/leMeHmd 8 Op2dHU3Me XUBOMHbIX U pd3sumuio
oucbanaHca psoa Makpo- u MUKpo3/1eMeHmos.

Knioueenle cnoea: muHepanbHoili 06MeH, MapeaHel, MUKpO3eMeHmsl, dHaau3
COOePXKAHUA XUMUYECKUX (hOPM 3/1eMEHMO8, MOKCUYHOCMb
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INTRODUCTION

The vital activity of humans and animals has been sub-
stantiated to be closely related to the chemical composi-
tion of the environment and the content of various mac-
ro- and microelements, which take part in the formation
of a number of adaptive mechanisms of the organism, in-
cluding the functioning of vital systems, such as nervous, re-
spiratory, cardiovascular, immune, digestive, endocrine [1].

One of the essential chemical elements associated
with the geochemical parameters of the area is man-
ganese. On the one hand, this metal is a vital trace ele-
ment that controls a number of physiological processes
in human and animal organisms [2]. Manganese is known
to be involved in the regulation of carbohydrate, protein
and lipid metabolism, protection of cells from oxida-
tive stress, synthesis of neurotransmitters, and ensuring
full reproductive function [3-5]. At the same time, at in-
creased exogenous intake, manganese can have a nega-
tive effect on the functional state of the organism [6, 7].
This was first observed among miners, welders, smelters
and other workers who were exposed to inhalation ex-
posure to manganese as a result of the use of this met-
al in production cycles [8, 9]. However, it should be rec-
ognised that health risks are not limited to occupational
exposures alone. The presence of manganese elevated
concentrations in soils and water in a number of constitu-
ent entities of the Russian Federation indicates its chronic
influence on the whole population [10]. This is especial-
ly true for the part of the population that lives near in-
dustrial areas and roads [11]. This situation is aggravated
by the violation of the principles of optimal nutrition,
which leads to changes in the absorption of chemical
micronutrients by the body [12]. Consequently, it is food
and drinking water that are the main intermediate link
in the intake of manganese into the human and ani-
mal organism from the environment, largely determin-
ing the state of mineral metabolism [13]. Considering
the above, the importance of studying the metabolism
of macro- and microelements against the background
of chronic exposure to manganese increases.

THE AIM OF THE STUDY

To evaluate the state of mineral metabolism of Wis-
tar rats against the background of subchronic exposure
to manganese.

MATERIALS AND METHODS

The experimental study was performed in full com-
pliance with the ethical standards prescribed in the World
Medical Association Declaration of Helsinki (1964, re-
vised 2013). The design of the experiment was approved
by the local ethical committee of the Federal Research
Centre of Biological Systems and Agrotechnologies
of the Russian Academy of Sciences (Orenburg). The study

was performed using 20 sexually mature female Wistar
rats. The age of the animals was 3 months at the time
the experiment commenced. All animals received a basic
diet (BD) in the form of a loose compound feed and were
kept in plastic cages with sawdust bedding under condi-
tions of artificial light (12-hour daylight hours) and supply
and exhaust ventilation. The duration of the experiment
was 4 weeks (28 days).

The animals were divided into two groups. Rats
from the control group (n = 10) received the basic diet, ani-
mals of the experimental group (n=10) - BD supplemented
with pentahydrate manganese sulphate (MnSO, x 5H,0)
at a dose of 1433 mg/kg. This salt is produced by JSC «Vek-
ton» (St. Petersburg) with certified purity not less than
98 %, is a crystalline powder of white to pale pink colour
(TS (technical specifications) 6-09-01-218-84). Dose se-
lection of MnSO, x 5H,0 was based both on the GESTIS
Substance Database and the European Chemicals Agency
(ECHA) information systems.

After 28 days, the animals were removed from the ex-
periment for the collection of biomaterials (blood, cerebral
cortex) to evaluate the effect of manganese over mineral
metabolism.

Blood was sampled from the cardiac artery into 6 ml
VACUETTE vacuum tubes with clotting activator and gel
(Greiner Bio-One International AG, Austria). Centrifugation
of tubes for 10 minutes at 1000 g using ELMI CM-6M centri-
fuge (Latvia) was performed to obtain serum. The separat-
ed serum was stored at a temperature of -70 °C in Eppen-
dorf-type test tubes. Immediately after rapid extraction
of the brain, a tissue slice was performed from the surface
of the hemisphere with a thickness of about 1-1.5 mm.
Samples were weighed and stored at -20 °C until analyzed.

The content of macro- and microelements in blood
serum and cerebral cortex samples was analysed using
a NexION 300D mass spectrometer (PerkinElmer Inc., USA)
by inductively coupled plasma mass spectrometry (ICP-
MS). Determination of individual chemical forms of manga-
nese in blood serum was performed using a NexION 300D
mass spectrometer (PerkinElmer Inc., USA) in combination
with a PerkinElmer Series 200 liquid chromatograph (Perki-
nElmer Inc., USA) by high-performance liquid chromatog-
raphy with inductively coupled plasma mass spectrome-
try (HPLC-ICP-MS). This stage of the study was conducted
in the certified laboratory of Micronutrients LLC (Moscow;
licence registration number L041-01137-77/00370156).

