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Exposure to harmful and dangerous factors at ore mining facilities poses health risks to workers that are associated with prolonged exposure to airborne chemicals
in the work area. Realized, these risks undermine physical condition of people doing key ore mining jobs underground. Relying on the target protein analysis,
this study aimed to assess the job-related harm to the health of ore mining workers resulting from exposure to metals airborne in the work zone. The participants
were involved in copper-nickel ores mining. To evaluate the impact of metals from the working zone air on their health, we conducted chemical, proteomic, statistical,
and bioinformatic analyses on the collected samples and data. With the mean per-shift exposure to metals of up to 0.2 mg/m? (up to 4 times the MPC), the blood
supernatant concentrations of cobalt, chromium, nickel, copper, and manganese increased by 1.4 to 2.6 times in the study group compared to the control group.
Comparison of proteomics datasets revealed 33 significantly different protein spots. In 15 of them, the change in intensity was related to the increased concentration
of the considered metals in the supernatant. Identification and analysis of proteins from these spots revealed their association with impairments in the functions
of the nervous, cardiovascular, and digestive systems. The identified proteins were involved in the development of oxidative stress, metabolic and neurodegenerative
disorders. Proteomic analysis improves the prediction and early prevention of occupational adverse outcomes among the ore mining industry workers.
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OLIEHKA HEFATUBHbIX 3®®EKTOB Y PABOTHUKOB NPEAMNPUATUA TOPHOPYLOHOW
MPOMBILLNIEHHOCTW NOCPELCTBOM UCCNEQOBAHUSA BEJIKOB-MULLIEHEN

H. B. 3aruesa'*, A. I. ®aneer?, [1. B. Topses?, M. A. SemnsHosa'*= E. B. MNeckosa', A. B. Tanuynuna®, O. H. SaxapuHckas®, H. . BynaTtosa’

T GepepasnbHbIi HayYHbIA LEHTP MEAMKO-NPOMUNaKTUHECKIX TEXHOMOMMIA YpaBieHUs pruckamiy 300poBbtO HaceneHus defeparnbHoin cnyxxobl Mo HaA30py B chepe 3almThl Npas noTpeduTenei
1 Gnaronony4mst Yenoseka, Mepmb, Poccus

2 Ynpasnerune deaepanbHoi Cnyxobl N0 HAA30PY B chepe 3alTel Npas noTpebuteneit 1 naronony4ms Yenoseka no KpacHosipckomy kpato, KpacHosipck, Poccust

