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ABSTRACT

Introduction. The relevance of the study is due to the importance and insufficient study of the health risks of exposure to rare earth elements (REE) and the
likelihood of REE triggering immunogenetic mechanisms of vascular aging.

Materials and methods. The observation group included fifty three employees of the main production who were exposed to REE. Workplace air was found to contain
lanthanum, 0.00028—0.0039 mg/m’; praseodymium, 0.000044—0.00070 mg/m’, terbium, <0.000007 mg/m?; yttrium, <0.00001 mg/m’. The reference group
consisted of 64 administrative workers who did not come into contact with REE. The study involved using the allergosorbent test, flow cytometry, ELISA, and PCR.
Statistical data analysis was performed with Statistica 10.0. Data analysis included the Student’s t-test, R?, RR, OR, and 95% ClI; the significance of intergroup
differences was taken at p<0.05.

Results. In the observation group, elevated REE levels detected in the workers’ blood (1.46—1.87 times; p<0.05), was associated with an increase in
CD277*-lymphocyte expression (R°=0.53—0.89; p<0.05) and higher OR of IgG hyperproduction to lanthanides and TNF-a (OR=2.38—7.71). Significant differences
were found in the polymorphism of the AGT Thr174Met (CT; OR=2.96, CI=1.33—6.59) and ApoE Cys130Arg (TC; OR=9.07, CI=1.93—42.67) genes.
Limitations. Limited sampling of the main group of workers; limited number of modern reports concerning the assessment of immune mechanisms of vascular aging
associated with exposure to REE.

Conclusion. Exposure to REE in main production workers is accompanied by increased levels of butyrophilin, lanthanide IgG, and an increased relative risk of
developing disorders associated with single-nucleotide polymorphism of angiotensinogen and apolipoprotein vascular aging genes (RR=2.07—7.25). The identified
immunological and genetic indicators can be recommended for early diagnosis and prevention of work-related diseases involving implementation of immunological
pathways of early vascular aging under exposure to REE.
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JKCNo3MLUa peaKO3eMeNbHbIMU 3JIEMEHTAMU U OQHOHYKJIEOTUHbIE
3ameHbl Kak ¢paxkTopbl pucka, popmupyioLime paHHee CocyamucToe
cTapeHue Yy pa6oTHUKOB TUTAHO-MArHMEBOro NPOU3BOACTBA

DBYH «®epepanbHbii Hay4HbIN LEHTP MEAMKO-NPOPUAAKTMHECKMX TEXHONOMMI YNPABEHMs PUCKAMM 300pOBbIO HaceneHus», 614045,
Mepms, Poccus

PE3IOME

Beedenue. AxmyanvrHocms uccie0oeanus 00yca061eHaA 8alNCHOCMbIO U HeOOCMAMO4HOU U3YHEHHOCHbIO PUCKA 045 300p06bsa IKCHOUUUU PeOKO3eMeNbHbIMU
anemenmamu (P39) u éeposmuocmoio 3anycka P35 ummyHozeHemuueckux MexaHuzmos cocyoucmoao CmapeHus.

Ileaw uccaedosanus — oyeHKa UMMYHOZEHEMUHECKUX 0COOEHHOCHEll COCYOUCTO020 CIAapeHus y pabomHUK08 (Ha npumepe mumaHo-mazHue8020 npou3eo0cmeaa,)
8 ycaogusx sxcnozuyuu P35,

Mamepuaast u memoost. B epynny nabarwdenus eownu 53 pabomuuka 0CHO8HO20 NPou3600cmea, hooeepicertble o3deticmeuro P3D. B 603dyxe paboueii 30Hbl
yemanosaero npucymemeue aaumara (0,00028—0,0039 me/m?), npazeoduma (0,000044—0,0007 me/m?), mepous (< 0,000007 me/m?), ummpus (< 0,00001 me/m’).
Ipynny cpasnenus cocmasuau 64 aOMUHUCMPamMueHbvIX pabomHuxa, He Konmakmupyrowux ¢ P33. Henoavzosanst memoost arnepeocopbeHmno2o mecma, npo-
mouroti yumomempuu, MDA u I[T1I[P. Cmamucmuueckyro obpabomky evinonnsiau e Statistica 10.0. [Ipu o6pabomie danubix ucnoav3osanu t-kpumepuii Cmoro-
denma, R?, RR, OR u 95% CI; 3nauumocmo pazauuuii yuumoiearu npu p < 0,05.

