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ABSTRACT

This study aimed to evaluate the toxicological effects of occupational exposure to factory-derived particulate matter (PM2.5) on
human skin, emphasizing its role as a potential target organ of environmental toxicants. An epidemiological survey comparing
factory and nonfactory workers was conducted by assessing their skin elasticity and color on the neck and forehead. Carbonylated
proteins and inflammatory cytokines were quantified using tape stripping, and stratum corneum (SC) desquamation and cell
area were analyzed using Brilliant Green staining. In addition, HaCaT keratinocytes were exposed to factory-derived PM2.5
(welding fumes), and oxidative stress, inflammation, and barrier function were assessed using gene expression analysis and re-
porter assays. Factory workers showed reduced dermal elasticity, increased skin redness, elevated levels of carbonylated proteins
and inflammatory cytokines (IFN-y and CXCL10), and enhanced SC desquamation with smaller cell areas. Consistently, in vitro
exposure of HaCaT keratinocytes to PM2.5 induced oxidative stress (activation of the antioxidant response element pathway), in-
flammatory responses (nuclear factor kappa B activation), and suggested barrier impairment. These findings reveal that chronic
occupational exposure to welding fumes impairs skin structure and function through oxidative stress, inflammation, and barrier
disruption, highlighting the skin as a relevant target organ in occupational toxicology.

1 | Introduction inflammatory airway diseases (Wang et al. 2015; Yu et al. 2022;
Yue et al. 2023; Ishihara et al. 2019; Tanaka et al. 2023). The
Airborne pollutants, especially fine particulate matter (PM2.5), cutaneous effects of these pollutants include barrier disruption

induce oxidative stress and inflammatory responses in the skin (Li et al. 2017; Kim et al. 2023), accelerated skin aging, and in-
(Piao et al. 2018; Dijkhoff et al. 2020; Hu et al. 2017). They are creased pigmentation (Ei et al. 2025; Huang et al. 2022; Yang
also well known to contribute to respiratory, neurological, and et al. 2022).
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Skin condition is commonly evaluated using multiple biophysi-
cal parameters, such as stratum corneum (SC) integrity, epider-
mal elasticity, and hydration. In addition, skin color provides a
useful and objective indicator of overall skin health. Changes
in these skin conditions are often quantified through objective
colorimetric analysis using the CIE L*a*b* color space, where L*
represents skin lightness, a* denotes the red-green axis (with
higher values indicating erythema), and b* denotes the yel-
low-blue axis (with higher values indicating yellowness). This
system provides a standardized and reproducible method to
evaluate pigmentation and redness objectively in both clinical
and field studies.

The skin serves as a direct target of PM2.5 exposure, and our
previous studies examined the effects of urban traffic-related
air pollution on skin condition using three-dimensional (3D)
skin models and keratinocyte-based in vitro systems (Kono,
Ishihara, et al. 2024; Kono et al. 2023).

In addition to PM2.5, smaller ultrafine particles (UFPs; < 0.1 um)
have attracted increasing attention because of their larger sur-
face area-to-mass ratios and stronger biological reactivity. These
nanoscale particles can penetrate skin appendages, accumulate
within the dermis, and enter systemic circulation, thereby exac-
erbating oxidative and inflammatory stress (Bocheva et al. 2023;
Dijkhoff et al. 2020).

Among UFP sources, welding fumes are particularly relevant,
as they comprise both fine (0.1-1 wm) and ultrafine fractions en-
riched in transition metals such as Fe, Mn, Zn, and Ti. Our previ-
ous characterization of welding fumes revealed a predominance
of Fe and Mn, metals known to catalyze reactive oxygen species
formation (Kono, Ishihara, et al. 2024), indicating that the spe-
cific elemental composition of welding-derived particles plays a
key role in their stress-inducing and pro-inflammatory potential.

Although in vitro models help elucidate molecular responses
and toxicological mechanisms, they cannot fully replicate the
complexity of human skin responses under real-world condi-
tions. Notably, epidemiological approaches are essential for
understanding the skin effects of PM2.5 exposure in work-
places, where exposure levels are higher and more consistent.
Recognizing the skin as a direct target organ in occupational tox-
icology is critical for comprehensive risk assessment (Bocheva
et al. 2023; Chan et al. 2025; Huls et al. 2016). However, discrep-
ancies remain between the findings from experimental models
and those observed in human populations.

To address this gap, we focused on occupational settings with
relatively well-defined exposure sources and high PM2.5 con-
centrations, specifically, metal processing factories producing
welding fumes. We compared the skin conditions of workers
in high-exposure environments with those of nonfactory (of-
fice) workers in low-exposed occupational environments. In
addition, we conducted in vitro keratinocyte experiments using
factory-derived PM2.5 (welding fumes) to assess the underlying
molecular mechanisms. Collectively, this integrated approach
enables consistent interpretation of structural and molecular
responses to PM2.5 exposure and provides insights for devel-
oping future skincare interventions against airborne pollutant-
induced skin damage.