The data obtained were processed by variation
statistics methods using Statistica 10 statistical pack-
age (StatSoft Inc,, USA). A hypothesis that the data be-
long to the normal distribution was rejected in all cas-
es with a probability of 95 %, which justified the use
of non-parametric procedures for processing statistical
populations (Mann — Whitney U-criterion). The findings
are presented as median (Me) and 25" and 75™ percentiles
Q,-Q,). The relationships between the parameters were
evaluated using Spearman’s Rank Correlation Coefficient.
A correlation coefficient (r) was calculated to determine
the closeness of the relationship between the studied fea-
tures. Correlation coefficients were evaluated as follows:
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less than 0.3 — weak relationship; 0.3 to 0.5 - moderate;
0.5 to 0.7 - significant; 0.7 to 0.9 - strong; more than 0.9
- very strong [14].

RESULTS

The results of the study revealed that subchronic oral
exposure to manganese did not lead to changes in the ex-
ternal signs of the animals and their activity level. However,
a comparative analysis of the macro- and microelements
content in blood serum revealed that in the experimental
group by the end of the experiment the level of manga-
nese statistically significantly exceeded the control val-
ues by 70 %; a tendency to increase the content of iodine
and selenium was also observed. Against this background,

it was revealed that the serum level of potassium was sta-
tistically significantly lower than in the control by 25 %,
copper by 24 %, magnesium by 19 %, iron by 10 %, calci-
um by 8 %; there was a tendency to decrease phosphorus
and zinc (Fig. 1).

Increased sensitivity to toxic factors of phylo- and on-
togenetically younger and higher located parts of the brain
compared to older and lower located parts is a general
pattern for the central nervous system, in this connection
we also analysed the elemental composition of the cere-
bral cortex [15] (Fig. 2).

It was revealed that in the grey matter of animals
from the experimental group the content of a num-
ber of heavy metals was statistically significantly higher
than the control values: the level of manganese exceed-
ed the control by 19 %, strontium — by 57 %, mercury
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FIG. 1.

Relative values of chemical elements content in blood serum of animals from the experimental group (%): X axis (0) - level of elements
in the control group; * - statistically significant difference between the experimental group and control at p < 0.05; ** - statistically
significant difference between the experimental group and control at p < 0.01
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FIG. 2.

Relative values of chemical elements content in the cerebral cortex of animals from the experimental group (%): X axis (0) — level of ele-
ments in the control group; * - statistically significant difference between the experimental group and control at p < 0.05; ** - statistically
significant difference between the experimental group and control atp < 0.01

217

Experimental researches



- by 82 %, lead - by 147 %. In contrast, iron and iodine
levels were statistically significantly lower than the control,
by 31 % and 60 %, respectively.

From a diagnostic point of view, it is of particular in-
terest to identify possible relationships between serum
and cortical chemical elements, as the latter do not have
equivalent in vivo measurements. Correlation matrix anal-
ysis showed that serum magnesium level was statistically
significantly positively associated with cortical magnesium
(r=0.3), while serum copper level was positively correlated
with brain copper (r = 0.3).

Manganese is known to be a rather active chemical
element, as a result of which in the body it is stabilised
in complex with various biological ligands. We have
therefore analysed the chemical forms of this metal (spe-
ciation analysis). It was revealed that serum manganese
of Wistar rats is mainly associated with high molecular
weight compounds - such fractions as transferrin/albu-
min (Mn-Tf/Alb), in smaller amounts - with a-2-macro-
globulin fraction (Mn-A2M); with low molecular weight
compounds (Mn-LMM), and is also represented by free
inorganic form (Mn-free) (Fig. 3).

It was revealed that the main amount of manga-
nese in the experimental group of animals was present-
ed in the form of Mn-free fraction (6.6 pg/l), exceeding
the control values by 1.8 times. Among the organic forms,
it was observed that the concentrations of Mn-LMM
and Mn-Tf/Alb were statistically significantly higher than
the control, by a factor of 4 and 1.9, respectively. A ten-
dency to decrease the content of the Mn-A2M fraction was
observed against this background.

The results of the analysis concerning the percentage
distribution of Mn by fractions against the background
of its different content in the blood serum of animals are
presented in Figure 4 for illustrative purposes.

According to correlation analysis, it was revealed
that serum gross manganese content was statistically

significantly positively associated with such fractions
as Mn-free (r = 0.89), Mn-Tf/Alb (r = 0.81) and Mn-LMM
(r = 0.63); a negative correlation with Mn-A2 (r = -0.6)
was observed (Fig. 5).

