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ABSTRACT

BACKGROUND: The characteristics of vascular pathology in different phenotypes of occupational chronic obstructive pulmonary
disease (COPD), as well as the causal role of various industrial aerosol components, especially nanoparticles, are poorly
understood.

AIM: To determine the characteristics of arterial remodeling and endothelial function in patients with occupational COPD caused
by exposure to aerosol nanoparticles.

METHODS: An observational, cohort cross-sectional study was performed in patients with occupational COPD caused
by exposure to aerosols containing metal (n = 48) or silicon (n = 55) nanoparticles, compared with COPD caused by tobacco
smoking (n = 50). Scanning electron microscopy and inductively coupled plasma atomic emission spectroscopy were used to
measure the size and chemical composition of particles, respectively. The procedures used in the study included color-flow
duplex scanning of the brachiocephalic arteries, brachial arteries, and aorta; flow-mediated dilation test of the brachial arteries;
and enzyme-linked immunosorbent assay of molecular markers. Linear regression was used to determine relationships.
RESULTS: The group of occupational COPD caused by aerosols with silicon nanoparticles had the highest values of carotid
intima-media thickness: 1.2 [0.9; 1.5] mm; in the group of occupational COPD caused by aerosols with metal nanoparticles
and the control group, these values were 0.9 [0.7; 1.0] mm and 0.8 [0.7; 0.9] mm, respectively (p = 0.009). Moreover, the group
of occupational COPD caused by aerosols with silicon nanoparticles had the highest incidence of atherosclerosis compared
to the group of occupational COPD caused by aerosols with metal nanoparticles and the control group (41.8% vs. 22.9% and
18.0%, respectively; p = 0.003). The aortic pulse wave velocity in the three groups was 12.6 [11.2; 14.1], 9.3 [8.9; 10.7], and
7.2 [6.9; 8.4] m/s, respectively (p = 0.001). The minimum flow-mediated dilation of the brachial arteries was 2.5 [2.1; 3.4],
3.8 [3.3; 4.6], and 4.7 [4.5; 5.3]%, respectively (p = 0.001). Occupational COPD caused by aerosols with silicon nanoparticles
was associated with the highest serum levels of vascular cell adhesion molecule 1, von Willebrand factor, transforming growth
factor B1, procollagen Ill N-terminal propeptide, and fibroblast growth factor 2. Regression relationships were found between
the intima-media thickness and the concentration of metal (adjusted R-squared [R?: 0.36) and silicon (adjusted R%: 0.47)
nanoparticles, as well as the length of employment (adjusted R%: 0.27). Moreover, regression relationships were found between
the flow-mediated dilation of the brachial arteries and the concentration of metal (adjusted R% 0.51) and silicon (adjusted R%
0.71) nanoparticles, the length of employment (adjusted R 0.68), and the total concentration of silicon-containing dust (adjusted
R% 0.55).

CONCLUSION: Occupational COPD caused by exposure to aerosol nanoparticles (especially silicon-containing ones) is associated
with significant vascular remodeling and endothelial dysfunction, which must be considered during follow-up care.
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AHHOTALUA

06o0cHoBaHue. OcobeHHOCTM naTonoru cocyAoB npu deHoTMnax NpodeccMoHanbHOM XpOHMYECKOM 0BCTPYKTMBHOM bones-
Hu nérkux (MX0BJ1), a TakKe posib B MX HOPMUPOBAHUM KOMMOHEHTOB NPOMBILLIIEHHBIX a3po30siel, 0cobeHHO HaHoYacTuL,
WU3y4YeHbl He[OCTaTO4HO.

Lenb. Onpepenutb ocobeHHOCTU peMofenupoBaHus apTepuit M dyHKUMM 3HpoTenua y BonbHbix [XOBJ], passusLueiics
OT BO3AECTBUS a3po30MieM, COAEPHALLMX HAaHOYaCTULbI.

Metoabl. BeinonHeHo HabntogaTensHoe KOrOpTHOE OJHOMOMEHTHOE uccienoBaHue 60mbHbIX MXOBJS], passuBLLeics oT Bo3-
LeiCTBUA a3po30Miem ¢ HaHoyacTULaMmu MeTannos (n=48) unn KpeMHus (n=55), B cpaBHeHumn ¢ XOBJ1 BcneacTeue TabaKoky-
peHus (n=50). Pa3Mepbl YacTuL, onpefeneHbl C UCMOb30BAHUEM CKaHUPYIOLLEN 31EKTPOHHOA MUKPOCKOMWM, XMMUYECKMIA CO-
CTaB — aTOMHO-3MUCCMOHHOM CMEKTPOMETPUM C MHAYKTUBHO CBA3aHHOW nna3mol. MpoBefeHbl fynieKCHOe CKaHUpOBaHue
C LBETHBIM ONM/IEPOBCKUM KapTUPOBaHWEM KPOBOTOKa bpaxuoLedanbHbIX, MeYeBbX apTepuii, aopTbl; OLEHKa NOTOK-0MOC-
PeA0BaHHOM AunaTauumn nneyeBblX apTepuin; Uccien0BaHNe MONEKYNAPHLIX MapKepoB TBEpLOdasHbIM UMMYHO(EPMEHTHBIM
MeToA0M. B3auMocBA3M onpefeniafm ¢ NOMOLLBH JIMHEHHON perpeccuu.