2 | Materials and Methods

2.1 | Participants and Environmental Exposure
Assessment

Participants working in occupational environments with vary-
ing levels of PM2.5 exposure were selected, which included
adult male metal welders (aged 20-54years; mean + standard
deviation [SD], 37.2+12.1; n=18) and adult male nonindustrial
workers (aged 24-51years; mean+SD, 35.9+7.9; n=28). The
study protocol was approved by the Ethics Committee of the
University of Occupational and Environmental Health, Japan
(Approval No. R2-011; Date: February 15, 2024). All partici-
pants were informed of the study objectives, procedures, poten-
tial risks, and benefits and provided written informed consent
before the commencement of the study.

PM2.5 concentrations were measured in the working environ-
ment of metal-welding factories in April 2023 and in nonfac-
tory office environments in July 2024, using a portable particle
counter (KC-51; Rion Co., Tokyo, Japan) for sizes ranging from
0.3-0.5, 0.5-1, and 1-5um. Assuming a spherical geometry,
the total particle volume (VE, um?) was calculated using the
geometric mean diameter (D) for each size range, as described
by Kono, Takaishi, et al. 2024:

VE (um?) =47 {(N0.3-0.5)-(D0.3-0.5)* + (N0.5—1)- (D0.5 - 1)°
+(N1-5)-(D1-5)*}/3

where N, _, represents the particle count for the size range
p-q mm and D,_, represents the corresponding geometric
mean diameter. The density of PM2.5 was set to 1.60g/cm?
(Herath et al. 2022). Airborne mass concentration (M, ug/m3)
per 0.283 L of air was calculated according to Kono, Takaishi,
et al. 2024 as follows:

M = (1.60 - VE /0.283) - 1000

2.2 | Skin Condition Assessment and Sample
Collection

All skin measurements were performed without face wash-
ing or acclimatization. The viscoelastic properties of the right
lateral neck skin were measured using a Cutometer MPA580
(Courage + Khazaka; Cologne, Germany) with 2- and 6-mm
probes. A single-cycle suction mode (Mode 1) was used, con-
sisting of a 2-s suction at —450 mbar followed by 2s of relax-
ation. Each site was measured five times, and the mean value
was used for the analysis. The recorded parameters included
the maximum distension (Uf) and immediate retraction ratio
(Ur/Uf). The Cutometer outputs were expressed as absolute
values (Ua, Ue, Uf, and Uv) and relative parameters (R0O-R9)
(Figure 1). In this study, RO (skin pliability), R2 (gross elas-
ticity), R5 (net elasticity), R6 (portion of viscoelasticity), and
R7 (immediate recovery) were analyzed (Fujimoto et al. 2023;
Ryu et al. 2008; Woo et al. 2014).

Skin color parameters (L*, a*, and b*) were measured at the fore-
head and neck using a spectrophotometer (CM-600d; Konica
Minolta, Tokyo, Japan). Three measurements were obtained
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FIGURE1 | Skin deformation curve constructed using a cutometer and R parameters. The Cutometer records vertical skin deformation induced
by negative pressure and its recovery after suction release. The curve shows the immediate distension (Ue), delayed distension (Uv), final deforma-
tion (Uf), and recovery (Ur, Ua). Next, mechanical parameters were calculated: RO (Uf) = maximum deformation, R2 (Ua/Uf) = gross elasticity ratio,

R5 (Ur/Ue) =net elasticity ratio, and R7 (Ur/Uf) =biological elasticity ratio.

at each site, and the mean value was used for analysis. In this
system, L* indicates skin lightness, a* represents the red-green
component (higher values indicate increased erythema), and b*
represents the yellow-blue component (higher values indicate
increased yellowness).

SC samples were collected noninvasively from the forehead
using a standard transparent adhesive tape (Nichiban No. 31B;
Tokyo, Japan). After applying pressure for 10s, three consecu-
tive tape strips were removed from the same site. The first strip
was stained with Brilliant Green (BG) and imaged using a flu-
orescence microscope (BZ-X800; Keyence, Osaka, Japan). The
corneocyte area and desquamation index were quantified using
dedicated corneocytometry software.

A portion of the second strip was stained with 50-pM
fluorescein-5-thiosemicarbazide in 3-(N-morpholino)pro-
panesulfonic acid buffer, and the fluorescence intensity of car-
bonylated proteins was quantified using image analysis using
a fluorescence microscope (BZ-X800; Keyence, Osaka, Japan)
(Iwai et al. 2010). Another 1x1cm section of the same strip
was immersed in phosphate-buffered saline (—) containing
0.05% nonfluorescent Triton X-100. Following centrifugation
at 12,000 Xg for 10 min, the supernatant was collected for cyto-
kine measurements using the ProcartaPlex Human Cytokine
Panel (Thermo Fisher Scientific, Waltham, MA, USA).
Cytokine concentrations were determined using the Bio-Plex
200 system (Bio-Rad, Hercules, CA, USA) and normalized to
the total protein content measured by optical density (Kono
et al. 2023).

