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Welding fume is a complex mixture of different potentially cytotoxic and genotoxic metals, such as chromium
(Cr), manganese (Mn), nickel (Ni), and iron (Fe). Documented health effects have been observed in workers ex-
posed to welding fume. The objective of the study was to use an animal model to identify potential biomarkers of
epigenetic changes (e.g., changes in telomere length, DNA methylation) in isolated peripheral blood mononucle-
ar cells (PBMCs) after exposure to different welding fumes. Male Sprague-Dawley rats were exposed by
intratracheal instillation (ITI) of 2.0 mg/rat of gas metal arc-mild steel (GMA-MS) or manual metal arc-stainless

Keywords:
Wﬁdvmg fume steel (MMA-SS) welding fume. Vehicle controls received sterile saline by ITI. At4 h, 14 h,1d,3 d, 10d,and 30d,
Chromium bronchoalveolar lavage (BAL) was performed to assess lung inflammation. Whole blood was collected, and

Nanoparticles
Reactive oxygen species
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PBMCs were isolated. Dihydroethidium (DHE) fluorescence and 4-hydroxylnonenal protein adduct (P-HNE) for-
mation were measured in PBMCs to assess reactive oxygen species production. DNA alterations in PBMCs were
determined by evaluating changes in DNA methylation and telomere length. Metal composition of the two
fumes was different: MMA-SS (41% Fe, 29% Cr, 17% Mn, 3% Ni) versus GMA-MS (85% Fe, 14% Mn). The more sol-
uble and chemically complex MMA-SS sample induced a more persistent and greater inflammatory response
compared to the other groups. Also, oxidative stress markers increased at 24 h in the PBMCs recovered from
the MMA-SS group compared to other group. No significant differences were observed when comparing DNA
methylation between the welding fume and control groups at any of the time points, whereas the MMA-SS sam-
ple significantly increased telomere length at 1 and 30 d after a single exposure compared to the other groups.
These findings suggest that genotoxic (e.g., Cr, Ni) and soluble (e.g, Cr, Mn) metals in MMA-SS fume, that are dif-
ferent from the GMA-MS fume, may enhance lung toxicity, as well as induce markers of oxidative stress and in-
crease telomere length in PBMCs. Importantly, the measurement of telomere length in cells isolated from
peripheral blood may serve as a potential biomarker of response in the assessment of toxicity associated with
welding fumes.

Published by Elsevier B.V.

1. Introduction

Electric arc welding is the most common industrial process used to
join metals. By application of intense heat, metal at a joint between
two parts is melted and caused to intermix with an intermediate molten
filler metal (The James F. Lincoln Arc Welding Foundation, 2000). The
extreme heat (> 5000 °C) needed to melt metal is produced by an elec-
tric arc between the work to be welded and an electrode that is moved
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along the joint. Upon cooling and solidification, a metallurgical bond re-
sults. The welding process produces aerosol by-products composed of a
mixture of metal oxides volatilized from the welding electrode/rod or
the flux material incorporated within the electrode (Zimmer and
Biswas, 2001). The formed welding fume is vaporized metal that has
reacted with air to generate incidental nanometer-sized primary parti-
cles that can quickly form into chain-like agglomerates of larger parti-
cles (Antonini et al.,, 2011a). The fume formed during electric arc
welding is mostly respirable, having a mass median aerodynamic diam-
eter (MMAD) that is typically <0.5 pm (Antonini et al., 2006; Jenkins et
al., 2005; Zimmer and Biswas, 2001). Arc welding processes generate
complex aerosols that are composed of potentially hazardous metals,
such as chromium (Cr), manganese (Mn), iron (Fe) and nickel (Ni).
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Approximately 400,000 workers were employed full-time as
welders in the U.S. in 2014 (Bureau of Labor Statistics, 2016). It has
been estimated that additional workers, believed to be in the millions
worldwide, perform duties related to welding but are not classified as
full-time welders, such as construction workers, boilermakers, ship-
builders, automotive workers, pipefitters, and farmers. Employment of
welders in the U.S. is expected to increase over the next several years,
mostly reflecting the need for welders in the manufacturing industry
due to the importance and versatility of welding as a manufacturing
process. Also, because of the aging workforce and the nation's deterio-
rating infrastructure, additional jobs will be needed for repair and re-
building of bridges, highways, and buildings as well as in the
construction of new power generation facilities and specifically, pipe-
lines for transport of natural gas and oil (Bureau of Labor Statistics,
2016).

