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Abstract. Introduction. It is well-established that morphological and optical characteristics of lymphocytes reflect
their functionalactivity, making them suitable for assessing the status of the immune system. This is particularly
significant as exposure to adverse environmental conditions, such as those associated with copper-zinc pyrite ore
mining, can have negative effects on the body. The relevance of this issue is underscored by the potential risks faced
by mining workers who come into contact with the ore, which contains heavy metal salts, and can lead to negative
health outcomes. The aim of this study was to investigate the effects of copper-zinc pyrite ore on the surface area,
nuclear area, and optical density of rat’s lymphocytes of the peripheral blood. Materials and methods. The study
utilized a sample of lymphocytes from the peripheral blood of rats, which were exposed to copper-zinc pyrite ore
under controlled conditions. Measurements were taken of the aforementioned parameters, and statistical analysis was
performed to determine any significant changes in these characteristics. In the study, we used computer morphometry
to analyze the dimensional parameters and structural features of lymphocytes, as well as the optical properties of
these cells, in rats that had been exposed to copper-zinc pyrite ore. In the study were used 70 male rats, aged three
to four months and weighing an average of 210.5+£10.5 grams. The rats were divided into 5 groups based on the
timing of their exposure to copper-zinc pyrite ore. The morphometric parameters of the lymphocytes were determined
using computer morphometry by “MEKOS-C2” automated microscopy system (Russia), which was integrated with
the AXIO Lab A1 microscope (ZEISS, Germany) for smear analysis. Results. During the experiment, the nuclear
area of lymphocytes was increased, while its optical density decreased, the cytoplasmic area and optical density
were decreased. Discussion. The findings suggest that exposure to copper-zinc pyrite ore was leaded to changes
of lymphocyte morphology, specifically an increase of nuclear area. Further research is needed to understand the
implications of these changes and their potential impact on immune function. The observed changes of the size and
optical density of the cell nucleus could be due to a conversion of heterochromatin to active euchromatin and a decrease
in the metabolic activity of the cytoplasm. Conclusions. The rearrangements in the morphometric parameters and
optical properties of lymphocytes that have been observed may be the result of adaptive processes of rat’s immune
system under the influence of copper-zinc pyrite ore.
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Peslome. BeedeHue. N3BeCTHO, 4TO MOPONOrM4Yeckme n ONTUYeckne napameTpbl OTpaXarT MYHKLUOHANbHYHO
aKTUBHOCTb JIMMEOLMTOB, YTO NO3BOSISIET UCMONb30BATh UX AN OLEHKM COCTOSHUS UMMYHHOW CUCTEMbI OpraHuama.
AkTyanbHOCTb Npobnembl onpeaenseTca TeM, 4TO Npu BO3AENCTBAN Ha YerioBeka HebnaronpusaTHbIX (hakTopoB
cpefpbl, CBA3aHHbIX C ME4HO-LHKOBOW KONYeJaHHOW pyLon, BO3HUKAKT OTpULaTenbHble NocneacTBus Ans opra-
HW3ma. [laHHble HeraTuBHble athekTbl MOryT HabnogaTbes y paboTHUKOB rOpHOA0ObLIBAIOLMX NPEANPUATIA NPK UX
KOHTaKTe C pyfoW, Tak Kak B ee COCTaB BXOASAT COMM TAXenbIX MeTannos. Lenb pabomsi 3aknoyanach B Uccneno-
BaHWW NroLaamn NoBepXHOCTH NMMOLMTOB, NNOLAAN U ONTUYECKOW NAOTHOCTY A4pa W LMTONNasMbl MMMGOLMUTOB
nepndepuyeckon KpOBM KpbIC Nog BO3AECTBUEM MeHO-LMHKOBOW KonyeaaHHoN pyabl. Mamepuanbi u Memodbl.
B pabote ¢ noMOLLbI0 KOMMBIOTEPHON MOPCHOMETPUM B XPOHUHECKOM 3KCMEPUMEHTE U3YYeHbl pa3MepHbIe NokasaTenu
NMMEOLMTOB 1 UX CTPYKTYP, @ Takxe ONTUYECKNe CBOCTBA 3TUX KNETOK Y KPbIC, NOABEPrHyThIX BO3LENCTBUIO MEAHO-
LIMHKOBOW KonyefaHHOM pyabl. B akcnepumeHTe ncnonb3oBani 70 HENWHERHBIX KpbIC-CaMLoB 3-4-MeCs4HOro Bo3pacTa
(cpenHss macca 210,5+10,5 r). B coOOTBETCTBUM CO CpOKaMM BO3LENCTBUS PYAbl KpbIChl Bblfn pasaeneHsl Ha 5 rpynn.
MopdomeTpryeckne napameTpbl IMMQPOLUTOB ONpeaensanM MeTOL0M KOMMbIOTEPHON MOPGOMETPUM, C MOMOLLbIO
komnnekca aBTomatnyeckoit Mukpockonm « MEKOC-LI2» (Poccusl), ycTaHOBNEHHOTO B cOCTaBe (PYHKLMIA AN aHanumsa
ma3koB Ha Mukpockone AXIO Lab.A1 (ZEISS, lepmanus). Pe3ynbmambi. Bo Bce Cpoky 3KCNepUMeHTa NpoMcxXoauso
yBenuyeHue nnowaam aapa nMMGoLMUTOB Ha POHE CHIKEHUS €r0 ONTUYECKON NNOTHOCTW. Habntoganock yMeHbLUeHNe
ONTMYECKON NNOTHOCTYW W NNOLaAwW Lutonnambl numgoumntos. 06cyxdeHue. Habnogaemble M3MeHeHUs nnoLaan v
ONMTUYECKOW NNOTHOCTY fApa NMMAOLMTOB Nepudepnyeckon KpoBM, BO3MOXHO, Bbini 06yCNOBNEHbI NPeBpaLLEHNEM
reTepoxpoMaTiHa B aKTUBHbI 9YXPOMATMH, @ LMTONA3Mbl — CHUXEHWEM ee METaboNn4eckoi akTBHOCTU. Bbigodhbl.
BbisiBNEHHbIE NEPECTPOIKM MOP(OMETPUYECKIX MOKA3aTENEN M ONTUYECKNX CBONCTB NMMGOLMTOB Bbini 06yCroBEHbI
afanTUBHbIMW NPoLeccamt UMMYHHOW CUCTEMBI KPbIC NPpY AECTBUM HA OPraHu3M pyabl.