2.3 | Collection and Preparation of Welding Fume
PM2.5

Factory-derived PM2.5 (welding fumes) samples were col-
lected during active metal processing using a high-volume air
sampler (HV-500R; Shibata Scientific Technology Ltd., Tokyo,
Japan), equipped with high-efficiency polytetrafluoroethylene
membrane filters (pore size: 0.2 um). The filters were stored in
sterile containers and immersed in sterile distilled water. The
PM2.5 was dispersed by ultrasonication for 20min and con-
centrated through centrifugation. The pellet was resuspended

to the target concentration of 10mg/mL and stored at —80°C.
The physicochemical properties of the welding fume PM2.5
samples were characterized as described previously (Kono,
Ishihara, et al. 2024). Particle morphology and size distribution
were analyzed using scanning electron microscopy equipped
with energy-dispersive X-ray spectroscopy (SEM-EDX), and
elemental composition was determined by inductively coupled
plasma-mass spectrometry (ICP-MS) (Table S1). PM2.5 mass
concentrations were determined gravimetrically based on filter
weights before and after sampling, and the results were cross-
checked with particle number-based estimations to ensure mea-
surement consistency.

2.4 | Cell Culture and In Vitro Exposure
Procedures

HaCaT human keratinocytes were cultured in Dulbecco's
Modified Eagle Medium (DMEM) supplemented with 10%
fetal bovine serum and 1% penicillin-streptomycin at 37°C
in a humidified 5% CO, incubator. Cells were seeded into 96-
or six-well plates and treated with fume suspensions at con-
centrations of 10, 50, and 100 pg/mL for 6 or 24 h. Following
exposure, cell viability was assessed by measuring lactate
dehydrogenase (LDH) release into the culture medium using
a commercially available LDH Cytotoxicity Detection Kit
(Roche Diagnostics, Basel, Switzerland) according to the man-
ufacturer's instructions. Absorbance was measured at 490nm
using a microplate reader, and relative cytotoxicity was cal-
culated as a percentage of the total LDH release from lysed
cells. Subsequent analyses, including total RNA extraction,
luciferase reporter, thiobarbituric acid-reactive substances
(TBARS), and Bio-Plex assays, were performed based on the
experimental endpoint.

2.5 | Evaluation of NF-xB/ARE Pathway Activation
and Downstream Molecular Responses

To assess transcriptional activation of nuclear factor kappa B
(NF-xB) and antioxidant response element (ARE) pathways,
HaCaT keratinocytes were cotransfected with pGL4.32[luc2P/
NF-xB-RE/Hygro] or pGL4.37[luc2P/ARE/Hygro] reporter
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vectors (Promega, Madison, WI, USA), and the firefly luciferase-
encoding normalization vector pNL1.1.PGK|[Nluc/PGK], using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). After
18h, the cells were replated and fume suspensions were applied
approximately 42 h posttransfection for 6 or 24 h.

Luciferase activity was measured using the Dual-Luciferase
Reporter Assay System (Promega, Madison, WI, USA) following
the manufacturer's protocol. NanoLuc and firefly luciferase sig-
nals were quantified using a GloMax luminometer (Promega),
and transcriptional activity was calculated as the firefly-to-
NanoLuc activity ratio.

For gene expression analysis, total RNA was extracted
using the Maxwell RSC SimplyRNA Tissue Kit (Promega)
and reverse-transcribed using the SuperScript IV VILO
Master Mix (Thermo Fisher Scientific, Waltham, MA, USA).
Quantitative polymerase chain reaction (qQPCR) was per-
formed using $-actin as the endogenous control, and relative
expression levels were calculated using the 2"-AACt method.
The conditioned medium was collected and stored at —80°C
until analysis. Cytokine and chemokine levels were deter-
mined using the same multiplex immunoassay method as
described for the SC samples (ProcartaPlex Human Cytokine
Panel; Thermo Fisher Scientific, Waltham, MA, USA) with
quantification on a Bio-Plex 200 system (Bio-Rad, Hercules,
CA, USA). Evaluation of TBARS levels was estimated as pre-
viously described (Ishihara et al. 2012) and were used as an
index of lipid peroxidation.

2.6 | Statistical Analysis

Statistical analyses were conducted using GraphPad Prism (ver-
sion 10; GraphPad Software, San Diego, CA, USA) according to
data distribution and experimental design, using appropriate
parametric or nonparametric tests (Student's t-test, Welch's t-
test, Mann-Whitney U test, one- or two-way analysis of vari-
ance (ANOVA) with post hoc tests). Statistical significance was
set at p<0.05.