The health of welders has been difficult to study because of differ-
ences in welding processes and materials used, work area ventilation,
worker populations, and other occupational exposures (Antonini,
2003). Most worker studies have evaluated the pulmonary effects of
welding fume exposure. Many full-time welders have experienced
some type of respiratory disorder during their employment (Antonini,
2014; Martin et al., 1997). Acute pulmonary effects have included
metal fume fever, siderosis, transient changes in lung function, and an
increased susceptibility to upper and lower respiratory infections.
Chronic pulmonary effects include bronchitis and the possible develop-
ment of lung cancer. Less is known regarding the effects of welding
fume inhalation on non-pulmonary organ systems of the body, such as
the central nervous and cardiovascular systems. Studies have indicated
that welders are at an increased risk for ischemic heart disease (Ibfelt et
al., 2010; Sjogren et al., 2002). Also, because of the presence of manga-
nese in most welding fumes, long-time welders may be susceptible to
manganism, a Parkinson's Disease-like irreversible condition of the
brain characterized by the accumulation of elevated manganese levels
localized to the basal ganglia of the brain (Racette, 2014; Ellingsen et
al., 2008; Racette et al., 2001).

Because of the potential adverse health effects associated with
welding fumes, the objective of the current study was to identify poten-
tial biomarkers of response using an animal model to investigate epige-
netic changes in isolated peripheral blood mononuclear cells (PBMCs)
after exposure to different welding fumes. PBMCs can be easily isolated
from collected blood of human subjects, and have been used to assess
cellular, molecular, and epigenetic changes related to welding fume ex-
posure (du Plessis et al., 2010; Sardas et al,, 2010; Rim et al., 2007). Male
Sprague-Dawley rats were exposed by intratracheal instillation (ITI) of
2.0 mg/rat of gas metal arc-mild steel (GMA-MS) or manual metal arc-
stainless steel (MMA-SS) welding fume. Vehicle controls received ster-
ile saline by ITL. At4 h, 14 h, 1d, 3 d, 10 d, and 30 d, bronchoalveolar la-
vage (BAL) was performed to assess lung toxicity. Whole blood was
collected, and PBMCs were isolated. Production of reactive oxygen spe-
cies by PBMCs was assessed by evaluating dihydroethidium (DHE) fluo-
rescence and 4-hydroxynonenal protein adduct (P-HNE) formation.
DNA alterations in PBMCs were determined by evaluating changes in
DNA methylation and telomere length.

Table 1
Welding fume characterization.

2. Materials and methods
2.1. Animals

Male Sprague-Dawley rats from Hilltop Lab Animals (Scottdale, PA),
weighing 250-300 g and free of viral pathogens, parasites, mycoplas-
mas, Helicobacter, and CAR Bacillus, were used. Total 64 rats were
used in this study, 16 rats (6 control, 5 GMA-MS and 5 MMA-SS) for
each time point. The rats were acclimated for one week after arrival
and were provided HEPA-filtered air, irradiated Teklad 2918 diet, and
tap water ad libitum. All animal procedures used during the study
were reviewed and approved by the NIOSH Animal Care and Use Com-
mittee. The animal facilities are specific pathogen-free, environmentally
controlled, and accredited by the Association for Assessment and Ac-
creditation of Laboratory Animal Care International.

2.2. Welding fume characterization

The two welding fume samples were kindly generated and provided
by Lincoln Electric Co. (Cleveland, OH). Bulk samples of the welding
fumes were generated in an open front fume chamber (volume =
1 m>) by a welder using an appropriate electrode and collected on
0.2 um Nuclepore filters (Nuclepore Co., Pleasanton, CA). The fume sam-
ples were generated by: (1) gas metal arc welding with a mild steel
E70S-3 electrode (GMA-MS) with argon and CO, as shielding gases
and (2) shielded manual metal arc welding with a stainless steel
ER308-16-1 electrode (MMA-SS).

2.2.1. Welding particle composition

Analysis of elements present in the welding fume samples (Table 1)
was performed as using inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) using NIOSH method 7300 modified for micro-
wave digestion (NIOSH, 1994). In addition, portions of the different
welding fume samples were suspended in distilled water, pH 7.4, and
sonicated for 1 min with a Sonifier 450 Cell Disruptor (Branson Ultra-
sonics, Danbury, CT, USA) to determine particle/metal solubility. The
particle suspensions (total samples) were incubated for 24 h at 37 °C,
and the samples were centrifuged at 12,000g for 30 min. The superna-
tants of the samples (soluble fraction) were recovered and filtered
with a 0.22 um filter (Millipore Corp., Bedford, MA, USA). The pellets (in-
soluble fraction) were re-suspended in water. The sample suspensions
(total, soluble, and insoluble fractions) were digested, and the metals
analyzed by ICP-AES according to NIOSH method 7300 (NIOSH, 1994).
The surface chemical analysis was performed using X-ray photoelectron
spectroscopy (XPS; Perkin-Elmer, San Francisco, CA). The depth of sur-
face analysis was 1-3 nm.