Pesyavmamot. Y auy, epynnvt Habaiodenus gvisigaeHo usbvimouroe codepicarue P33 6 kposu (6 1,46— 1,87 paza; p < 0,05), accoyuuposantoe ¢ nogvluueHuem
axcnpeccuu CD277 -aumgpoyumos (R? = 0,53—0,89; p < 0,05) u 6o3pacmanuem warncos eunepnpodykuuu IgG k aanmanoudam u PHO-a (OR = 2,38—7,71).
Yemanoeaenst docmogepnvie pazauuus ¢ noaumopguzme eenog AGT Thr174Met (CT, OR = 2,96, CI = 1,33—6,59) u ApoE Cys130Arg (TC; OR = 9,07;
Cl = 1,93—42,67).

Ocpanuuenus uccaedosanus. OepanuuenHocmy 8bl00PKU OCHOGHOI ePYNNbl PAOOMHUKO8 U HUCAA COBDEMEHHBIX NYOAUKAUUL, NOCEAUEHHBIX OUCHKE UMMYHHbBIX
MEXAHUZMO8 COCYOUCIO020 CMAPEeHUsl, ACCOUUUPOBANHBIX ¢ IKcnozuyuei P3D.

Saxarouenue. Ixcnosuyus P3D y pabomuukos ocHoH020 npouzeodcmea conpogoxcoaemes nogviuleHuem yposus oymupoguauna, IgG k aanmanoudam u no-
BbIUEHHBIM OMHOCUMENbHIM PUCKOM PA3GUMUS HAPYUEHUIL, ACCOUUUPOBAHHBIX ¢ OOHOHYKACOMUOHBIM ROAUMOPDUIMOM 2€HO8 COCYOUCMO20 CIMAPeHUsl AHSUO-
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meH3uHozena u anoaunonpomeuna (RR = 2,07—7,25). Hoenmupuyuposarntsie UMMYHOA02UHECKUE U 2eHEMUYeCKUe NOKA3amenu Mo2ym Obimb peKOMeHO08aHb!
KaK UHOUKamopHole 045 3a0a4 panHeil OUAZHOCMUKU U NPODUAGKMUKU NPOU3E00CIEEHHO 00YCA06ACHHbIX 00Ae3HEll, CONPANCEHHBIX C Peatu3ayueil UMMYHONO0-
2UMECKUX MeXAHU3ZMO8 PaHHe20 cOCYOUCH020 CIMaperus 8 ycaogusx sKcnozuyuu P32.

Karoueeote caosa: pabomuuku,; mumano-mazHuesoe npou3g00cmeo; UMMYHHbLI ducbarauc; noaumopgusm eenog; P339; skcnosuyus,; omuocumensHolii puck

Cobarodenue smuveckux cmanoapmos. Paboma gvinonnena 6 coomeemcmeuu ¢ RPUHUURAMU XeabCuHKcKol dekaapayuu Beemuproi meduyurckoil accoyuayuu
(ped. 2024 e.). IIpomoxon u ousaiin uccaedoganus 0006penvl A10Katbhbim kKomumemom OBYH «Dedepanvhviii Hayunwli yenmp meouKo-npopuaAaKmueckKux
mexHoa02uil ynpagaenus puckamu 300poguio nacenenus» (13.03.2024 ., npomorxon Ne 2).

Jns marupoBanms: 3aiiuesa H.B., Yenakosa FO.A., Joarux O.B. Dkcrnosuiiys peako3eMeabHbIMU 2J1€MEHTAMU U OJIHOHYKJIEOTHAHbIE 3aMeHbl Kak (hakTopbl pucka, dop-
MUDYIOIIE PaHHEE COCYIUCTOE CTapeHue y pabOTHIUKOB TUTAHO-MAarHUEBOTO MPOU3BOACTBA. [ueuena u canumapus. 2026; 105(5): 507—513. https://doi.org/10.47470/0016-
9900-2026-105-5-507-513 https://elibrary.ru/wynodu
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Introduction