3 | Results

3.1 | Assessment of PM2.5 Exposure in Different
Working Environments

Airborne particle numbers were measured at three locations—
the welding area in a metal processing factory (Site A), adjacent
nonwelding area (Site B), and control site in a nonwelding en-
vironment (Site C). For particle sizes of approximately 0.3-0.5,
0.5-1.0, and 1.0-5.0 um, the counts at Site A were 96,004 + 2785,
8170+72, and 228+20, respectively; at Site B, they were
43,620+ 592, 4711 £ 153, and 20+ 8, respectively; and at Site C,
they were 55+ 5, 11+4, and 1, respectively. The highest parti-
cle numbers were observed at Site A. Based on these counts,
the calculated mass concentrations at Sites A, B, and C were
112.0+1.3pg/m3, 62.6%x1.9ug/m3, and 0.14+0.08ug/m?3, re-
spectively (Figure 2). Notably, both Sites A and B exceeded the
Japanese environmental standard for the daily mean PM2.5 con-
centration (35 ug/m?).
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FIGURE 2 | Particle size distribution in the welding area (Site A),
adjacent nonwelding area (Site B), and control site (Site C). Data are pre-
sented as the mean £ SEM (n=3).

3.2 | Assessment of Skin Condition
and Biomarkers

Based on the environmental measurements, workers from Sites
A and B (n=9 each) were categorized as the high-exposure
group (n=18), and those from Site C as the low-exposure group
(n=28).

Skin viscoelasticity was measured using a cutometer with 2-
(epidermis-dominant) and 6-mm (dermis-proximal) probe mea-
surements, assessing RO (skin pliability), R2 (gross elasticity),
RS5 (net elasticity), R6 (portion of viscoelasticity), and R7 (imme-
diate recovery).

For the 2-mm probe, only RO significantly differed between the
low- and high-exposure groups, showing lower skin pliability
in the high-exposure group. For the 6-mm probe, all viscoelas-
tic parameters except R2 showed significant differences, with
the high-exposure group exhibiting higher R0 and lower R5-R7
values, thus indicating decreased dermal elasticity and recovery
ability (Table 1).

Skin color was measured on the neck and the forehead, evaluat-
ing L* (lightness), a* (redness), and b* (yellowness). At the fore-
head, the a* value was significantly higher in the high-exposure
group, indicating increased redness, whereas L* and b* did not
differ between the groups. At the neck, a* was also significantly
higher in the high-exposure group, whereas L* and b* showed
no significant differences (Table 2).

In the high-exposure group, BG staining of SC samples obtained
from the forehead showed significantly smaller corneocyte
areas and higher multilayered desquamation scores (Figure 3).
In addition, the fluorescence ratio of carbonylated proteins, an
oxidative stress marker, was significantly higher in the high-
exposure group (Figure 4).
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TABLE1 | Skin viscoelasticity parameters measured using 2- and 6-mm probes in the low- and high-exposure groups.

Low-exposure workers

High-exposure workers

(mean * SD) (mean * SD) Statistical test, p
(2mm probe)
RO (skin pliability) 0.314+0.107 0.219+0.040 0.0006
R2 (gross elasticity) 0.811+0.071 0.815+0.065 >0.9999
R5 (net elasticity) 1.058 £0.335 0.941+£0.173 0.6488
R6 (portion of viscoelasticity) 0.860+0.364 0.869+0.158 >0.9999
R7 (immediate recovery) 0.557+£0.094 0.509 £0.107 0.6555
(6 mm probe)
RO (skin pliability) 0.735+0.141 1.034+0.134 <0.0001
R2 (gross elasticity) 0.849+0.068 0.796 +0.068 0.071
RS5 (net elasticity) 1.001 £0.179 0.674£0.127 <0.0001
R6 (portion of viscoelasticity) 0.918 +£0.237 0.598+0.079 <0.0001
R7 (immediate recovery) 0.523+0.079 0.421+0.080 0.0007

Note: Data are presented as the mean +SD Two-way ANOVA (Geisser-Greenhouse correction) with Bonferroni's post hoc test was used to compare viscoelastic
parameters (RO-R7) between exposure groups. Significant values (<0.05) are shown in bold.

TABLE 2 | Skin color parameters (L¥ a* and b*) measured at the forehead and neck in the low and high-exposure groups.