KnioueBble cnoea: J'IMM(bOLWITbI, r’MCTOrpaMmmbl, MEQHO-UNHKOBAA KON4YeaaHHaa pyaa, ontTu4eckas ninoTHOCTb, KPbIChI

INTRODUCTION

AIM

Recent studies have shown that certain indicators of
peripheral blood lymphocytes, such as diameter, peri-
meter, and area, reflect not only morphological features
of the cells but also their functional activity [1]. Additio-
nally, optical properties of these cells can provide insight
into the state of their internal structures.

Achange in the range of variations in the size parameters
of lymphocytes can serve as an indicator of impaired immu-
noreactivity of the body and the development of pathologi-
cal processes in response to adverse environmental factors
[1, 2]. It is therefore of great practical importance to study
the morphometric and optical characteristics of peripheral
blood lymphocytes in laboratory animals under exposure to
salts of heavy metals, which are part of the ores that mi-
ning workers come into contact with. There are three major
deposits in Bashkortostan that produce copper-zinc pyrite
ore, and their composition contains approximately 60 harm-
ful impurities, including salts of heavy metals like arsenic,
antimony, mercury, and fluorine [3].

The aim of the study was to investigate the morphomet-
ric and optical features of lymphocytes, such as cell surface
area, nuclear and cytoplasmic size, and optical density, in
the peripheral blood of rats exposed to copper-zinc pyrite
ore.

MATERIALS AND METHODS

The effect of copper-zinc pyrite ore on hematological pa-
rameters was studied in 70 white non-linear male rats aged
3-4 months and weighing 210.5£10.5 grams. There were 5 ex-
perimental groups and one control group. Experimental rats
received a water suspension of copper-zinc pyrite ore orally
for 10, 20, 30, 45, and 60 days at a dose of 600 mg/kg body
weight [4, 5]. During the experiment, we followed the principles
outlined in the directives of the European Community (86/609/
EEC), the Helsinki Declaration, and the “Rules for Carrying Out
Work Using Experimental Animals” as well as the recommen-
dations of the Bioethics Council of the Bashkir State Medical
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University. Standard cages (n=6), with free access to food and
water, were used for the animal husbandry in the vivarium at
an average temperature of 24+2 °C, in accordance with the
guidelines of SP 2.2.1.3218 and Directive 2010/63/EU on the
protection of animals used for scientific purposes. Blood was
collected from the rat’s tail vein. The animals were euthanized
using decapitation and ether anesthesia [6]. A blood smear was
stained by method Romanovsky—Giemsa. The morphometric
parameters of lymphocytes were determined using computer
morphometry of the “MEKOS-C2” automated microscopy sys-
tem (Russia), which was installed as part of the smear analysis
functions on the AXIO Lab A1 microscope (ZEISS, Germany).
There were calculated all types of leukocytes, a database of
their images was created, and after sorting, the data was trans-
ferred to MS Excel. Based on calculating the area of 200 cells
in each sample, histograms were built to show the distribution
of cells, which allowed for the average values and ratios of cell

proportions to be taken into account of leukocyte formula. The
sample of the ore was provided by the Uchalinsky Mining and
Processing Plant.