Pesynbtatbl. B rpynne MXOBJ], pa3suBLueiica oT aspo3oneii C HAaHOYACTULLAMU KPEMHUS, BbISBNEHbI MaKCUMaslbHbIE 3Ha-
YeHWsA TOJLLMHBI KOMIJIeKca MHTUMa-Meama obiwuein coHon aptepum — 1,2 [0,9; 1,5] mm; B rpynne XOBJ1, passuBLueiica
0T a3po30sieii ¢ HaHovacTMuamu Metannos, — 0,9 [0,7; 1,01 mM; B rpynne cpasHenns — 0,8 [0,7; 0,9] mm (p=0,009). B atoii
Ke rpynne yCTaHoB/EeHbl HaubobLLIME 3HAYeHMA YacToTbl aTepockneposa (41,8% B cpasHeHuu ¢ 22,9% B rpynne MXO0BJ1, pas-
BMBLUEICA OT a3po30/ied ¢ HaHovacTMuaMu MeTannos; U 18,0% B rpynne cpaBHenus, p=0,003); ckopocTh pacnpocTpaHeHus
nynbcoBoii BofHbl B aopTe (12,6 [11,2; 14,1]; 9,3 [8,9; 10,71; u 7,2 [6,9; 8,4] M/c cootBeTcTBEHHO, p=0,001); MUHMMAaNbHbIE
3Ha4yeHMs NOTOK-0NOCPeA0BaHHOI avnatauum nneyesbix aptepuii (2,5 [2,1; 3,41; 3,8 [3,3; 4,61 m 4,7 [4,5; 5,3]% cooTBeTCTBEH-
Ho, p=0,001). Mpw MXOBJT oT a3po3onein ¢ HaHOYACTMLLAMU KPEMHUS BbIMM MaKCUManbHBIMUA CbIBOPOTOYHbIE KOHLEHTpaLuK
cocyamucTon Monekynbl agresmu 1, daktopa dpoH Bunnebpanaa, TpaHchopmMupyiowero daktopa pocta B1, N-tepMuHanbHoro
nponentuia npokonnareHa lll, dakropa pocta ¢ubpobnactos 2. BuisiBNEHbI PerpeccMoHHbIE B3aUMOCBA3N TOMLLUMHBI KOM-
MfeKca MHTUMa-Meama C KOHLeHTpaumell HaHoYacTUL, MeTannoB (KOpPeKTMpOBaHHLIA KBagpaT Ko3dduuMeHTa LeTepMu-
Hauun — R%qp, — paBeH 0,36) 1 kpeMHus (R%qp, 0,47), cTaxkeM paboTbl (R%qpp 0,27); NOTOK-0MOCpeoBaHHOM AvnaTaumm
NeyeBbIX apTepuil C KOHLEHTpaLmMen HaHodacTUL MeTannoB (R%qp 0,51), kpeMHUs (R%qpp 0,71), cTaxeM paboTbl (R%qp, 0,68),
06LLeil KOHLLeHTpaLmelt KpeMHuAcoaepaLLeit nbilin (R%qp, 0,55).

3akntouenue. MMXOBJ1 B ycroBusAx BO3AEMCTBUA a3po30iel C HaHOYacTULaMM (0COBEHHO KPEMHUMCOAEPKALLMMM) OT/IMHAETCA Bbl-
PaXKEHHOCTLIO PEMOAENMPOBaHIS COCYA0B U AUCHYHKLMM 3HAOTENNS, YTO HEOOX0AMMO YUMTLIBATL NPU AUCMAHCEPHOM HabMOAEHNM.

KnioyeBble cnoBa: HaHOYaCTULbI; npocbeccmHaanaﬂ XpOHU4eCKas 06CTPYKTMBHaﬂ BonesHb NErkux; peMoaenuposaHue
Ccocynos.; 3HAo0TEeNNanbHaA ,U,MC(IJYHKLI,MH.
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BACKGROUND

The significance of chronic obstructive pulmonary disease
(COPD) is determined by its high prevalence (ranking second
among chronic non-communicable respiratory diseases [1]),
associated disability, and premature mortality (ranking third
among chronic non-communicable diseases).' The projected
economic burden of COPD in Russia is 378.9 billion rubles (as
of 2022) [2]. The disease significantly reduces the workforce,
directly impacting the country’s economic security. Mortality
among the working-age population (18—65 years) is 22.5 per
100,000 people or 4% [3].

Occupational chronic obstructive pulmonary disease
(0-COPD) is a progressively worsening severe disease caused
by exposure to harmful particles and gases in the workplace
environment. In the structure of occupational diseases caused
by chemical exposure, 0-COPD ranks second, accounting
for 19.2%.