Low-exposure workers (mean + SD)

High-exposure workers (mean = SD)

Statistical test, p

(forehead)
L* 55.65+4.07
a* 10.19£1.83
b* 16.51+1.86
(neck)
L* 60.64+3.52
a* 7.69+2.02
b* 19.02+1.91

56.44+2.53 >0.9999
12.45+1.97 0.0012
16.94+1.66 >0.9999
58.53+3.44 0.1539
9.43+2.34 0.0432
19.45+0.96 0.9607

Note: Data are presented as the mean + SD Two-way ANOVA (site X group, Geisser-Greenhouse correction) with Bonferroni's post hoc test was used for comparisons.
L* indicates skin lightness, a* the red-green axis (erythema), and b* the yellow-blue axis (yellowness). Significant values (<0.05) are shown in bold.

The levels of IFN-y, CXCL10, and IL-1Ra were significantly
higher in the high-exposure group than in the low-exposure
group (Table 3). IL-10 showed a trend toward higher values in
the high-exposure group (p=0.0600) but did not reach statis-
tical significance under the unpaired t-test. CCL3 also showed
a nonsignificant trend (p=0.0719). No significant differences
were observed for IFN-a, IL-4, IL-8, or IL-1c.

3.3 | Molecular Responses to Fume Exposure in
Human Keratinocytes

Cell viability was evaluated in HaCaT keratinocytes exposed
to factory-derived welding fumes using the LDH release assay
(Figure 5). To verify cytotoxicity at the exposure times applied
in the reporter and gene expression assays, cell viability was
measured after 6 and 24h at concentrations of up to 100 g/
mL. No significant cytotoxicity was observed at 10 or 50 ug/mL,
whereas only a modest reduction in cell viability was detected at
100 ug/mL after 24 h.

When HaCaT cells were exposed to welding fumes (10, 50, or
100pnug/mL), the ARE reporter assay exhibited significant ac-
tivation at 100ug/mL, at both 6 and 24h. This indicated the
transcriptional activation of the oxidative stress response
pathway. The nuclear factor kappa B (NF-xB) reporter assay
exhibited significant activation at 10-100 ug/mL at 24h. This
indicated the activation of inflammatory signaling pathways
(Figure 6A-D).

mRNA expression analysis at 24h revealed significant increases
in the oxidative stress-related genes heme oxygenase 1 (HMOX-1)
and NAD(P)H quinone dehydrogenase 1 (NQO-1) (Figure 7A,B).
Consistent with these findings, TBARS levels (an indicator of lipid
peroxidation) were significantly elevated at 100 ug/mL (Figure 7C).

Among inflammation-related genes, interleukin-6 (IL-6) mRNA
expression showed a dose-dependent increase (Figure 7D), and
matrix metalloproteinase (MMP) genes, including, MMP-3 and
MMP-9 were significantly upregulated at higher concentrations
(Figure 7E,F).
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FIGURE 3 | Stratum corneum (SC) morphology in low- and high-exposure groups. (A) Multilayer desquamation score and (B) Corneocyte size

(unpaired t-test). (C) Representative Brilliant Green-stained images of SC. Scale bars=200um.
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FIGURE 4 | Stratum corneum (SC) carbonylated protein levels in high- and low-exposure groups. (A) Quantification of carbonyl protein levels

from fluorescence images (unpaired t-test). (B) Representative fluorescence images of SC samples from the low- and high-exposure groups. Scale

bars=200um.

At the protein level, IL-6 expression was significantly increased
across all concentrations (Figures 7G), whereas MMP-3 and
MMP-9 levels were elevated at 100 ug/mL (Figure 7H,I).

4 | Discussion

This study comprehensively assessed the effects of chronic
exposure to PM2.5 (welding fumes) in factory (metal process-
ing) and nonfactory environments on both skin conditions
and cellular responses, using integrated in vivo and in vitro
approaches. Environmental monitoring revealed that PM2.5
concentrations in both the welding area and its adjacent non-
welding area greatly exceeded the World Health Organization
guideline value (Ma et al. 2025), thereby supporting our

classification of participants into high- and low-exposure
groups for skin assessments.

A primary strength of this study is that the in vivo and in vitro
datasets, obtained at significantly different biological scales, con-
verged on consistent trends across multiple indicators associated
with oxidative stress and inflammatory responses. This con-
cordance between cellular and clinical observations provides a
coherent view of the cutaneous effects of environmental particu-
late exposure, from molecular pathways to functional and struc-
tural alterations. In particular, the occupational context provides
a unique epidemiological perspective: workers are subjected to
chronic and higher level PM2.5 exposures than those working in
ambient environments; this allows detection of subtle but biolog-
ically meaningful changes. Simultaneously, limitations such as
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TABLE 3 | Stratum corneum (SC) cytokine concentrations in the low- and high-exposure groups.