There were studied an optical density of the cytoplasm
and nucleus of lymphocytes was studied. To estimate opti-
cal density parameters, the brightness distribution over the
object was used, using the specific optical density index.
The specific optical density index was measured in three
spectral ranges of the video camera — blue, green, red,
determined by the color of the rays absorbed by the sub-
stance. The total spectral range reflected the functional ac-
tivity of the cell. There were calculated the integral optical
density of the cytoplasm, optical density indices and specific
total optical densities of lymphocytes [7].

The number and volume of rat’s lymphocytes were ana-
lyzed using a veterinary semi-automatic hematology ana-
lyzer, Vet Exigo 19 (Sweden).
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Fig. 1. Histograms of the distribution of the area of rat’s lymphocytes exposed to copper-zinc pyrite ore
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The data obtained were processed using the statistical
software STATISTICA 12 (StatSoft, USA). Nonparametric the
Mann-Whitney and the Kruskal-Wallis tests, were used to
determine the statistical significance of differences between
samples. The median value (Me) and the interquartile range
(Q1, Q3) of lymphocytes volume were calculated. Differences
were considered statistically significant if p <0.05. Correlations
between variables were assessed using the Spearman cor-
relation coefficient, a nonparametric measure of association.

RESULTS

There are presented histograms of the distribution of
rat's lymphocytes across the area occupied by cells on the
glass area in the initial state and at various experimental
time points are presented in Figure 1.

The distribution of cells area during the experiment under
the influence of copper-zinc pyrite ore was characterized by
imperfections and asymmetry. This was manifested by a shift
of the peak of the distribution curve to the left and the pre-
sence of a “tail” extending to large values of the indicator.

During all study periods, the histogram of the area showed
a maximum value of 60 um?, except for 45 days. In control
conditions, the proportion of small cells (less than or equal to
60 um?) accounted for 48% of the total, and medium cells (less
than or equal to 90 um?), 43%. Together, these two groups ac-
counted for more than 90% of circulating cells. The nature of
the distribution curves changed slightly during the first period
of the experiment. By the 30" day, based on the histograms of
lymphocyte area, a shift in the apex was observed to the left,
which was attributed to an increase in the proportion of larger
cells within the overall population. The mean cell area did not
statistically significantly change (Fig. 1).

On the 45" day, there was a slight modification to the shape
of the histogram for the distribution. The curve for the lympho-
cyte region shifted towards larger values (73 um?), and the
histogram became more symmetrical. This change in the pro-
portion of cell fractions based on area led to an increase in the
average size of lymphocytes. The proportion of medium-sized
cells (between 75 and 90 um?) was greater than 50% at this
time, compared to other periods where the proportion of these
cells did not exceed 43%. It should be noted that during this ti-
me, the number of lymphocytes in circulation increased (Table 1).

The study of intracellular parameters throughout the ex-
periment revealed that the cell's area occupied by the nu-
cleus increased significantly compared to the control group
(Table 1). Conversely, the dynamics of the cytoplasmic area
showed a decreasing trend starting from the 10" day, and in
subsequent stages, the average cytoplasmic area of lympho-
cytes was significantly lower than in the control group. On
the 10" day, it decreased by 35%, on the 20" day by 50%,
on the 30" day by 30%, and on the 45" day by 25%. At the
60-day mark, it was still lower by 35% compared to the initial
value. This decrease in cytoplasmic area, as evidenced by a
comparison of nuclear-cytoplasmic ratios, occurred against a
background of increased nuclear proportion, with the overall
cell area remaining unchanged. The exception to this pat-
tern was on the 451 day, when a maximum value of total cell
surface area was recorded. This was due to a significant in-
crease in nuclear area, compared to both the control and ear-
lier study periods. Specifically, on the 10™, 20, and 30" days,
there were increases in 9, 18, and 7%, respectively. However,
on the 45" and 60" days, the increases were in 23 and 9%.

The particular interest was an analysis of parameters
that characterize the optical properties of cytoplasm and
nuclei (Table 2).