The burden of COPD is associated not only with progressive
respiratory failure. Cardiovascular comorbidities are
the cause of at least 50% of deaths in patients with COPD [4].
COPD increases the risk of heart failure [5], ischemic heart
disease [6], hypertension [7], and atrial fibrillation [8].
Within 6 months after a moderate COPD exacerbation,
the risk of acute myocardial infarction increases by 50%,
while after a severe exacerbation, it is 6.4 times higher [9].
Cardiovascular diseases and COPD have a mutually
aggravating effect, increasing the risk of death and reducing
disease control effectiveness [7, 10]. The high comorbidity rate
of COPD and cardiac pathology is associated with the impact
of pro-inflammatory regulatory molecules on the vascular
wall and myocardium, which enter the bloodstream from
the lungs and bronchi.

In the case of 0-COPD, the development of comorbidities
is likely influenced by both the specific pattern of systemic
inflammation and the direct impact of industrial aerosol
components [11-13]. For example, the prevalence
of atherosclerosis is higher in patients with occupational
dust-related pathology than in non-exposed individuals [12].
Additionally, clinical and functional differences in heart
failure have been observed [13]. Exposure to metals, silica
dust, and toxic gases increases the risk of hypertension,
atherosclerosis, and atherosclerosis-associated
diseases [13].

Many industrial aerosols contain nanoparticles—particles
measuring less than 100 nm in at least one dimension.
The unique physical properties determined by their size
contribute to the high biological activity of these particles
and their potential health risks [14]. Nanoparticles can
induce damage and inflammation in the bronchopulmonary
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system and modify the phenotype of 0-COPD. Additionally,
nanoparticles penetrate the bloodstream through
the alveoli and directly interact with the vascular wall [15].
The mechanisms of this interaction remain understudied.
At the same time, the known properties of nanoparticles
suggest their independent role in the development of vascular
pathology in 0-COPD, highlighting the relevance of research
in this field.

AIM

To determine the characteristics of arterial remodeling
and endothelial function in patients with 0-COPD resulting
from exposure to nanoparticle-containing aerosols.

MATERIALS AND METHODS
Study Design

It was a single-center, observational, cross-sectional
cohort study. Patients with 0-COPD were examined as the main
groups, while patients with COPD due to tobacco smoking
constituted the reference group. COPD was diagnosed based
on the spirometric criterion: a post-bronchodilator forced
expiratory volume in 1th s to forced vital capacity ratio of less
than 70% [16].

Eligibility Criteria

The patients included in the study met the following
criteria: age 40 to 65 years, both men and women, and signed
informed consent to participate.

Inclusion criteria for the main groups (0-COPD): workers
from a mechanical engineering enterprise (the All-Russian
Classifier of Types of Economic Activity (OKVED) code
30.30.32) exposed to industrial aerosols containing incidental
nanoparticles; workers from other enterprises engaged
in similar production processes and materials; a minimum
work experience of 10 years under these conditions; and
chronic respiratory symptoms for at least 5 years while
working under these conditions.

Inclusion criteria for the reference group (COPD in tobacco
smokers): no exposure to industrial aerosols throughout
the entire work history; a minimum of 10 years of tobacco
smoking (traditional cigarettes); and a pack-year index
of at least 10.

Exclusion criteria: individuals with other chronic
bronchopulmonary diseases (simple bronchitis and bronchial
asthma were allowed); inflammatory diseases other than
COPD; malignant neoplasms regardless of localization;
vibration disease; stages IIA-Ill left ventricular heart failure;

! Global burden of disease study 2021. Available from: https://vizhub.healthdata.org/gbd-compare/ Accessed on July 27, 2024.

2 0n the State of Sanitary and Epidemiological Well-Being of the Population in the Russian Federation in 2023: State Report. Moscow: Federal Service for
Surveillance on Consumer Rights Protection and Human Well-Being, 2024. Available from: https://rospotrebnadzor.ru/documents/details.php?ELEMENT _

ID=27779 Accessed on July 27, 2024.
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stage C5 chronic kidney disease; Child-Pugh class B-C
liver cirrhosis; individuals unable to understand and comply
with the study protocol; and contraindications to the study
diagnostic procedures.

Study Conditions and Investigation of External
(Occupational) Environmental Factors

Initially, an air quality study was conducted in the working
area of a mechanical engineering enterprise (OKVED code
30.30.32). Air sampling with a volume of 200-600 L was
performed using the PU-4E electric aspirator (NIKI MLT,
Russia). The sample was passed through a Drechsel bottle
filled with an absorbent solution (50 mL of deionized water).
The nanoscale particle fraction was isolated by centrifuging
the solution in a planetary centrifuge for 10 min at 1500 rpm.
The particle sizes in the upper fraction of the solution
were determined using scanning electron microscopy
combined with an energy-dispersive analyzer (scanning
electron microscope Zeiss EVO MA 15; Carl Zeiss, Germany)
at magnifications ranging from 2000x to 8000x. The overall
chemical (elemental) composition was determined using
inductively coupled plasma atomic emission spectrometry
on a high-resolution iCAP-6500 spectrometer (Thermo
Scientific, USA).