Cytokine Low-exposure workers (mean = SD) High-exposure workers (mean + SD) Statistical test, p
IFNa 25.6x99 34.0x18.1 0.1296
IFNy 88.5+29.1 131.8+34.6 0.0065
IL-10 24.2+16.0 31.0£21.0 0.0600
1L-4 24.1+£139 30.1+17.9 0.2024
1L-8 48.9£31.0 87.4+124.2 0.3041
CXCL10 28.8+13.9 45.3+£32.2 0.0333
CCL3 30.7£24.9 37.2+21.0 0.0719
IL-1Ra 5248.3+4565.4 9501.0+7722.4 0.0232
IL-1a 161.9+134.9 181.9+£144.2 0.6360

Note: Data are presented as the mean + SD Comparisons between low- and high-exposure groups were performed using an unpaired ¢-test (two-sided). Significant

p-values (<0.05) are shown in bold.
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FIGURE 5 | Effects of welding fume exposure on HaCaT cell viability after 6 (A) and 24h (B). Data are represented as the mean +SEM (n=4).

(one-way ANOVA with Dunnett's test).

cross-sectional design, relatively small sample size, and seasonal
differences in recruitment should be acknowledged. These factors
may confound biomarker levels or obscure long-term trajectories,
and thus, future longitudinal cohort studies are required.

In addition, methodological aspects of exposure assessment
should be considered. In our previous work, we cross-validated
particle count-based estimates of PM2.5 concentrations with
gravimetric filter measurements and confirmed that the calcu-
lated mass values were in reasonable agreement with directly
measured weights (Kono, Ishihara, et al. 2024). This prior val-
idation supports the reliability of the exposure assessment ap-
proach employed in the present study, while acknowledging that
both particle size distribution and density assumptions can still
introduce a degree of estimation error.

Furthermore, to minimize the potential impact of seasonal
variation in skin parameters, we included both the forehead
and neck in our assessments, as the neck is reported to be less

affected by environmental exposure and to exhibit lower TEWL
compared to other facial sites (Leroy et al. 1998). Tape stripping
for inflammatory markers was performed only at the forehead,
as extending the procedure to multiple sites would have placed
an excessive burden on participants. Importantly, the control
group was assessed in July, when seasonal conditions would
be expected to elevate inflammatory markers; however, the
high-exposure group consistently showed stronger responses,
including increased erythema (a*), elevated Thl-related chemo-
kines, activation of the nuclear factor erythroid 2-related factor
2 (Nrf2)/ARE and NF-xB pathways, and reduced skin elasticity.
These findings indicate that the primary results are unlikely to
be explained by seasonal effects alone.

Next, considering these methodological aspects, we evaluated
oxidative stress responses; in vivo analyses revealed signifi-
cantly increased levels of carbonylated proteins in the SC of
the high-exposure group, together with alterations in specific
viscoelastic parameters. In particular, significant changes
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FIGURE 6 | Effects of welding fume exposure on antioxidant response element (ARE) and nuclear factor kappa B (NF-xB)-mediated reporter ac-
tivity in HaCaT cells. HaCaT cells were transfected with the NF-xB-Luc (A, B) or ARE-Luc (C, D) and each compound was treated for 6 (A,C) or 24h
(B,D). Data are represented as the mean + SEM (n =3 biological replicates). (two-way ANOVA with Tukey's post hoc test).

were observed in RO (skin pliability) and R7 (immediate re-
covery), whereas other parameters showed no consistent dif-
ferences between the exposure groups. These findings indicate
that welding fume exposure may selectively impair certain
components of skin elasticity, instead of causing a generalized
reduction in viscoelastic properties. These alterations indicate
that oxidative damage extends to structural alterations and dis-
rupted epidermal turnover, resembling skin aging and dryness
(Izutsu-Matsumoto et al. 2025). Consistent with these obser-
vations, in vitro experiments revealed increased ARE reporter
activity and upregulation of antioxidant genes (NQO-1 and
HMOX-1), confirming the activation of the Nrf2/ARE oxidative
stress response pathway (Yue et al. 2022). Oxidative stress im-
pairs barrier function (Li et al. 2017; Kim et al. 2023). Notably,
our findings support the association between barrier impair-
ment and cellular oxidative responses. In contrast, MMP-1
was not significantly upregulated, despite its association with