3 MepMCKii rocyAaPCTBEHHbIN HALMOHABbHbIN UCCNEA0BATENBCKII YHUBEPCUTET, MNepMb, Poccust

4 Poccuiickas akagemusi Hayk, Mockea, Poccus

5 KpaeBas knuHudeckast 6onbHuLa, KpacHosipek, Poccust

BospencTarie BpeaHbIX 1 OMacHbIX MPOV3BOACTBEHHbIX (DAKTOPOB Ha MPEAMPUSTUSX FOPHOPYAHOM MPOMBILLNEHHOCTV (hOPMUPYET PUCKMN A/ 3A0POBbS PAGOTHNKOB
NPV ATENBHOM MPOV3BOACTBEHHON 3KCMOSULIN XUMUNHECKMM BELLLECTBaMM C BO3AYXOM paboyeit 30Hb!. Peannaaums prcka MoxxeT (hopM1poBaTh YyLLEp 3A0P0BEIO
PabOTHNKOB OCHOBHbIX MPOMECCUii MOA3EMHON [OObIMM Py, Llensto paboTbl 610 OLEHWUTL HeraTvBHble aPMhEKTbl Y PAOOTHNKOB MPEAMPUSTAS FOPHOPYAHON
MPOMBbILLIIEHHOCTW, MOABEPratOLLVIXCS BO3LENCTBIIO METAUIIOB C BO3MyXOM pabouyeit 30HbI, MyTem 1ccnefoBaHiis 6enkoB-muieHel. MeTofbl XMMMKO-aHaIMTUHECKOrO,
MPOTEOMHOrO, CTaTUCTUHECKOTO 1 BUMOMH(POPMALIOHHOIO aHaM3a NPYMeHeHb! A1 OLIEHKN BO3AEVICTBUS METASIIOB C BO3AYXOM paboyelt 30HbI Ha pabOoTHUKOB
MoA3EMHON A06bIHM MeHO-HVKeNeBbIX Pya. CpeaHecMeHHast SKCrosnLWs MeTasinammn Ha yposHe Ao 0,2 mr/m® (0o 4 MAK) obycnasnveaeT NoBbILLEHVE KOHLEHTPALWN
kobansTa, Xpoma, HAKeNs, Meay v MapraHLia B CynepHaTaHTe KpoBy paboTHUKOB rpynMbl HabnioaeHns B 1,4—2,6 pa3a OTHOCKTENBHO aHaNoMHHbIX NoKasaTenei rpynmbl
cpaBHeHns. CpaBHUTENBbHBIM aHaIM3 MPOTEOMHbIX KapT BbISBU 33 3HAYMMO PasMHatoLLMXCS BENKOBbIX MSATHA, 3 KOTOPbIX B 15 1Mena MecTo CBSi3b M3MEHEeHNS
VIHTEHCMBHOCTU C MOBbILLEHVIEM KOHLIEHTPALMN 3y4aeMblX METUIIOB B CyrnepHaTaHTe. VaeHTudmkaums n aHanma 6enkoB, 0OHaPY>KEHHbIX B yKa3aHHbIX OEMKOBbIX
MATHAX, MoKasanM, YTO OHM aCCOLMMPOBaHbI C HAPYLLIEHVIEM (DYHKLIA HEPBHOM 11 CepAeHHO-COCYAVICTON CHCTEM, OPraHOB MiiLLeBapeHnst. BbisBneHHbIe 6enki y4acTBytoT
B Pa3BUTUN OKUCAIUTENBHOMO CTPECCa, METAbOIMHECKIX 1 HEMPOAEreHepaTVBHbIX HapyLLEHW. BHeapeHe MpOTEOMHOMO MCCNeA0BaHNS NOBbILLAET SPMEKTUBHOCTE
MPOrHO3NPOBAHVS 1 PaHHEN NPOMUIAKTUKN MPON3BOACTBEHHO-00YCNOBIEHHbIX HEONAroNPUATHBIX NCXOAO0B Y PabOTHUKOB FOPHOPYAHON MPOMBILLNEHHOCTY.
KnioueBble cnosa: pabOTHNKM FOPHOPYAHOMO MPOU3BOACTBA, METabl, SKCMO3ULMSA, NPOTEOMHOE MPOMUIMPOBaHWE, HEONAroNPUATHbIE NCXOABI, MPOrHO3
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OPUI'MHAJIbHOE NCCJIEQOBAHNE

Ore mining industry is one of the leading sectors of the economy
of the Russian Federation. According to the Federal State
Statistics Service, more than 1 million people are employed
in this industry. This supports the importance of efforts aimed
at preservation of health of workers engaged in the production
of metal ores (underground mining in the first place).
The said production involves a complex of interrelated process
stages, from the extraction of ore, its enrichment, through
metallurgical conversion, further processing, to loading
and unloading operations and transportation of raw materials
and metal products. The key stage, however, is the extraction
of raw materials for subsequent processing, and it determines
the basic harmful and dangerous factors peculiar to the production
environment and the labor process that affect the health
of underground miners [1, 2].

There is a number of specific harmful and hazardous
dangerous factors associated with underground mining
operations, including dust the chemical and fractional composition
of which depends on the type of ore being mined [3, 4]. This dust
is composed of particles of various sizes, including ultrafine
(0.1=10 microns). Such particles can adversely affect critical
organs and systems after transition from the lungs into the systemic
circulation [5]. They acquire the transition ability once covered
with a layer of absorbed proteins and forming a unique crown
that allows them to penetrate the aero-hematic barrier barrier
[6]. The bloodstream carries the particles to sensitive receptors
in critical organs and systems such as the liver, spleen, heart,
kidneys, lymph nodes, and brain; there, they initiate metabolic
disorders at the cellular and molecular levels [7, 8].

Postgenomic technologies, including proteomics, are widely
used to study the toxic effects of chemicals and early detection
of the associated negative effects [9, 10]. The study of changes
in the expression of proteins and peptides grants insights
into physiological processes and disorders of the balance
of homeostasis at the cellular and molecular levels [11].
The identified changes in the protein composition of the biological
media (plasma, serum, urine, etc.) allow investigating
the reactions of the molecular dynamic equilibrium and how
the negative effects occur and develop under the influence
of harmful and hazardous factors of the industrial environment,
including the chemical factor [12, 13].

Relying on the target protein analysis, this study aimed
1o assess and determine ways for early detection of job-related
harm to the health of ore mining workers resulting from
exposure to metals airborne in the work zone.