The widespread use of rare-earth elements (REEs) in high-
technology industries has led to a steady increase in their
production and, consequently, a rise in the number of workers
exposed to them in the workplace [1, 2]. Despite their growing
prevalence, the assessment of health risks associated with
exposure to REEs remains understudied [3]. This issue is of
particular relevance to non-ferrous metallurgy plants, especially
those specialising in titanium and magnesium production, where
workers may be exposed to a combination of aerosols, salts, and
oxides of titanium and REEs during the reduction, distillation,
and alloying of titanium and rare metals [4]. Lanthanides, when
inhaled, have the ability to accumulate in organs and tissues [5].
The biological effects of REEs are associated with their capacity
to induce oxidative stress, disrupt mitochondrial function, and
trigger apoptotic processes and vascular ageing [3]. Studies
in animal models and limited epidemiological data suggest
that REEs can modulate the immune response, causing both
suppression and hyperactivation of its individual components,
thereby triggering the immune mechanisms of atherogenesis [6].
Contemporary research in occupational medicine is based on the
application of molecular genetic analysis methods, which enable
the development of highly informative markers to assess the risk of
developing occupation-related conditions [7]. Polymorphisms in
genes, encoding key proteins involved in metabolic and regulatory
processes (for example, the angiotensinogen AGT gene and
apolipoprotein ApoE gene), can significantly influence the body’s
susceptibility to the effects of harmful factors through various
means, including modifications to the immune profile [8]. Until
recently, toxicological and immunological studies into the health
effects of REEs have been relatively scarce, and many questions
remain unanswered, particularly regarding the adverse effects of
occupational exposure to REEs [9].

The aim of the present study was to assess the immunogenetic
characteristics of vascular ageing in workers (using titanium-
magnesium production as a case study) exposed to rare-earth
elements (REEs), for the purposes of early diagnosis and
prevention of occupation-related diseases.

Materials and Methods

A comprehensive immunological and genetic examination of
117 workers (71 women and 46 men) was carried out at a titanium-
magnesium plant. The main group comprised 53 workers (21
women and 32 men) aged 54.42 *+ 1.55 years, employed in the
technological processes of reduction and distillation of titanium

and rare metals and exposed to rare-earth elements (hazard
class 2). This group included representatives of the following
occupations: equipment and workshop repair foremen, furnace
operators, electric and gas welders, distillation, neutralisation and
purification plant operators, and electricians specializing in the
repair and maintenance of electrical equipment. At all workplaces
surveyed, the presence of lanthanides in the air of the working
area was detected at concentrations not exceeding occupational
exposure limits (maximum acceptable concentrations [MAC]
and occupational exposure limits [OEL]). The maximum
concentrations, converted to oxides, were determined within
the following ranges: for lanthanum 0.00028—0.0039 mg/m?
(OEL = 6 mg/m?’), praseodymium 0.000044—0.0007 mg/m3
(OEL = 6 mg/m?), terbium < 0.000007 mg/m* (OEL = 4 mg/
m’®), and yttrium < 0.00001 mg/m* (MAC__ = 2 mg/m’). The
comparison group comprised 64 administrative staff members of
the enterprise (50 women and 14 men) aged 48.42 + 1.63 years,
who had no occupational exposure to harmful industrial factors.
All study participants gave their voluntary informed consent to
take part in the study.

The study was conducted using peripheral blood samples
from the workers under investigation. The concentration of rare-
earth element was determined by inductively coupled plasma
mass spectrometry (ICP-MS) using an Agilent 7900 instrument
(Agilent Technologies Inc., USA).

Lymphocyte phenotyping was performed using a FACSCalibur
flow cytometer (Becton Dickinson, USA) with CellQuest.PrO
software. Quantitative assessment of lymphocyte populations
and subpopulations (CD277) was performed by membrane
immunofluorescence, recording at least 10,000 events.

To determine the concentration of tumour necrosis factor
alpha (TNF-a), an enzyme-linked immunosorbent assay
(ELISA) was performed on a TECAN Sunrise analyzer (Austria)
using a test kit from Vector-Best (Russia). The content of
lanthanide-specific immunoglobulin G (IgG) was determined
using an enzyme-labelled allergosorbent assay*.