PM2.5- or UV-induced dermal matrix degradation (Herath
et al. 2022; Jang et al. 2023). Possible explanations include the
predominantly metallic composition of welding fumes that
have a relatively low polycyclic aromatic hydrocarbon (PAH)
content, and the likelihood that chronic, low-level exposure in-
duces these enzymes less strongly than acute damage (Dijkhoff
et al. 2020). In addition, dermal-level alterations may require
longer exposure durations than those observed in this cross-
sectional study. The elemental composition data (Table S1) fur-
ther support this interpretation, showing that welding-derived
PM2.5 is markedly enriched in transition metals such as Fe and
Mn compared with ambient PM2.5 collected in urban areas of
Japan (Fukuoka and Yokohama). These metals are potent cat-
alysts of ROS formation, which may preferentially activate oxi-
dative stress-responsive pathways (such as Nrf2/ARE) instead
of aryl hydrocarbon receptor (AhR)-mediated transcription of
MMP-1, thereby explaining the differential MMP expression
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FIGURE7 | Effectsof welding fume exposure on oxidative stress and inflammatory responses in HaCaT cells. HaCaT keratinocytes were exposed
to welding fume suspensions (10, 50, or 100 ug/mL) for 24 h, except for lipid peroxidation analysis (6h). mRNA expression levels of heme oxygen-
ase-1 (HMOX-1) (A), NAD(P)H quinone dehydrogenase 1 (NQO-1) (B), interleukin-6 (IL-6) (D), matrix metalloproteinase-3 (MMP-3) (E), and matrix
metalloproteinase-9 (MMP-9) (F) were quantified using real-time PCR and normalized to S-actin. Lipid peroxidation was evaluated by quantifying
thiobarbituric acid-reactive substances (TBARS) (C) in cell homogenates. Protein levels of IL-6 (G), MMP-3 (H), and MMP-9 (I) in the culture su-
pernatants were determined using a multiplex immunoassay. Data are presented as the mean+SEM (n=4) (two-way ANOVA with Dunnett's post

hoc test).

profile observed here. This discrepancy may also reflect fun-
damental mechanistic differences between welding fumes and
traffic-related PM2.5. Traffic-derived particles are enriched in
PAHs and carbonaceous fractions, particularly at roadside sites
(Shams Solari et al. 2022), which can activate AhR- dependent
signaling and drive MMP-1 expression in dermal fibroblasts
(Ono et al. 2013). In contrast, welding fumes consist predomi-
nantly of metal oxides (e.g., Fe, Mn, and Zn) (Li et al. 2004) that
generate reactive oxygen species (ROS) and oxidative stress,
with prominent Nrf2/ARE activation (Graczyk et al. 2016),
but not consistently inducing MMP-1. Consistent with this
mechanism, our results revealed upregulation of MMP-3
and MMP-9 at high-exposure concentrations, together with
signs of reduced dermal viscoelasticity, indicating that metal-
oxide-driven oxidative stress may promote extracellular ma-
trix remodeling through alternative MMPs instead of MMP-1.
Moreover, PAHs are highly lipophilic and can penetrate across
the epidermal barrier (Bocheva et al. 2023), potentially reach-
ing deeper skin layers, whereas inorganic metal-oxide parti-
cles generally exhibit more limited penetration across intact
SC (Bocheva et al. 2023). These compositional and penetrative
differences plausibly underlie the weaker induction of MMP-1
observed here. Regarding inflammatory responses, in vivo
measurements revealed increased skin redness (a* values)
and elevated levels of the Thl-associated cytokines IFN-y and
CXCL10 in the high-exposure group. In vitro findings revealed
NF-xB activation and enhanced IL-6 expression, support-
ing the involvement of NF-xB-mediated chronic inflamma-
tion (Mao et al. 2025). CXCL10 contributes to Thl immune
polarization and the recruitment of monocytes and T cells
(Yoneyama et al. 2002; Griffith et al. 2014), and its upregula-
tion aligns with clinically observed erythema. Notably, IL-1Ra
levels were also significantly increased, whereas IL-10 showed
only a nonsignificant trend and CCL3 displayed a similar trend
without reaching significance, and IL-1a levels remained un-
changed between groups. IL-1Ra is an endogenous antagonist
that suppresses IL-1-mediated inflammation and functions
as a negative feedback mechanism under chronic stimulation
(Martin et al. 2021). Seasonal factors may have affected IL-1a
results because the low-exposure group was assessed during
summer, when transient UV-induced IL-1a increases may ele-
vate baseline values.

Although cytokine levels exhibited inter-individual variability, a
selective pattern of cytokine alterations—particularly increases
in IFN-y, CXCL10, and IL-1Ra—supports the presence of an
exposure-related inflammatory/immune-activation signature,
rather than a uniform cytokine-wide shift. Regarding pigmen-
tation, recent studies have associated PM2.5 exposure with in-
creased melanogenesis and exacerbation of postinflammatory
hyperpigmentation (Yang et al. 2022; Ding et al. 2017). In this

study, the increase in a* values was consistent with the poten-
tial pigmentation risk, highlighting the cosmetic and clinical
concerns.

Notably, welding fumes are not restricted to PM2.5-sized par-
ticles. Our previous analyses revealed that they contain abun-
dant ultrafine particles (<0.1um) enriched with transition
metals such as Fe and Mn (Kono, Ishihara, et al. 2024). These
compositional features may amplify oxidative stress and in-
flammatory responses beyond those observed with larger PM2.5
fractions. The present study, therefore, likely underestimates the
full spectrum of cutaneous risks associated with occupational
fume exposure, as ultrafine particles are more capable of pen-
etrating skin appendages and reaching the dermal vasculature.
Collectively, both PM2.5 and smaller ultrafine fractions should
be considered as key contributors to welding fume-induced skin
toxicity.