Table 1
Rat’s lymphocyte counts under the influence of copper-zinc pyrite ore, Me (Q1; Q3)
Indicators Control arou Experimental Experimental Experimental Experimental Experimental
group group 10 days group 20 days group 30 days group 45 days group 60 days
Number of lymphocytes 10,35 14,45 11,30 12,10 16,70 13,40
(x10° cells/l) (9,00;12,40) (10,75;17,90)* (10,40;14,10) (10,70;14,50) (9,70;18,70)* (10,10;16,40) *
The average area 64,00 63,00 62,00 62,00 72,00 61,00
of lymphocytes, um? (51,00;78,00) (50,00;75,00) (48,00;78,00) (50,00;77,00) (59,00;85,00) * 2 (53,00;73,00)
The average area 19,00 12,00 09,00 13,00 14,00 12,00
of the cytoplasm, um? (13,00;26,00) (8,00;18,00)* (4,00;17,00)* 2 (9,00;24,00)* = (9,00;24,00)* = (6,00;19,00)* =
Average core area, um? 43,00 47,00 51,00 46,00 53,00 47,00
(34,00;52,00) | (36,00;58,00) (39,00;64,00)* 2 | (37,00;54,00)* = | (43,00;65,00)* 2 | (41,00;57,00)*
The nuclear-cytoplasmic 2,12 3,53 5,11 2,99 3,64 3,71
relationship, (1,61;2,85) (2,26;5,43)* (2,81;10,32)2 | (1,80;4,32) *A = (2,07;6,26) * = (2,19;7,79) *=*
conventional units

Note: * — statistically significant difference in the indicator of the experimental group in relation to the value of the control group of rats (p <0.05); 2— to the value of the
10-day experimental group of rats (p <0.05);* — to the value of the 20-day experimental group of rats (p <0.05); ®*— to the value of the 30-day experimental group of rats

(p <0.05); & — to the value of the 45-day experimental group of rats (p <0.05).
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The informative value of studying optical properties lies
in the fact that they reflect the peculiarities of the course
of metabolism in the studied cells in normal and pathologi-
cal processes. The revealed decrease of the optical density
of the cytoplasm during the experiment compared with the
control was indicate a decrease in viscosity of the cytoplas-
mic matrix (Table 2). At the same time, a direct correlation
was established between total optical density and area of
cytoplasm (r=0,57 in control, r=0,56 on 10" day, r=0,52 on
20" day, r=0,69 on 30" day, r=0,59 on 45" day, r=0,77 on
60" day). The value of the refractive index directly depends
on the functional state of intracellular structures, it can be
assumed that the decrease in area and optical density of
cytoplasm observed during experiment compared to control
was due to decrease in its functional activity under influ-
ence of ore [8]. On the 10" day, decrease in cytoplasmic
area was 35% and specific total optical density decreased
in 27.5%. On the 20™, 30" and 45" days, decrease was 50,
30 and 25%, respectively. On 60" day it was 35%.

Increase in nucleus size was combined with decrease
in optical density in all spectral ranges during all periods of
experiment (Table 2).

DISCUSSION

The study showed that intoxication of rats caused by
exposure to copper-zinc pyrite ore was accompanied by
an increase in the number of lymphocytes and changes in
their morphometric and optical parameters. In the control
group, the main proportion of circulating cells consisted of
small and medium-sized lymphocytes, which corresponded

to information from literature sources [9]. On days 30" and
45M of the experiment, the population of lymphocyte was
redistributed with an increase in proportion of larger cells
combined on the 45" day with an increase in their number
and nucleus size. This allowed us to assume that lympho-
cytes entering circulation were replenished with cells with
enlarged nuclei. According to Davydkin I.L. and Semen-
kov V.F., replenishment of population with larger cells could
be due to immature thymocytes and natural killer cells [9,
10]. Intrapopulation rearrangement of lymphocytes and
the appearance of groups of cells with different areas may
indicate the development of an immune response to the
effects of toxic substances in ore [1]. The study of intracel-
lular components has made it possible to clarify information
about the nature of these processes. Dynamic and objec-
tive indicators of cell state are size and optical density of
nucleus [11]. It is known that size and shape of nucleus are
determined not by amount of DNA but by modification of
chromatin [11], and increase in area of nucleus is due to
conversion of heterochromatin to euchromatin [12]. There-
fore, increase in nuclear area and change in optical proper-
ties throughout study period can be considered as reflec-
tion of change in chromatin density due to transformation
of inactive heterochromatin into active euchromatin. At the
same time, the maximum activity of the nucleus occurred
on the 45" day, manifested in the minimum optical density
in the largest size of the nucleus and the cell as a whole.
Along with an increase in the size of the nucleus, a de-
crease in the optical density and area of the cytoplasm oc-
curred under the action of the copper-zinc pyrite ore. At the
same time, a positive correlation between these indicators