Extraction of DNA from peripheral blood was carried out
using the DNA-Sorb-B kit (NextBio, Russia). Genotyping of
the Thrl74Met 1rs4762 polymorphism in the angiotensinogen
(AGT) gene and the Cys130Arg rs429358 polymorphism in the
apolipoprotein (ApoE) gene was carried out by real-time PCR
on a CFX96 amplifier (Bio-Rad, Singapore) using SNP-Screen

* Russian Federation Patent for Invention No. 2185626 dated 20 July
2002, ‘Method for assessing sensitization to metal allergens’. The modified
competitive enzyme-linked immunosorbent assay (ELISA) method is
described in MR 111—14/55—-04—02.
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Rare-earth element content in blood in titanium-magnesium production workers
Conepxanue perKo3eMebHbIX 3JIEMEHTOB B KPOBH PAOOTHUKOB THTAHO-MATHHEBOTO MPOM3BOACTBA

Taonuma 1 /

Table 1

Pedbepetisiit yposers Ipynna Ha.ﬁ.]IlO)jleHl/lﬂ Ipynna cpaBHenus
ITokazarenn Observation group Reference group
X The reference level OR (95% CI) D

Indicator https://www.alsglobal.se n=>53 n=64

ps://w-asglobal. Mtm Mtm
Wrrpwmii, Mxr/mm? | Yttrium, meg/dm? 0.013-0.025 0.053£0.00113  0.03525£0.00815 3.47 (1.19—10.18) 0.033
Jlanran, Mkr/ nm* | Lanthanum, p/ dm? 0.008—0.046 0.09533 +£0.01161 0.06006 = 0.01309  3.31(1.21-9.03) 0.046
IMpaszeomum, kr/nm? | Praseodymium, ug/dm? 0.0019—-0.020 0.01332 £ 0.00078 0.00912 £ 0.00202 4.15 (1.06—16.25) 0.035
Tep6wuii, Mkr/nm? | Terbium, pug/dm? <0.0002—0.0018 0.00163 £ 0.00034 0.00087 £ 0.00013  3.93 (1.17—13.18) 0.039

[Mpumeuanue. 3nech 1 B Tabl. 2: OR — orHotenue mancoB; 95% Cl — 95%-it noBepUTENbHBII UHTEPBA; p — YPOBEHb 3HAUMMOCTH.

Note: Here and in table 2: OR — odds ratio; 95% CI — 95% confidence interval; p — significance level.

Immunological indicators of titanium-magnesium production workers
I/IMMyHO.JIOl‘l/l‘leCKl/le nokKasarTei p360THl/lKOB TUTAHO-MArHueBoro Npou3BoJacTea

Tabnuma 2 /

Table 2

Pedbepenrbiii Ipynna nabmoznenusi| Ipynna cpasHenus
TToka3zarenn MANA30H Observation group Reference group
Indicator The reference n=53 n=064 OR (95% €D ?
range Mtm M+tm

Jumormter CD277*, 10°/am* | CD277+-lymphocytes, 10°/dm*  0.06—0.10 0.222 £0.039 0.08 £0.023  4.89 (2.09—11.45) 0.002
Jiumborumrter CD277%, % | CD277*-lymphocytes, % 0.4—4.4 12.060 £+ 2.032 4.178 £ 1.228 3.77 (1.57-9.05)  0.001
Cnenuduyeckuii k tantanounam IgG, y. e. 0—0.1 0.159£0.019 0.117 £ 0.006 2.38 (1.13-5.01)  0.038
IgG specific to lanthanides, c. u.

®HO-a, nr/cm* | TNF-a, pg/cm? 0—6 6.010 £ 1.602 1.218 £ 0.404  7.71 (2.42—-24.63) 0.004

kits (Sintol, Russia). The amplification protocol comprised a
denaturation step at 95 °C for 3 minutes, followed by 40 cycles at
95 °C (15 s) and 63 °C (40 s).

Statistical analysis of the results was performed using the
Statistica 10.0 software package (StatSoft, USA). Inferential
statistics were used for data analysis: Student’s 7-test, correlation
and regression analysis, and Fisher’s F-test. The results of logistic
modelling are presented as the coefficient of determination
(R? and the level of statistical significance (p). To assess the
association between the studied indicators and the impact of
factors, the odds ratio (OR) was calculated with a 95% confidence
interval (CI), and to characterise the risk of developing disorders
under conditions of chemical exposure, the relative risk (RR) was
calculated. Differences were considered significant at p < 0.05.