The concentration of nanoparticles ranged from
5 to 625 ng/L. At the workstations of smelters and welders,
metal nanoparticles predominated, with the highest mass
concentrations recorded for aluminum (0.0031 pg/mL), iron
(0.0042 pg/mL), and chromium (0.00021 pg/mL), while
the concentration of silicon nanoparticles was minimal.
Subsequently, the total concentration of metal nanoparticles
was used for calculations. At the workstations of charge
workers, molders, chippers, and grinders, the highest
mass concentration was observed for silicon nanoparticles
(0.035 pg/mL), whereas the concentration of metal
nanoparticles was minimal. Based on these results, two study
groups of patients with 0-COPD were formed, depending
on the predominant content of metal or silicon nanoparticles
in the aerosols.

Data on gas and dust concentrations in the occupational
environment, excluding particle size fractions, were obtained
from hygienic assessments of working conditions conducted
by experts from the Department of Occupational Hygiene and
Community Hygiene of the Federal Service for Surveillance
on Consumer Rights Protection and Human Wellbeing
(Rospotrebnadzor) in the Novosibirsk Region. These
assessments were carried out as part of an occupational
disease investigation at the Center for Occupational Pathology,
State Budgetary Healthcare Institution of the Novosibirsk
Region, City Clinical Hospital No. 2. At the workstations
of the examined individuals, the maximum allowable
concentrations were exceeded for copper (maximum
single exposure by 1.5 times, time-weighted average
by 2.9 times); manganese (maximum single exposure
by 5.5 times, time-weighted average by 2.7 times); and
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silicon dioxide-containing dust (maximum single exposures
by 1.5-10.2 times, time-weighted average by 6.5-16.1 times).

All subjects worked under conditions of physical
overexertion, exposure to noise exceeding maximum
permissible levels by 1.1-1.3 times. A total of 90.9%
of patients with COPD developed from aerosols with silicon
nanoparticles were exposed to local and/or general vibration
exceeding maximum permissible levels by 10%-15%.
A total of 60.4% of patients with 0-COPD developed from
aerosols with metal nanoparticles were exposed to a heating
microclimate.

Study Duration
The study of patients was conducted from 2019 to 2023.

Main Study Outcome

Differences in parameters characterizing vascular wall
morphology, blood flow, and vascular tone were evaluated
between etiologically distinct 0-COPD groups.

Methods for Registration of Outcomes

All diagnostic procedures were performed during
the stable phase of 0-COPD, in the absence of any acute or
emergency conditions or acute infections.

To assess the structural characteristics of arterial vessels,
duplex scanning of the brachiocephalic and brachial arteries,
as well as the aorta, was performed with color Doppler flow
mapping using the Vivid S70N system (GE Healthcare, USA).
The system included an electrocardiogram recording module
and a linear transducer with a frequency range of 3—-9 MHz,
applied in longitudinal anterior, longitudinal lateral, and
transverse sections. An atherosclerotic plaque was detected
by visualizing a structure protruding into the arterial lumen
by 0.5 mm or 50% of the intima-media thickness (IMT) or
a structure extending into the vessel lumen by 1.5 mm or
more. IMT was measured in the distal part of the common
carotid artery. Measurements were taken at end-diastole.
In Doppler mode, arterial stiffness of the neck was
assessed by evaluating the pulsatility and resistive indices
of the common carotid artery. Pulse wave velocity was
analyzed using Doppler ultrasonography with color Doppler
flow mapping from the descending aortic arch to the aortic
bifurcation [17].

Endothelial function was assessed by measuring
flow-mediated dilation of the brachial artery. Baseline duplex
scanning of the brachial artery was performed, followed
by inflation of a cuff placed on the distal third of the upper arm
to 50 mmHg above the systolic arterial pressure for 3 min.
The cuff was then slowly decompressed, and after 1 min,
the brachial artery diameter and its percentage increase were
assessed [18]. Molecular markers of endothelial function
were evaluated, including soluble vascular cell adhesion
molecule-1 (sVCAM-1) and von Willebrand factor, as well
as fibrosis markers: transforming growth factor beta 1
(TGF-B1), procollagen type Ill N-terminal propeptide (PIIINP),
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and fibroblast growth factor 2 (FGF-2). For marker analysis,
a solid-phase “sandwich” enzyme-linked immunosorbent
assay (ELISA) was used on an ExpertPlus 8-channel
microplate photometer (ASYS HITECH, Austria). The serum
concentration of low-density lipoproteins was determined
using a standard colorimetric method.

Additionally, a comprehensive lung function assessment
was performed, including spirometry with a bronchodilator
test using a MAS2-C spirometer (Belintelmed, Belarus),
body plethysmography, and measurement of lung diffusion
capacity for carbon monoxide using the single-breath method
(PowerCube Body plethysmograph; Schiller, Germany).

Statistical Analysis

Sample size calculation principles: The required number
of patients for inclusion in the study was estimated using
Altman’s nomogram, based on a study power of 0.75.

Methods of statistical data analysis: The statistical
analysis was performed using SPSS Statistics 29 (IBM, USA).
The level of statistical significance for rejecting the null
hypothesis was set at p = 0.017, accounting for the Bonferroni
correction.