From a toxicological perspective, these findings emphasize the
need to consider the skin as a target organ for environmental
pollutants. The skin is the largest organ of the human body and
plays a pivotal role as a physical and immunological barrier
(Kupper and Fuhlbrigge, 2004). In this study, we also considered
endogenous factors that can affect skin barrier function.

Aging is known to decrease barrier integrity through re-
ductions in SC lipids and natural moisturizing factors
(Ganceviciene et al. 2012). Hormonal status is another import-
ant determinant of skin barrier properties. Estrogen deficiency
impairs SC integrity by reducing epidermal lipids and natural
moisturizing factors (Rzepecki et al. 2019). In this study, we
restricted participants to male workers to minimize the in-
fluence of estrogen fluctuations and age-related variability,
thereby providing a clearer context for evaluating the direct
impact of occupational PM2.5 exposure on the skin. However,
this male-only design inevitably limits the generalizability of
our findings, as female skin barrier function is strongly influ-
enced by estrogen levels (Rzepecki et al. 2019; Ganceviciene
et al. 2012). Moreover, testosterone absorption has been re-
ported to depend on barrier integrity (Brackin et al. 2024),
highlighting the complex interplay between sex hormones
and the epidermal barrier. These observations indicate that
both endogenous hormonal factors and barrier conditions
can mutually influence hormone penetration and biological
responses in the skin. Consequently, the barrier impairment
observed in this study can be interpreted as primarily attrib-
utable to exogenous factors such as welding fume exposure,
although residual contributions from intrinsic physiological
factors cannot be entirely excluded. Therefore, future studies
including female participants are required to confirm the sex-
specific relevance of these findings.
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FIGURE 8 | Proposed mechanism of welding fume-induced skin responses. Occupational exposure to welding fume PM2.5 containing Fe, Mn,

and Zn induces excessive generation of reactive oxygen species (ROS), leading to oxidative stress. The resulting activation of NF-xB and Nrf2/ARE
pathways triggers inflammatory cytokine release, upregulation of MMP-3 and MMP-9, and antioxidant responses. These molecular events collective-
ly result in barrier disruption (multilayer desquamation), erythema (redness), and collagen degradation (loss of elasticity).

Although PM2.5 particles are generally considered too large
to readily penetrate intact skin (Paik et al. 2024), chronic ex-
ternal insults, such as long-term exposure to oxidative and
inflammatory stressors, can weaken barrier integrity. Under
such conditions, particulate matter may gain enhanced access
into deeper layers of the SC, exacerbating toxicological effects
(Paik et al. 2024). This dynamic interaction between barrier
disruption and pollutant penetration indicates that chronic
occupational exposures could amplify cutaneous toxicity in
a self-perpetuating cycle. This creates a cycle in which barrier
dysfunction increases vulnerability to further environmental
insults. This cycle has important implications for occupational
toxicology, as it expands the traditional focus from respiratory
and systemic toxicity to include cutaneous endpoints.

In summary, both in vivo and in vitro approaches revealed that
PM2.5 exposure induces oxidative stress and inflammatory re-
sponses in the skin. Activation of the Nrf2/ARE and NF-xB path-
ways was closely associated with structural (elasticity loss and
corneocyte alterations) and visible (erythema) alterations, rep-
resenting the primary strength of our integrated methodology.

Although the number of subjects was relatively small (high-
exposure group: n =18, low-exposure group: n=28), significant
differences in skin parameters were observed, likely because of
the clear contrast in occupational exposure sources. Therefore,
this study provides preliminary evidence linking factory-derived
PM2.5 exposure to skin alterations. Building upon these find-
ings, we propose a mechanistic model in which welding-fume
exposure impairs skin function via ROS-mediated activation of
the Nrf2/ARE and NF-xB pathways (Figure 8).

Future research should further address particle com-
position, exposure route, dose, and inter-individual

variability in occupational cohorts, to clarify causal relation-
ships and strengthen toxicological frameworks for worker
health protection.

5 | Conclusions

This study reveals that exposure to factory-derived PM2.5,
particularly welding fumes, induces cutaneous toxicity char-
acterized by oxidative stress, inflammation, and barrier dys-
function. The integration of human epidemiological data
and keratinocyte-based assays highlights the skin as a rele-
vant target organ in occupational toxicology. These findings
broaden the scope of occupational health by incorporating
skin as a key endpoint, provide a basis for recognizing skin
health within exposure evaluations, and highlight the need
for preventive strategies to mitigate pollution-induced skin
damage in worker populations.
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