The scatter graph illustrates the fact that the higher
was the level of total manganese in serum among the an-
imals of the experimental group, the higher was the con-
centration of Mn-free, Mn-LMM and Mn-Tf/Alb fractions
and the lower became the concentration of Mn-A2 frac-
tion. The graph also clearly illustrates that an increase
in the total manganese concentration in rat serum (above
12 pg/L) leads to overloading of the major high molecular
weight carriers and initiates even greater formation of low
molecular weight forms of Mn.

DISCUSSION

Interest in research aimed at studying manganese
metabolism in humans and animals, as well as possible
adverse effects of manganese exposure, has increased
significantly over the last decade. Much attention to this
problem is caused by a number of objective reasons,
among which the deterioration of the environmental sit-
uation takes the main place [16].

The conducted experimental study has revealed that
subchronic oral exposure to manganese can lead to dis-
turbance of the balance over chemical elements in the or-
ganism of animals.

Thedecreaseinthelevels of magnesium,iron and cop-
perinblood serum revealedin the course of the analysis is as-
sociated with excessive intake of manganese, a functional
antagonist of these metals, into the organism of laboratory
animals. The absorption of these elements in the gastroin-
testinal tract is accomplished by common transport systems
and, therefore, the nutritional status of manganese can in-
fluence the kinetics of these chemical elements [17, 18].
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Content of manganese fractions in serum of animals (ug/l): data are presented according to median values; * - statistically significant
difference between experimental group and control at p < 0.05; ** — statistically significant difference between experimental group

and control at p < 0.01
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Correlation between the total concentration of manganese and its
separate fractions in blood serum of animals from the experimen-
tal group (n=10), ug/L

The observed tendency to increase iodine content may
be associated with the blocking effect of manganese ions
on iodine uptake by the thyroid gland [19]. Selenium com-
pounds are well known to have an antitoxic effect in poi-
soning with salts of many heavy metals. The main blood
selenoprotein SeP has a high affinity for heavy metals,
as a result of which it is able to form complexes with met-
als and transport them [20, 21]. Specifically, a study by Chi-
nese scientists revealed that mercury exposure affects
the concentration of selenium and the distribution
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of selenoproteins in serum in a dose-dependent manner
[22]. This may explain the trend towards higher selenium
levels revealed in our study.

The obtained results clearly revealed that chronic ex-
posure to manganese alters iron homeostasis in the sys-
temic circulation, reducing its content in blood serum,
as well as in the brain, which is consistent with the stud-
ies of foreign scientists [23]. Chemically, this is justified
by the fact that manganese and iron are located next
to each other in the periodic table, allowing them to com-
pete for binding to transport proteins [24]. Generally,
in iron-deficient brain regions, an increased accumulation
of manganese occurs, leading to the activation of oxi-
dative stress [25]. Manganese-induced oxidative stress
appears likely to cause an increase in the permeability
of the blood-brain barrier leading to an increased influx
of heavy metals such as lead, mercury and strontium [26].

The development of analytical chemistry techniques
has led to the realisation that the total concentration
of chemical elements cannot provide complete informa-
tion as regards their metabolism, bioavailability and possi-
ble toxic effects over living organisms. Only by knowledge
of the chemical form of an element can provide informa-
tion about potential chemical and biochemical processes
and thus lead to a greater understanding of the toxicity
or essentiality of the element [27, 28]. The obtained re-
sults of chemical element compound analysis (speciation
analysis) clearly demonstrate that prolonged exposure
to subchronic doses of manganese can lead to a shift of its
metal-ligand forms towards low molecular weight com-
pounds, as well as the inorganic fraction, which may be
associated with overloading of other transport molecules.
Mn-LMMs are assumed to be the ones capable of cross-
ing the blood-brain barrier and accumulating in the brain,
causing neurotoxic effects [29]. A perfusion study con-
ducted by American scientists revealed that a higher
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inflow coefficient from blood to the brain is characteristic
of Mn-LMM (3-fold higher) compared to Mn-free and Mn-
Tf complexes [30].

CONCLUSION

The obtained results of the study allow us to conclude
that subchronic oral exposure to manganese leads to its
cumulation in the organism of animals and development
of imbalance of a number of macro- and microelements.
Such abnormalities can potentiate the development
of functional disorders of the body systems. The excessive
intake of manganese was revealed to contribute to a sta-
tistically significant increase in the content of this heavy
metal in blood serum against the background of a statis-
tically significant decrease in the level of calcium, potassi-
um, magnesium, iron and copper. Simultaneously, the lev-
el of manganese, lead, mercury and strontium statistically
significantly increased in the cerebral cortex; iron and io-
dine decreased.

The revealed correlations between the content
of chemical elements in blood serum and cerebral cor-
tex indicate that changes in serum levels of magnesium
and copper may serve as a prognostic sign of disturbance
of their homeostasis in the brain.

Redistribution of this metal to its metal-ligand
forms occurs against the background of an increase
in the gross content of manganese in blood serum.
At manganese concentrations in rat serum above 12 pg/L,
there is a shift of manganese fraction levels towards low
molecular weight LMM compounds, which may be as-
sociated with an overload of other transport molecules
and may be a new tool for prenosological diagnosis.
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