Standard descriptive statistical methods were applied.
Results are presented as the median and interquartile range
(Me [Q1; Q3]) for continuous variables and as percentages/
proportions for ordinal variables. Independent sample
comparisons for continuous variables were performed using
the Kruskal-Wallis test, while ordinal variables were analyzed
using Pearson’s y? test, provided that the total number
of observations was at least 50 and each category contained
at least 5 observations. Associations were determined within
each study group using linear regression analysis. IMT and
flow-mediated dilation of the brachial artery were used as
dependent variables. To control for confounding factors,
the regression models included the following parameters:
forced expiratory volume in 1th s, smoking status,
hypertension, and vibration exposure. Continuous variables
were dichotomized.

RESULTS

Participant Characteristics

The 0-COPD group exposed to aerosols containing
metal nanoparticles included 48 patients, comprising
foundry workers (n = 29) and welders (n = 19). The 0-COPD
group exposed to aerosols containing silicon nanoparticles
included 55 patients, consisting of charge workers (n = 5),
molders (n = 22), chippers (n = 10), and grinders (n = 18).
The reference group consisted of 50 tobacco-smoking
patients. The main characteristics of the study participants are
presented in Table 1. The groups were comparable in terms
of sex, age, and COPD duration, while the occupational
disease groups were also matched for work experience.
The proportion of patients with comorbid hypertension
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(both controlled and uncontrolled), obesity, and diabetes
mellitus—potential causes of vascular remodeling—was
similar across the groups. However, ischemic heart disease,
atrial fibrillation, and chronic kidney disease—potential
consequences of vascular remodeling—were more prevalent
in the 0-COPD groups.

Primary Findings

Ultrasound evaluation of the vascular wall revealed
the greatest increase in IMT, as well as a higher prevalence
of carotid artery atherosclerosis and a greater percentage
of arterial lumen narrowing due to atherosclerotic
plaque, in the 0-COPD group exposed to aerosols
containing silicon nanoparticles (Table 2). This group
also demonstrated higher systolic and lower mean linear
blood flow velocities. The increase in the pulsatility index,
resistive index of the brachiocephalic arteries, and pulse
wave velocity in the aorta in patients with 0-COPD due
to nanoparticle aerosol exposure indicates increased
arterial stiffness.

In the 0-COPD group exposed to aerosols containing
metal nanoparticles, compared with the smoking-related
COPD group, there was a decrease in the mean linear
blood flow velocity in the common and external carotid
arteries, an increase in the resistive index in the common,
external carotid, and vertebral arteries, and an increase
in the pulsatility index in the external carotid arteries. These
findings also indicate a greater degree of vascular remodeling
and increased arterial stiffness.

Statistically significant differences in pulse wave
velocity in the aorta were identified between the study
groups. The highest values were observed in the 0-COPD
group exposed to aerosols containing silicon nanoparticles,
intermediate values were observed in the group exposed
to metal nanoparticles, and the lowest values were observed
in the tobacco-smoking COPD group.

Thus, ultrasound characteristics reflecting vascular
remodeling (fibrosis and atherosclerosis) were more
pronounced in 0-COPD compared to smoking-related COPD,
particularly in 0-COPD caused by exposure to aerosols
containing silicon nanoparticles.

The analysis of molecular factors revealed a profibrotic
cytokine profile in the blood of patients with 0-COPD exposed
to silicon nanoparticle aerosols, along with the highest levels
of active fibroproliferation markers. Specifically, TGF-f1
concentration was 944.6 [864.5; 966.7] pg/mL, FGF-2 was
16.3[13.0; 19.6] pg/mL, and PIINP was 92.1[82.8; 101.4] ng/mL.
For comparison, in 0-COPD due to exposure to aerosols
containing metal nanoparticles, the concentrations
of these molecules were 713.0 [688.2; 736.6] pg/mL,
1.5 [1.41; 1.62] pg/mL, and 156.7 [141.5; 171.9] ng/mL,
respectively. In the reference group, the values were
732.8 [654.4; 811.6] pg/mL, 8.3 [5.7; 11.3] pg/mL, and
28.5 [16.6; 42.3] ng/mL, respectively (p < 0.017); differences
were statistically significant among all groups.
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Table 1. Patients’ characteristics

0-COPD (n=103)

Smoking-related COPD
Parameter Metal nanoparticles Silicon nanoparticles (n=50) P
(n=48) (n=55)