Results

An investigation into the levels of rare-earth elements in the
bodies of workers in the titanium-magnesium industry revealed
a marked increase in the levels of certain metals compared with
administrative staff: yttrium — 1.5 times higher (ratio to the upper
limit of the reference range — 2.12), lanthanum — 1.59 times (ratio
to the upper limit of the reference range — 2.07), praseodymium —
1.46 times (ratio to the upper limit of the reference range — 0.67),
and terbium — 1.87 times (ratio to the upper limit of the reference
range — 0.91) (Table 1).

A comparative analysis of immunological parameters in
workers from the observation and control groups at a non-ferrous
metallurgy plant (harmful occupational factor — REEs) revealed
pronounced signs of cellular dysregulation, primarily due to the
overexpression of the butyrophilin regulatory cluster (CD277*
lymphocytes). Thus, in the main group, the absolute content
of CD277* was 2.78 times higher than that of the comparison
group (p = 0.002), whilst the percentage was 2.89 times higher
(» =0.001) (Table 2).

A statistically significant causal relationship was identified
between changes in cellular immunity parameters (CD277*%) and
increasing concentrations of contaminants in biological media.
A statistically significant (p < 0.05) increase in the proportion
of CD277* lymphocytes was observed with rising concentrations
of yttrium and lanthanum (Fig. 1), as well as praseodymium and
terbium in the blood (R>= 0.53—0.89) (Table 3)

Elevated levels of lanthanide-specific immunoglobulin G were
detected in 60.6% of workers in the main group. The mean values

0.9 il
> 1/
0.8 7
0.7 /.

0.6

0.5

0.4

0.3

BepoaTHOCTb NOBbILLIEHNSI
The probability of an increase

0.2

0.1

0

0.05 0.1 0.15 0.2 0.25
JlaHTaH, Mkr/gm® — CD277*-numdounTbl, OTH.
Lanthanum, mcg/dm?® — CD277*-lymphocytes, rel.
Puc. 1. JTorapuchmmnyeckas KoppensunoHHan ceasb N3MEHEHNS YPOBHS NUMO0-
untoB CD277* 1 KOHUEHTPALMN NAHTaHA B KPOBM.

Fig. 1. Logarithmic correlation relationship between the change in the level of CD277+
lymphocytes and the lanthanum concentration in blood.
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Taonuuma 3 / Table 3

Parameters of Exposure Marker — Effect Marker models in workers depending on the level of exposure to rare-earth elements (REE)

ITapameTpsl Monesieii «MapKeép IKCNo3uuK — Mapkeép 3¢ dekTa» y padoTalONMX B 3aBUCHMOCTH OT YPOBHS SKCHIO3UIMH PEAKO3eMeTbHBIMH
3JIeMeHTaMU

ITapameTpsi MonemH Koadpumment Kpurepwia
Mapxkép 3ddexra Mapkép SKcno3uumm Model parameters Kpme}; wii Ouuiepa AleTepMHHAIIHH JI0CTOBEPHOCTH
Fisher test Determination -
Effect marker Exposure marker b b F coefficient Significance test
0 1 R2 P
JIumpouuTel Wrtpuii / Yttrium —3.72 53.86 121.30 0.66 0.000
CD277%, otH.
JlanTtan / Lanthanum —2.74 37.53 194.33 0.89 0.000
CD277*-lymphocytes,
rel. Ipaseonum / Praseodymium —3.40 174.29 212.91 0.74 0.000
Tep6uit / Terbium —2.88 987.26 83.44 0.53 0.000

Taonuua 4 / Table 4
Comparative analysis of the distribution of candidate gene polymorphism frequencies in workers at the titanium and magnesium production
Cpasnmenwmﬁ aHaJIU3 pacrpeaejaeHuss 4acToT nommopdmsMa KAaHIUJIATHBIX I'€HOB Y paGOTHI/IKOB THTAHO-MAarHUEBOro NPOMU3BOACTBA

Ten TenoTmmst/a e Ipynna Ha'6.11]0£le]-[l/[}1 Ipynna cpaBuenus Y])O?e]-fl: 3HAYUMOCTH
Gene Genotypes/alleles Observation group Reference group OR (95% CI) Significance level
n=53;% n=64;% J/