METHODS

The study was conducted from April 14, 2024 to April 15,
2025, and included 113 employees of a mining facility. For both
the control group and the study group, the inclusion
criteria were: male gender, age 30-65 years, over a year
of employment at the facility, satisfactory hygienic conditions
and socio-economic standard of living; specific to the study
group: professional activities related to underground mining
of copper-nickel ores; specific to the control group: professional
activities not involving exposure to harmful factors of the production
environment and labor process. Exclusion criteria: acute infectious
diseases within 4 weeks before the start of the study, intake
of medications that have a pronounced effect on the intended
target organs less than 30 days before the start of the study.
Under these criteria, the study group was comprised of 39 men
mining copper-nickel ores underground and representing
the key professions: ore face miner, blaster, borer, pitman,
fastener, trolley driver, drilling rig driver. Their work experience

at the facility was 18.2 + 1.0 years, mean age — 47.95 + 0.87 years.
The comparison group included 74 employees of the facility's
administrative staff. They were employed by the company
for 17.1 + 1.05 years, and their mean age was 47.1 + 0.83 years
(o < 0.05 relative to the study group, both figures). Thus,
by the above criteria, the groups were comparable, and differed
in the fact of exposure to harmful and hazardous factors
of the production environment.

The participants' blood was sampled at the Occupational
pathology Department of the Regional Center for Occupational
Pathology of the Krasnoyarsk Regional Clinical Hospital (head
of the department — O.N. Zakharinskaya, occupational
therapist — A.V. Galiulina). The samples were analyzed
at the on the basis of the Federal Scientific Center for Medical
and Preventive Health Risk Management Technologies.

The fact of exposure was confirmed by chemical testing
of supernatant isolated from whole blood, conducted to determine
the concentration of ions of six metals (cobalt, manganese,
copper, nickel, lead, chromium). Fasting blood samples were
collected from the ulnar vein using a disposable device.
To make supernatant, we destroyed shaped blood elements
in a lysing buffer (ratio 3 : 10), put the samples through
centrifugation at 14,000 rpm for 10 minutes (twice), and decanted
them (separated solid and liquid phases). Metals were quantified
by inductively coupled plasma mass spectrometry (ICP-MS)
as prescribed in guidelines MUK 4.1.3230-14, MUK 4.1.3161-14.
Agilent 7500cx mass spectrometer (Agilent Technologies; USA)
was used for this task. The results were compared to those
obtained in the control group. The concentration of proteins
in the supernatant is higher than in whole blood, which supports
the selection of the former as the biosubstrate.

Proteomic testing implied obtaining peptide samples
from the blood supernatant, so it was subjected to 2D
electrophoresis in polyacrylamide gel and stained with silver
using the PROTEAN 112 |EF System and the PROTEAN Il XL
vertical electrophoresis cell (Bio-Rad; USA). The intensity of
protein spots was determined with the help of GelL Doc XR+
gel documentation system (Bio-Rad; USA). To compare the
groups' proteomics datasets by intensity, we used PDQuest
(Bio-Rad; USA). Significantly different protein spots were excised
and sequentially analyzed in an UltiMate 3000 chromatograph
(Thermo Fisher Scientific; USA) and a 4000 QTRAP mass
spectrometer (AB Sciex; USA), HPLC and tandem mass
spectrometry, respectively. The resulting spectra were processed
in the ProteinPilot program (AB Sciex; USA); for identification,
we used the UniProt database, sampling by the Homo sapiens
(Human) taxon. The assessment of metabolic disorders relied
on the publicly available bioinformatic resources: UniProt (http://
www.uniprot.org), Comparative Toxicogenomics Database (http://
ctdbase.org/) and DisGeNET (https://www.disgenet.org/dbinfo).

The results of the data collection and processing stage
were analyzed in Statistica 10 (StatSoft; USA), with the differences
evaluated for statistical significance using the Mann-Whitney U
test, p < 0.05). To build models illustrating the causal relationship
between metal concentration in the supernatant and changes
in the intensity of the protein spot, we used regression analysis.
The determination factor (R?) and the Fisher's exact test
(F > 3.96) allowed assessing the statistical adequacy of the model.
The Student's t-test (p < 0.05) was used to verify the statistical
significance of the model.