Table 2
Optical parameters of rat’s lymphocytes under the influence of copper-zinc pyrite ore, Me (Q1; Q3)
Indicators Control Experimental Experimental Experimental Experimental Experimental
group group 10 days | group 20 days group 30 days group 45 days group 60 days
Integral optical density 0,38 0,17 0,12 0,30 0,22 0,16
of the cytoplasm, (0,26;0,50) (0,12;0,28)* (0,05;0,20)* 2 (0,16;0,48)* 4= | (0,12;0,36)*=* | (0,07;0,25)* *4
conventional units
The specific total 1,19 0,86* 0,81* (0,64;1,02) 1,06* 2 = 1,03* 4= 0,77% LA
optical density of the cytoplasm, (0,96;1,47) (0,74;1,01) (0,81;1,62) (0,79;1.29) (0,61;0,97)
conventional units
Specific optical density 1,27 0,91* 0,73*2 1,040 = 0,70%2 ¢ 0,73% A
of the core according to the red (1,08;1,51) (0,76;1,14) (0,59;0,94) (0,82;1,28) (0,62;0,83) (0,58;0,83)
component, conventional units
Specific optical density of the 1,73 0,81* 0,58* 4 1,33*A = 0,55% 4 0,70¥Am A
core according to the green (1,33;2,09) (0,68; 0,99) (0,49;0,75) (0,93;1,89) (0,47;0,66) (0,57;0,85)
component, conventional units
Specific optical density of the core 0,46 0,15* 0,10%2 0,37*Am 0,09%2 ¢ 0,14* =4
according to the blue component, | (0,32;0,60) (0,12;0,20) (0,07;0,14) (0,17;0,57) (0,06;0,13) (0,11;0,18)
conventional units

Note: notation as in Table 1.
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was revealed. Considering that the value of the refractive
index directly depends on the concentration of chemical
components of the intracellular substance and the state of
cellular organoids, it can be assumed that the functional
state of cytoplasmic structures and metabolic processes
decreases during ore intoxication.

CONCLUSIONS

Based on the assumption that morphometric parameters
objectively reflect the functional state of lymphocytes, we can
discuss the restructuring of the cellular components of the
immune system under the influence of copper-zinc pyrite ore.
Upon activation of a cell, the structural organization of chro-
matin undergoes conformational changes, resulting in chan-
ges to its optical properties [13, 14]. As a result, the experi-
mentally observed increase in nuclear size, combined with
a decrease in optical density, may indicate changes in the
degree of chromatin condensation due to copper-zinc pyrite
ore, and, consequently, an increase in DNA activity [11, 13].

The observed changes in the size and optical charac-
teristics of the nucleus are accompanied by a decrease in
metabolic activity in the cytoplasm. As a result, structural
and functional alterations in the lymphocyte population,
aimed at the body’s adaptation to the effects of copper-
zinc pyrite ore, impact the nuclear apparatus but do not
occur at the level of cytoplasmic processes.
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AONONMHUTENBbHAA NHOOPMALINA

Bknap aBTopoB. Bce aBTOpbI BHECW CYLUECTBEHHbIN
BKNapj B pa3paboTKy KOHLENuuu, npoBeAeHne uccnenosa-
HWS 1 MOArOTOBKY CTaTbM, NPOYY M 0f06pUNN UHANbHYIO
Bepcuto nepen nybnvkayuen.

KoHdnukt nHTepecoB. ABTOpbI 3as8BNAOT 06 OTCYTCT-
BUW KOH(IIMKTA UHTEPECOB.

WUcTouHuk puHaHcmpoBaHus. Vccnenosaxve He nme-
1O CMOHCOPCKOW NMOAZEPKKM.

dTnyeckoe yTBepxAeHUe. ViccrnenoBaHne npoBegeHo
¢ cobntogeHvem «lpaBun npoBegeHus paboT ¢ MCMonb3o-
BaHMEM JKCMEPUMEHTarbHbIX KUBOTHbIX». WccnegoBaHue
0pobpeHo nokanbHbIM aTndeckum komutetom OrBOY BO
«baluKkupckuin rocygapcTBeHHbI yHUBepcuTeT» MuHagpa-
Ba Poccum, npotokon Ne 5 ot 13.09.2017 r.
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