AGT Thrl174Met CC 54.84 75.00 0.40 (0.18—0.881) 0.097
(rs4762) CcT 45.16 21.88 2.96 (1.33-6.59) 0.045
TT 1.00 3.13 0.60 (0.05—6.76) 0.317
C 77.42 85.94 0.56 (0.22—1.45) 0.219
T 22.58 14.06 1.79 (0.69—4.64) 0.219
ApoFE Cys130Arg TT 77.42 94.12 0.23 (0.07-0.76) 0.059
(rs429358) TC 2258 2.94 9.07 (1.93—42.67) 0.021
CC 1.00 2.94 0.60 (0.05—6.76) 0.319
T 88.71 95.59 0.39 (0.09—1.62) 0.151
C 11.29 4.41 2.60 (0.62—10.93) 0.151

OQHOHYKNEOTUAHBIA MONMMOPMK3M FEHOB COCYAMCTOTO CTapeHus
ApoE (retepoaurota TC) u AGT (reteposurota CT)

Single nucleotide polymorphism of ApoE (TC heterozygote) and AGT (CT heterozygote)
vascular aging genes

XpoHuyeckasi HU3KOypPOBHEBas 3KCMNo3nLms
P33 (< 0,01 NAK)
Chronic low-level REE exposure (< 0.01 MPC)

v v v

AKTMBaLMS KNETOYHOTO UMMYyHUTETa
Activation of cellular immunity

AKTMBaLMS rymopansHOro MMMyHUTETa
Activation of humoral immunity

A 4 v A 4 v

Mwnepnpogykums IgG, cneuunduryeckoro
K NTaHTaHomnaawm, B 1,36 pasa Bbille
pedepeHTHOro YpOoBHS

mnepakcnpeccusa ByTnpounnHoBoro
peuenTopa (CD277*)
Overexpression of butyrophilin receptor

[MOBbILLEHHbIV YPOBEHb
®HO-anbwma (B 4,9 pasa)
Increased TNF-alpha levels

Hyperproduction Lanthanide-specific IgG : +
is 1.36 times higher than the reference level (4.9 times) (CD2777)
v v A 4 v v

| [MpoBocnanutenbHoe pemoaenMpoBaHne COCYAMCTON CTeHkM / Pro-inflammatory vascular wall remodeling |

A 4
| dopmumpoBaHMe COCyAMCTOro cTapeHus n ateporeHesa / Formation of vascular aging and atherogenesis |

Puc. 2. Tunotetnyeckas cxema (DOPMUPOBAHIAS PAaHHEr0 COCYAMCTOrO CTAapeHIs B yCNOBUAX aKcno3uuuu P33 u nonumopduama kaHanaaTHbIX reHoB.
Fig. 2. A hypothetical scheme of the formation of early vascular aging under exposure to REE and polymorphism of candidate genes.
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of this indicator in the study group were statistically significantly
higher than the corresponding values in the comparison group by
a factor of 1.36 (p = 0.038). An odds ratio analysis showed that
exposure to rare-earth elements is associated with an increased
likelihood of hyperproduction of IgG specific to lanthanides
(OR=12.38;95% CI = 1.13-5.01).

Elevated tumour necrosis factor expression relative to the
reference range was recorded in 33.3% of workers in the main
group and in only 6.7% of those in the comparison group. The
level of this marker in the observation group was 4.9 times higher
than the control values (p = 0.004). An odds ratio analysis showed
that an increase in blood REE concentrations was accompanied
by a significant rise in TNF-a levels among workers in the study
group (OR=17.71,95% CI = 2.42—24.63).

It was found that polymorphisms in the angiotensinogen
gene AGT Thrl174Met (CT heterozygote — OR = 2.96,
95% CI = 1.33—6.59, p < 0.05) and the apolipoprotein ApoE
Cys130Arg (TC heterozygote — OR=9.07,95% CI = 1.93—42.67,
p < 0.05) act as risk factors for the development of disorders
associated with the functional domain of the candidate genes.
Furthermore, the presence of the AGT Thrl174Met (rs4762)
and ApoE Cys130Arg (rs429358) polymorphisms increases
the risk of the initiation of immune-mediated mechanisms
of vascular ageing (atherogenesis) by a factor of four among
front-line production workers compared with administrative
staff (RR = 2.07—7.25) (Table 4).