RESULTS

Long-term mean per-shift exposure to airborne metals (cobalt,
manganese, copper, nickel, lead, chromium) at the level

POCCUCKININ BECTHVIK TUMEHBI |2, 2025 | RBH.RSMU.PRESS



ORIGINAL RESEARCH

Table 1. Comparative analysis of the blood supernatant metal content, samples from workers in the main professions of underground mining of copper-nickel ores

Mean The share of workers f
(M £ m), mg/dm? © share o Wor. efs .'°m The order to which the Significance of differences
the study group with indicator - )
Substance : ; indicator value is greater between groups
values higher than in the control than in the control group (p < 0.05)
Study group Control group group, % =
Cobalt 0.0004 + 0.00005 0.0002 + 0.00006 66.4 2 0.011
Manganese 0.010 + 0.001 0.004 + 0.001 79.5 25 0.0001
Copper 0.834 + 0.034 0.446 + 0.041 79.1 1.9 0.0001
Nickel 0.0039 + 0.001 0.0015 + 0.0003 82.2 2.6 0.0001
Lead 0.113 + 0.018 0.081 + 0.010 28 1.3 0.994
Chromium 0.0038 + 0.001 0.0021 + 0.0005 95.4 1.8 0.002

of 0.004-0.2 mg/m® (from 0.1 to 4 times the MPC) raises
the concentration of these substances in the blood supernatant
by 1.4-2.6 times, study group vs. control group (p = 0.000-0.011;
Table 1).

The proportion of workers with elevated blood levels
of metals in the study group relative to the comparison
group was 66.4-95.4% of the total number of the examined
participants.

Quantification of the supernatant proteomics datasets
revealed 46 protein spots that exhibited different intensity
in the study and control groups. The comparison of intensity
of these pots identified significant differences for 33 of them.
In 15 protein spots, the synthesis was boosted by 1.1-26.3 times
(p = 0.000-0.021), and in 18 spots, it was decreased
by 1.2-38.8 times (p = 0.000-0.033). Mass spectrometric
identification showed that the detected amino acid sequences
match 80 proteins from the ProteinPilot library.

For 15 protein spots out of 33 identified, we obtained
the intensity change probability dependence models describing
a situation in which the content of all elements (cobalt,
chromium, nickel, copper, and manganese) grows in the blood
supernatant. This allowed labeling the proteins of these spots
as indicator proteins (Table 2).

Through bioinformatic analysis, we identified the genes
encoding the indicator proteins and their associated diseases.
[t has been shown that changes in the expression of these
genes play a certain role in the pathogenesis of negative effects
in workers who had a higher amount of the considered metals
in their blood supernatant. Primarily such effects were detected
in the nervous (genes MAP3K9, HLA-A, LDLR, LAMP2, AKT2,
FNDC3B, FRRS1L, SPTBN4) cardiovascular (genes MAP3KOY,
HLA-A, LDLR, LAMP2, HRH1T) systems, and digestive organs
(genes LDLR, LAMP2, AKT2). The initiation of these changes
determines disorders at the molecular and cellular level, which
are signaled by alterations of expression of the identified target
proteins (Table 3).

Thus, these results show that the identified target proteins
may be involved in the pathogenesis of diseases associated
with elevated metal content in the supernatant of blood sampled
from workers involved in underground mining of copper-nickel
ores. Monitoring the expression of these proteins is necessary
to predict the development of negative effects caused
by exposure to the considered metals in the air of the working
area, as well as to develop measures to prevent such effects.

DISCUSSION

Mining activities have a significant impact on the health
of underground miners: the air of the work zone contains metals
and their compounds in the form of dust and aerosols [3, 4].
Ultrafine particles can be caught in the alveoli of the lungs, then
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enter the bloodstream, and ultimately deposit in various organs
and tissues [5]. Proteins and other biomolecules absorbed
on the particles enable their transportation and penetration into
cellular structures [6]. Through proteomic testing, we identified
proteins — MAP3K9, HLA-A, LDLR, LAMP2, AKT2, FNDC3B,
FRRS1L, SPTBN4, and HRH1 — that contribute to negative
effects and related metabolic disorders, which may ultimately
increase the incidence of occupational diseases.