Work experience, years, Me [Q1; Q3] 23119; 26] 22 [20; 25] N/A 0.316
Men, n (%) 45/93.8 52/94.5 46/92.0 0.442
Women, n (%) 3/6.2 3/5.5 4/8.0 0.439
Age, years, Me [Q1; Q3] 57 [55; 63] 59 [54; 64] 60 [55; 63] 0.318
Percentage of smokers, n (%) 15/31.23 18/32.7° 50/100"2 0.001
Pack-year index, Me [Q1; Q3] 13M;17] 14 [12;16] 1713; 19] 0.142
Smoking duration, years, Me [Q1; Q3] 25[20; 27] 2421, 26] 251[21; 26] 0.225
COPD duration, years, Me [Q1; 03] 12[7,15] 13[9; 16] 14.[10; 16] 0.496
X\égrr:el\’j]‘;e[gﬁ?g?t the onset of 0-COPD symptoms, 1.0 90; 14.5] 10[8; 13] N/A 0233
FEV:/FVC, %, Me [Q1; Q3] 65[63; 671 69 [66; 68]"* 62 [58; 68]"2 0.0Mm
FRC, %, Me [Q1; Q3] 195 [180; 2107%° 164 [155; 173]"* 172 [166; 182]"? 0.001
DLCO/Va, %, Me [Q1; Q3] 33[30; 37123 46 [462; 55]"° 57 [52; 66]"? 0.001
LDL-C, mmol/L, Me [Q1; Q3] 25[2.1;29] 2.3[2.0;2.8] 2.602.0;2.9] 0.437
Comorbidity, n (%):

« Controlled hypertension 12/25.0 16/29.1 15/30.0 0.260
« Uncontrolled hypertension 9/18.8 9/16.4 8/16.0 0.312
« Ischemic heart disease 5/10.43 9/16.4° 3/6.0'? 0.015
« Heart failure 25/52.7 30/54.5° 17/34.0"2 0.009
« Atrial fibrillation 7/4.6° 7127 3/6.0'? 0.010
« Stages II-IV chronic kidney disease 31/64.6%3 29/52.713 19/38.0"2 0.009
+ Lower extremity atherosclerosis 2/42 4/72 2/40 N/A
« Obesity 5/10.4 6/10.9 6/12.0 0.142
« Diabetes mellitus 3/63 3/55 4/80 0.155

Note: COPD, chronic obstructive pulmonary disease. Statistical significance of differences in values relative to the groups: ', 0-COPD due to exposure to
aerosols primarily containing metal nanoparticles, 2, 0-COPD due to exposure to aerosols primarily containing silicon nanoparticles, 3, Smoking-related
COPD; N/A, not applicable. FEV;, forced expiratory volume in one second, FVC, forced vital capacity, FRC, functional residual capacity, DLCO/Va, diffusing

capacity of the lungs adjusted for alveolar volume, LDL-C, low-density lipoprotein cholesterol in blood serum.

Flow-mediated dilation of the brachial artery was
lowest in patients with 0-COPD caused by exposure
to silicon nanoparticle aerosols, indicating the highest degree
of endothelial dysfunction. Intermediate values were recorded
in the second 0-COPD group (exposed to metal nanoparticles),
while the highest values were observed in the reference
group. Molecular factor analysis also revealed the highest
concentrations of endothelial dysfunction and injury markers,
including sVCAM-1 and von Willebrand factor, in 0-COPD due
to exposure to silicon nanoparticle aerosols.

According to regression analysis, the mass concentrations
of nanoparticles in industrial aerosols and work experience
were associated with vascular remodeling characteristics
and endothelial function. With increasing nanoparticle
concentrations, IMT increased, while the flow-mediated
dilation of the brachial artery decreased. The strongest
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associations were observed for silicon nanoparticles (Tables 3
and 4).

Silicon-containing dust concentrations in workplace air,
measured without consideration of particle size fractions,
were associated with signs of endothelial dysfunction but
did not affect vascular structural remodeling parameters.
Metal concentrations in workplace air were not associated
with the vascular parameters studied.

Additionally, a significant association was found between
silicon nanoparticle concentrations and the molecular marker
of fibrosis, PIIINP [regression coefficient (B) 2.1; coefficient
of determination (R?) 0.92; p < 0.001], as well as markers
of endothelial inflammation, sVCAM-1 (B = 1.6, R? = 0.85,
p = 0.001). When dust concentrations were analyzed without
considering particle size fractions, these patterns were not
observed (p > 0.05).
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0-COPD (n=103)

Smoking-related CO

PD

Parameter Metal nanoparticles Silicon nanoparticles (n=50) p
(n=48) (n=55)

CIMT of the CCA, mm, Me [Q1; Q3] 0.9[0.7; 1.0 12[09;15]"3 0.8[0.7; 097 0.009
Percentage of patients with CIMT of the CCA > 0.9 mm, n (%) 21/43.9% 39/70.9"3 19/38.0? 0.005
Atherosclerotic plague in the brachiocephalic arteries, n (%) 11/22.9% 23/61.83 9/18.02 0.003
3 e s ofthe sthroscotc poue, e 01 3 305 417 G 30 25, 27 o
ystohc inear blood flowveloctyn the CCA, cm/s, 677 [52.6; 694 72,1703, 79113 689 [55.3; 70.61 0.001