The results obtained in this study provided a basis for a
hypothetical algorithm explaining the development of early
vascular ageing under conditions of exposure to rare-earth
elements and polymorphisms in candidate genes (Fig. 2).

Discussion

The results of this study have identified significant changes
in immunological and genetic profile indicators, which
correspond with data from the scientific literature and reflect
the characteristics and modification of the immunogenetic
mechanisms of atherogenesis (vascular ageing) in workers at
non-ferrous metallurgy enterprises [10—24]. According to the
studies conducted, elevated levels of REEs lead to increased
TNF-a, specific antibodies to lanthanides, and the expression
of the pro-inflammatory butyrophilin receptor on gamma-delta
T-lymphocytes (CD277%) in the context of AGT and ApoFE gene
polymorphisms, and to the development of a pro-inflammatory
and pro-atherogenic state among workers in the main production
facilities of a titanium-magnesium complex.

Studies [10, 11] have demonstrated that elevated levels of
the pro-inflammatory cytokine TNF-a are a key mediator of
inflammation in cardiovascular diseases. TNF-a can induce
endothelial dysfunction, contribute to the development and
progression of atherosclerosis, and promote adverse cardiac
remodelling following myocardial infarction and heart failure
[12]. The heterozygous form of the AGT Thr174Met (rs4762, CT)
gene polymorphism identified in our study directly exacerbates
the pro-inflammatory state, a finding supported by data from
the international literature. Thus, hyperactivation of the renin-
angiotensin-aldosterone system (RAAS) may be a cause of
the development of hypertension, heart failure, and renal
dysfunction against a background of an inflammatory process. It
is important to note that angiotensin II, the end product of this
cascade reaction, itself possesses pro-inflammatory properties,
stimulating the production of TNF-a and other cytokines,
thereby creating a ‘inflammation—RAAS hyperactivation—
inflammation’ link [13, 14].

The findings from our study regarding the effect of REEs on
TNF-a levels are consistent with the literature, which indicates

the activation of pro-inflammatory processes following exposure
to occupational chemical agents. In particular, a study by Chen
T.H. et al. demonstrated that chronic exposure to heavy metals
and industrial chemical agents significantly increases serum
TNF-a levels. This reflects persistent systemic inflammation and
impaired immune regulation in workers exposed to metals and
toxic elements [15].

The overexpression of CD277* identified in our study may
serve as an indicator of the activation of the butyrophilin-
mediated pro-inflammatory pathway of the gamma-delta
(vd) T-lymphocytes, associated with endothelial dysfunction
and atherogenesis, in workers exposed to lanthanides (< 0.01
MAC), which corroborates the findings reported by some
authors [16—18]. Harly C. and colleagues hypothesised that
CD277" may act as an activator of Vy9Vo2 T-lymphocytes — a
population of innate lymphocytes that respond to cellular and
metabolic disturbances [16]. According to other sources, it has
been established that the activation of Vy9Vo2 T-cells leads to
the overproduction of pro-inflammatory cytokines, including
TNF-a [17], which, in the opinion of a number of authors,
reflects the immune mechanism underlying the development
of atherosclerosis and the role of the innate immune system in
atherogenesis [18].

The most significant genetic risk factor in the context of
cardiovascular disorders is the heterozygous polymorphism of
the ApoE Cys130Arg gene (rs429358, TC) in workers exposed
to low-level REEs (< 0.01 MAC), as identified in this study.
Scientists believe [19] that this genotype is also associated with
dyslipidaemia and an increased risk of developing coronary heart
disease and cerebrovascular disease. The study by Kudayeva 1.V.
also shows that, in workers exposed to chemical agents, the ApoE
Cys130Arg polymorphism is significantly associated with an
increased cardiovascular risk. This points to the modifying role
of the ApoE gene polymorphism in the development of chemical-
induced vascular pathology [20].