Negative effects are associated with the influence of metal
jons on protein targets through that translates into increased
generation of reactive oxygen species (ROS), which boost
or slow down their expression. Damage to proteins impairs
activity of the enzymes, which raises the level of endogenous
cellular hydrogen peroxides and short-lived ROS, both of which
have a significant effect on lipid, protein, and carbohydrate
metabolism [14]. The MAP3K9 protein discovered in this study
participates in the cascades of cellular responses caused
by changes in the environment. In addition, it is involved in the
signaling pathway triggered by mitochondrial death (including
the release of cytochrome C) and leading to oxidative stress
and apoptosis [15]. The biological functions of another protein,
LAMP?2, are not entirely clear. It is believed to be heavily involved
in the work of lysosomes, including maintaining integrity, pH,
and catabolism. In addition, one of the functions of LAMP2
is to protect the lysosomal membrane from proteolytic enzymes
and methylating mutagens leading to the development
of oxidative stress [16].

Metal exposure also increases the risk of developing
metabolic syndrome characterized by hypertension,
insulin intolerance, central obesity, and dyslipidemia [17].
his effect is considered to be associated with excessive
oxidative stress resulting from the said exposure [18]. As part
of the insulin signaling pathway, the identified protein AKT2
plays an important role in the control of glycogenesis,
gluconeogenesis, and glucose transport [19]. The LDLR
protein mediates endocytosis of cholesterol-rich low-density
lipoproteins (LDL) and thus maintains their plasma levels [20].
A change in the expression of this protein significantly correlates
with growth of the LDL levels, which leads to the development
of atherosclerosis, metabolic syndrome, and steatohepatitis
[21]. The FNDCS3B protein may be a positive regulator
of adipogenesis [22]. However, abnormal adipogenesis
can trigger pathological conditions such as obesity, insulin
resistance, and other metabolic disorders [23].

Diseases of the nervous system are the most common
conditions causing temporary disability among ore miners [24].
The discovered FRRS1L protein is involved in the glutamate
signaling pathway (the main excitatory neurotransmitter) [22].
Increased expression of this protein can lead to excessive
excitability of neurons. Another protein, HRH1, mediates
smooth muscle contraction and increases capillary permeability
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Table 2. The parameters of the intensity change probability dependence models, simultaneous increase of the content of all elements (cobalt, chromium, nickel, copper,

and manganese) in the blood supernatant

Parameters of the model illustrating
L the causal relationship between metal - Indicators of adequacy
Direction of change S Determination - o
. X > The gene concentration in the supernatant and statistical significance
Spot . in protein expression . . : . factor .
Protein name encoding and changes in the intensity of the obtained models
number compared > X
the protein of the protein spot
to the control group
b, b, R F>3.96 p=<0.05
Protein 2 associated Yvith cerebellar cDR2?
degeneration
. . 8507.3 < -3072176.2 <
C d thase 4 CERS4 = —
3 eramide synthase 1 38.8 times 129504 679570 0.43-0.96 5.95<188.43 | 0.001-0.041
Eukaryotic peptide chain release
factor, GTP-binding subunit ERF3B GSPT2
Pegtidyl—prolyl gis—trans PPIL3
isomerase-like 3
Mitogen—gctivateq protein kinase MAP3K9
Kinase kinase 9 11449.7 31943171
< - <
10 1 3.2 times o P 0.46-0.90 6.77 <75.54 | 0.001-0.031
Zinc finger protein 316 ZNF316 16213.4 -74074.2
Transcription factor LBX2 LBX2
HLA leass | histocompat'ibility HLA-A
antigen, alpha A chain
_— . . -6354.7< 57030.1 <
16 Low-density lipoprotein receptor T 23.3 times LDLR _0828.8 2593427 1 0.47-0.95 7.16 < 145.11 0.001-0.028
DnaJ homologue of subfamily C, . —7376.8< 68144.0 < - .
17 member 28 113.4 times DNAJC28 _3195.7 3020105.4 0.47-0.94 6.96 < 129.64 | 0.001-0.030
Lysosomal-associated membrane
lycoprotein 2 LAMPZ -307021.0 <
20 glycoprote 1 5.9 times 929.7 < 1286.2 65884 0.12-0.96 5.67 <217.35 | 0.001-0.044
Zinc finger protein 862 ZNF862
RAC-beta-serine/Threonine protein AKT2
Kkinase ) 1864.8 < —611457.7 < » »
25 1 7.4 times 2551.4 135308 0.44-0.96 6.16 <215.24 | 0.001-0.038
Gasdermin A GSDMA
Cofilin 1 CFL1 .
28 T11.2 times 215;?7675 12?72235?] 3 0.41-0.97 5.68 <221.62 | 0.001-0.011
Uncharacterized protein C100rf62 C10orf62 - . .
Unconventional myosin-Vc MYO5C
. 10269.5 <
29 Member of the BCLAF1 and T 2.1 times BCLAF3 -622.7 < 135.5 451780 1 0.46-0.73 6.42 <21.07 | 0.002-0.035
THRAP3 3 family
. ) . 4725.8 <
32 Histamine H1 receptor T2.9 times HRH1 -412.3< -69.3 197127.0 0.50-0.87 8.14 < 51.47 0.001-0.021
tRNA (adenine(58)-N(1))-
methyltransferase non-catalytic TRMT6E
subunit of TRM6 . 25109 < 26816.7 < w .
33 71.3 times 4491 1 13629211 0.48-0.93 7.21<102.48 | 0.001-0.028
Factor 4 associated with
DDB1 and CUL4 bear4
Eroteln 35 containing thle FNDC3B
fibronectin type Ill domain
X . -701.0 < 16066.4 <
35 Peregrine 1 1.8 times BRPF1 497.14 791429.5 0.54-0.87 9.48 <54.18 | 0.001-0.015
Jupiter rr_\icrotubules associated JPT2
with homologue 2
Transforming growth factor . —2545.3 < 27486.8 < . .
39 beta-1-induced transcript 1 protein 118.7 times TGFB1I1 13440 1044407.3 0.47-0.91 7.22 <80.58 | 0.001-0.028
Beta protein . -3789.4 < 307497 <
40 phospharesyltransferase subunit T11.9 times FNTB 1756.6 1648931.6 0.43-0.97 6.12<219.41 | 0.001-0.038
FRRS1L protein containing
the DOMON domain FRARSIL _4495.1 < 62630.9 <
42 1 3.0 times 7121é 0 29120%81 0.41-0.96 5.48 <214.80 | 0.001-0.047
BRISC and BRCA1-A complex BABAM?2
member 2
Spectrin beta chain,
non-erythrocyte 4 SPTBN4
45 119.4 times 4036.9 < ~1414900.1 < 0.43-0.96 6.02 <169.26 | 0.001-0.040
. - . 5811.8 -31150.5
Protein 11, containing the domain
L : ) ADAM11
of disintegrin and metalloproteinase