e [Q1;Q3]
Mean linear blood flow velocity in the CCA, cm/s, Me [Q1; Q3] 38.5[35.8; 41.2]%* 31.1[274;36.2]"3 42.6[39.2; 475]"? 0.005
PI CCA, Me [Q1; @3] 1.2 [1.1; 141 15[13; 1.7)"3 11011, 137 0.001
RICCA, Me [Q1; Q3] 0.64[0.60; 0.66)** 0.69 [0.65; 0.70]"* 0.61 [0.56; 0.64)%* 0.010
Systoliclinear blood flow velocity in the ECA, cm/s, 6621638, 6817 7031686, 749]"° 65.4 627, 6797 0.001
Me [Q1; Q3]
Mean linear blood flow velocity in the ECA, cm/s, Me [Q1; Q3] 28 [24.6; 315123 24120.3; 27.11"3 30.4(279; 35.3]? 0.009
PI ECA, Me [Q1; Q3] 13[1.2; 14123 1.6 [1.4;1.8]"3 12[1.1; 122 0.002
RIECA, Me [Q1; Q3] 0.69 [0.64; 0.74)%* 0.73[0.70;0.79"3 0.66 [0.60; 0.691** 0.009
Systolic linear blood flow velocity in the ICA, cm/s, Me [Q1; Q3] 65.2[60.7; 68.112 68.4[65.0; 74113 65.9 [62.4; 6171 0.010
Mean linear blood flow velocity in the ICA, cm/s, Me [Q1; Q3] 30.6 [274; 36.21 25.1 (217, 29313 31.2 [26.8; 35.5) 0.009
PIICA Me [Q1; Q3] 13[1.2; 1.4)2 17115; 18" 13012, 1.3) 0.001
RI'ICA, Me [Q1; Q3] 0.69 [0.65; 0.717 0.72[0.70; 0.78]"3 0.68 [0.66; 0.70? 0.009
f?,f};’“&ﬁ”[éﬁr B‘;}Od flow velocity in the vertebral artery, 421 [405; 43.9F 45 4 [42.6; 671]3 £10[393; 4321 0.003
miaig}i;ng;r blood flow velocity in the vertebral artery, 193 18.1: 2147 177 [16.4: 185" 217196 2337 0.001
Pl of the vertebral artery, Me [Q1; Q3] 1.2[1.0; 1.3)2 15[1.3; 1.6]"3 12[1.0;120 0.001
Rl of the vertebral artery, Me [Q1; Q3] 0.72 [0.68; 0.76)** 0.78[0.74; 0.81]"3 0.75[0.70; 0.77]"? 0.009
Pulse wave velocity in the aorta, m/s, Me [Q1; Q3] 931[8.9;10.7)%® 12,6 [11.2; 1613 7216.9; 8.4]"2 0.001
Flow-mediated dilation of the brachial artery, %, Me [Q1; Q3] 381[3.3; 463 25[2.1;3.4"° 47 145,532 0.001
Soluble vascular cell adhesion molecule-1, pg/mL, 185 [13.3: 23112 46,1 [378: 521" 12.9 [6.28; 176]"2 0.001
Me [Q1; Q3]
Von Willebrand factor, IU/L, Me [Q1; Q3] 491[37;6.21%° 7506.0;73° 3.1[2.3;3.8]"2 0.001

Note. Statistical significance of differences in values relative to the groups: ', 0-COPD due to exposure to aerosols primarily containing metal nanoparticles,
2, 0-COPD due to exposure to aerosols primarily containing silicon nanoparticles, 3, smoking-related COPD. 0-COPD, occupational chronic obstructive
pulmonary disease, CIMT, carotid intima-media thickness, CCA, common carotid artery, ICA, internal carotid artery, ECA, external carotid artery, PI, pulsatility

index, RI, resistive index.

DISCUSSION

Discussion of the Primary Study Results

Summary of the Primary Study Results

Differences in vascular remodeling and endothelial
dysfunction were identified among the etiologically distinct
COPD groups, as well as between occupational COPD and
smoking-related COPD. Regression analysis revealed
associations between vascular syndrome and occupational
exposure characteristics, including mass concentrations
of nanoparticles.
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The clinical significance of endothelial dysfunction and
arterial remodeling (IMT, vascular stiffness, etc.) is determined
by their association with adverse cardiovascular events and
hypertension [19, 20]. Studies of the general COPD population
(regardless of phenotype) have demonstrated the presence
of vascular remodeling, which is statistically significantly
dependent on lung function [21, 22]. The most compelling
evidence supports increased vascular stiffness and IMT [21-23].
Additionally, endothelial dysfunction is recognized as a key
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Table 3. Relationships between environmental factors and carotid intima-media thickness

Independent variable (environmental factor)

B Standard R R?