Although a direct link between antibodies to lanthanides and
specific pathologies is not described in the scientific literature,
the very fact of a humoral immune response to rare-carth haptens
indicates specific sensitization of the body to lanthanides. Data
from the scientific literature confirm that chronic exposure
to lanthanides in industrial settings can sustain systemic
inflammation in workers, increase the risk of immune complex
formation, and create conditions conducive to vascular damage.
This subsequently leads to destabilization of the vascular wall
and the development of occupation-related diseases (affecting
the cardiovascular system) [21]. The authors [22—24] note that
rare-earth elements can cause the aggregation of inflammatory
cells and the release of pro-inflammatory factors. This leads to
disturbances in haematopoietic function and vasoconstriction,
and has a negative impact on the structure and function of the
cardiovascular system.

Based on the data obtained and scientific literature, it can be
hypothesized that exposure to REEs in workers with genetically
modified expression of endothelial-associated proteins (AGT and
ApoE polymorphisms) induces a chronic immune inflammatory
response characterised by the production of specific antibodies
(IgG against lanthanides), activation of CD277*, and a persistent
increase in the levels of pro-inflammatory cytokines (TNF-a).
Taken together, these findings characterize the immunogenetic
manifestations of vascular ageing and atherogenesis.

The data obtained in this study indicate the accumulation of
REEs in the biological fluids of workers and the development
of immuno-inflammatory effects at exposure levels that do
not exceed current occupational health standards (maximum
permissible concentrations and occupational exposure limits).
The established level of bioexposure to REEs in workers’
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blood, which is 1.46—1.87 times higher than that of the control
group (p < 0.05), indicates that even low concentrations of
REEs in the workplace air (< 0.01 MAC) pose a risk of metal
accumulation in the body, whilst low-level chronic exposure
itself poses risks of developing premorbid disorders, which
are not fully reflected in assessments of workplace quality.
The results presented demonstrate significant correlations
between REEs concentrations and the expression of CD277*
lymphocytes (R*= 0.53—0.89). Together with increased levels of
TNF-a and lanthanide-specific IgG, this indicates the presence
of a chronic immune inflammatory process. One of the factors
explaining the development of the identified vasculotropic
effects at concentrations within regulatory limits is the genetic
predisposition of workers. The detected polymorphisms in the
AGT Thr174Met (rs4762) and ApoE Cys130Arg (rs429358) genes,
which are associated with an increased risk of vascular disorders
(RR = 2.07-7.25), can significantly modify individual sensitivity
to chemical factors; therefore, even low-level exposure is capable
of triggering specific immunological cascades in genetically
predisposed individuals.

Thus, the body of evidence suggests that chronic exposure to
REEs, even at levels below occupational safety standards, may lead
to excessive bioexposure, subsequently triggering immunogenetic
mechanisms of vascular ageing.

Limitations of the study. The limited sample size of the main
group of workers and the scarcity of recent publications assessing
the immune mechanisms of vascular ageing associated with
exposure to REEs.

OpurnHanbHas cratbst

Conclusion

It has been shown that workers in primary production,
compared with administrative staff, exhibit increased activation of
the immune system, as confirmed by excessive expression of the
TNF-a ligand [OR = 7.71 (CI = 2.42—-24.63)] and IgG specific
to lanthanides [OR = 2.38 (CI = 1.13—5.01)]. Direct correlations
have been established between the concentrations of individual
rare-earth elements (yttrium, lanthanum, praseodymium, and
terbium) and the level of the pro-inflammatory atherogenic
CD277* (R*= 0.53—0.89 at p < 0.05), which is associated with
endothelial dysfunction.

The heterozygous polymorphism in the AGT Thr174Met (CT)
and ApoFE Cys130Arg (TC) in workers on the main production line
at the titanium-magnesium plant are considered hypothetical risk
factors for the development of pro-inflammatory cellular and vascular
alterations. The presence of heterozygous variants in the genotype
significantly increases the likelihood of adverse effects (OR = 2.96 and
9.07, respectively), which almost quadruples the risk of developing
disorders associated with the functional domain of the candidate genes
(RR = 2.07-7.25), which mediate the immunogenetic mechanism of
vascular ageing (AGT gene, ApoE gene).

The identified indicators of genetic and immune status may be
recommended as markers of the effect and sensitivity of endothelial
dysfunction, the risk of vascular ageing and atherogenesis, for
the purposes of early diagnosis, identifying at-risk groups, and
preventing occupation-related health disorders among workers in
the titanium and rare metals recovery and distillation industry.
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