by contracting terminal venules. In addition, it promotes
neurotransmission in the central nervous system (CNS)
and thereby regulates circadian rhythms, emotional and locomotor
activity, and cognitive functions [25]. The SPTBN4 protein
belongs to spectrins, scaffold proteins that bind the plasma
membrane to the actin cytoskeleton. They play a crucial role

in determining the shape of a cell, the location of transmembrane
proteins, and the organization of organelles. A change
in the synthesis of SPTBN4 disrupts ion channels in the tissues
of the nervous system by impairing the cytoskeletal system [26].
The HLA complex, which includes the HLA-A protein, serves
as the only link between the immune system and the intracellular
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Table 3. Prediction of negative effects (adverse outcomes) associated with changes in the expression of target proteins induced by high content of metals

in the supernatant

Gene-associated negative effects (adverse outcomes) Protein-encoding genes
Diseases of the immune system HLA-A
Blood diseases HLA-A, FNDC3B
Diseases of the urinary system SPTBN4
Diseases of the nervous system MAP3K9, HLA-A, LDLR, LAMP2, AKT2, FNDC3B, FRRS1L, SPTBN4
Respiratory diseases HRH1
Diseases of the digestive system LDLR, LAMP2, AKT2
Skin diseases AKT2
Diseases of the cardiovascular system MAP3K9, HLA-A, LDLR, LAMP2, HRH1
Diseases of the endocrine system SPTBN4
Cognitive impairment HRH1

state. The expression of this complex causes neuronal effects
in the thalamus and hippocampus, which lead to functional
disorders in the brain [27, 28].

The results of this study underpin the inclusion of proteomic
testing into chemical exposure assessment with the aim
to identify the key molecular points and mechanisms leading
to adverse outcomes, with the ultimate goal of this inclusion
being development of the early prevention measures
for occupational diseases.

CONCLUSIONS

1. Long-term, per-shift exposure to metals (cobalt, chromium,
nickel, copper, and manganese) dispersed in the air of the working
area at concentrations ranging from 0.004 to 0.2 mg/m?®
(up to 4 times the MPC) causes up to a 2.6-fold increase
in the concentration of these metals in the blood supernatant
of workers in the primary occupations involved in underground
mining of copper-nickel ores.

2. The revealed transformation of the proteomic profile
in the workers' blood supernatant—characterized by up
to a 26.3-fold increase in expression in 15 protein spots
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