H 2
error of B Adjusted R p

0-COPD due to exposure to aerosols containing metal nanoparticles

Concentration of metal nanoparticles, mg/mL 0.008 0.001 061 037 0.36 0.001
Maximum one-time copper concentration, mg/m? 0.002 0.001 016 0.03 0.03 0.327
Time-weighted average copper concentration, mg/m? 0.001 0.001 018 003 0.03 0.322
Maximum one-time manganese concentration, mg/m? 0.003 0.002 015 002 0.02 0.406
Time-weighted average manganese concentration, mg/m® 0.002 0.001 019 004 0.03 0.185
Work experience, years 0.009 0.002 053 028 0.27 0.002
Pack-year index 0.008 0.001 020 004 0.03 0.192
0-COPD due to exposure to aerosols containing silicon nanoparticles
Concentration of silicon nanoparticles, mg/mL 0.005 0.001 070 049 0.47 0.001
Maximum one-time silica dust concentration, mg/m? 0.003 0.002 0.18 0.032 0.031 0.207
Time-weighted average silica dust concentration, mg/m? 0.004 0.002 021 0044 0.043 0.170
Work experience, years 0.025 0.008 040 0.6 0.4 0.002
Pack-year index 0.003 0.001 023 006 0.04 0.296

Note: 0-COPD, occupational chronic obstructive pulmonary disease. B, regression coefficient, R, coefficient of determination, R?, coefficient of determination

squared, adjusted R?, adjusted coefficient of determination squared.

Table 4. Relationships between environmental factors and brachial artery flow-mediated dilation

Independent variable (environmental factor)

B Standard R R?

H 2
error of B Adjusted R p

0-COPD due to exposure to aerosols containing metal nanoparticles

Concentration of metal nanoparticles, mg/mL -0.010 0.003 072 052 0.51 0.001
Maximum one-time copper concentration, mg/m? -0.001 0.001 0.09 0.008 0.007 0.762
Time-weighted average copper concentration, mg/m? -0.002 0.001 015 0023 0.022 0.412
Maximum one-time manganese concentration, mg/m? -0.003 0.002 0.4 0.020 0.019 0.395
Time-weighted average manganese concentration, mg/m® -0.001 0.001 011 0012 0.0m 0.429
Work experience, years -0.012 0.002 075 056 0.55 0.001
Pack-year index -0.025 0.004 070 049 0.48 0.001
0-COPD due to exposure to aerosols containing silicon nanoparticles
Concentration of silicon nanoparticles, mg/mL -0.029 0.003 085 072 0.1 0.001
Maximum one-time silica dust concentration, mg/m? -0.015 0.002 054 029 0.28 0.001
Time-weighted average silica dust concentration, mg/m? -0.021 0.001 075 0.56 0.55 0.001
Work experience, years -0.015 0.005 083 0.9 0.68 0.001
Pack-year index -0.023 0.003 071 050 0.50 0.001

Note: 0-COPD, occupational chronic obstructive pulmonary disease. B, regression coefficient, R, coefficient of determination, R?, coefficient of determination

squared, adjusted R, adjusted coefficient of determination squared.

factor in the pathogenesis of COPD [18, 24]. For instance,
reduced FMD of the brachial artery is associated with pulmonary
hypertension and impaired lung function [16, 25].

This study further established that etiologically distinct
0-COPD phenotypes caused by exposure to aerosols
containing metal or silicon nanoparticles exhibit varying
degrees of vascular remodeling and endothelial dysfunction,
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differing from smoking-related COPD. A correlation was
identified with the intensity and duration of exposure
to incidental nanoparticles. The associations observed
for nanoparticles differed from those for the total
aerosol mass. Thus, vascular remodeling and endothelial
dysfunction in patients with 0-COPD due to occupational
aerosol exposure are likely associated, at least in part,
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with the impact of nanoparticles. For effective occupational
health risk management, it is advisable to monitor not
only the total concentrations of hazardous substances but
also nanoparticle concentrations, particularly for assessing
cardiovascular risk. Further development of respiratory
protective equipment capable of reducing nanoparticle
exposure intensity is necessary.

The most pronounced structural vascular changes (IMT,
pulsatility index, and resistive index, indirectly reflecting
arterial stiffness) and endothelial dysfunction were observed
in cases of 0-COPD caused by exposure to silicon nanoparticle
aerosols. Given the elevated serum concentrations of TGF-1,
FGF-2, and PIIINP in this group, it can be hypothesized that
fibroproliferation plays a significant role in the vascular
remodeling process associated with exposure to silicon
nanoparticles. The maximum increase in von Willebrand
factor and sVCAM-1 blood concentrations further confirms
endothelial cell activation [26]. The identified differences and
associations may be explained by either the direct impact
of nanoparticles on the vascular wall or an indirect effect
mediated by the specific endotype of 0-COPD, which is also
influenced by aerosol properties [15].

The observed severity of vascular involvement
underscores the need to consider patients with 0-COPD
due to exposure to silicon-containing dust as a high
cardiovascular risk group. Regular ultrasound monitoring
of the carotid arteries is essential for the early diagnosis and
management of vascular damage. The established correlation
with the intensity and duration of nanoparticle exposure
raises the question of incorporating duplex vascular scanning
into routine occupational health assessments for workers
exposed to nanoparticles during industrial processes.

Study Limitations

The main limitations of this study include its single-center
design and the use of a limited number of hygienic
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characteristics of nanoparticles. Further multicenter studies
across various industries with unintended nanoparticle
emissions in workplace air are advisable.

CONCLUSION

In the development of 0-COPD due to exposure
to nanoparticle-containing aerosols, the severity of vascular
remodeling and endothelial dysfunction increases, with more
pronounced effects observed with silicon nanoparticle
exposure. This should be considered in occupational health
surveillance programs.
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