2.2.2. Welding particle size

The aggregate size of the particles dispersed in water (hydrodynam-
ic diameter, dH) was measured using dynamic light scattering (DLS)
with a Malvern Zetasizer Nano-ZS instrument (Malvern Instruments
Ltd., Worcestershire, UK). Particle stock was prepared by initially dis-
persing particles at 5 mg/ml concentration in 1 mg/ml bovine serum

Sample Metal composition (weight %)? Soluble/insoluble ratio Surface analysis (weight %)
GMA-MS: 85% Fe 0.020 88.2% Fe,03
gas metal arc- mild steel 14% Mn 11.8% (Fe, Si)O3
MMA-SS: 41% Fe 0.345 >97% fluoride compounds
manual metal arc- stainless steel 28% Cr (87% Cr, 11% Mn)

17% Mn

3% Ni

2 Relative to all metals analyzed.
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albumin. DLS measurements were performed in water by diluting the
stock solution to 50 pg/ml in ultra-pure sterile water. Table 2 shows av-
erage and standard deviation data from six independent samples.

2.2.3. Welding particle morphology

Welding samples were dispersed onto 47-mm Nuclepore polycar-
bonate filters (Whatman, Clinton, PA). The filters were mounted onto
aluminum stubs with silver paste. The welding particles were viewed
using a Hitachi S4800 field emission scanning electron microscope
(Bruker, Madison, WI).

2.3. Welding fume exposure

The welding fume samples were prepared in sterile saline and soni-
cated to disperse the particulates. Rats were lightly anesthetized by an
intraperitoneal injection of 25 mg/kg body weight of methohexital sodi-
um (Brevital 500 mg; JHP Pharmaceuticals, LLC, Rochester, MI, USA) and
exposed by ITI with 2.0 mg/rat of GMA-MS or MMA-SS welding fume in
300 pl of sterile phosphate buffered saline (PBS). Vehicle control ani-
mals were received 300 pl of sterile PBS by ITI. Saline solutions and an-
esthetics were USP grade.

To estimate how the ITI particle dose used in the study correlated
with a “real world” worker exposure to welding fumes, the exposure
was calculated as previously described (Sriram et al., 2010). Important-
ly, the calculations made here do not account for particle clearance, but
provides an estimate of the plausible welder exposure concentrations
that our exposure paradigm mimics. The daily lung burden of a welder
was estimated, assuming 8 h of continuous welding, a worker minute
ventilation of 20 I/min, a particle deposition efficiency in the alveolar re-
gion of 15% (ICRP, 1994), and a fume concentration of 5 mg/m? (previ-
ous Threshold Limit Values for 8-h day for welding fume). The following
calculations were used:

Fume concentration x minute volume x exposure duration x depo-
sition efficiency.

= Daily deposited dose

5 mg/m> x (20 I/min x 1073 m3/L) x (8 h x 60 min/h) x 0.15

= 7.2 mg deposited per day

Next, assuming an average worker weighed 75 kg and the average
weight of the rats used in the study was 0.40 kg:

7.2 mg deposited/75 kg worker = x mg/0.40 kg rat

x = 0.0384 mg deposited per day

From the dose used in the study, 2.0 mg:

2.0 mg/0.0384 mg = 52.1 days or ~10.4 wk of exposure (based on
5 d work wk)

2.4. Bronchoalveolar lavage

At4h,14h,1d,3d,10d, and 30 d after exposure, bronchoalveolar
lavage (BAL) was performed to assess lung injury and inflammation.
Animals were euthanized with an intraperitoneal injection of sodium
pentobarbital (>100 mg/kg body weight, IP; Fatal-Plus Solution,
Vortech Pharmaceutical, Inc., Dearborn, MI, USA) and then exsanguinat-
ed by severing the abdominal aorta. The lungs were first lavaged with a
1 ml/100 g body weight aliquot of calcium- and magnesium-free PBS,
pH 7.4. The first fraction of recovered bronchoalveolar lavage fluid
(BALF) was centrifuged at 500 x g for 10 min, and the resultant cell-

Table 2
Welding Particle Size in Solution.

free supernatant was analyzed for lactate dehydrogenase as a marker
for lung cell damage. The lungs were further lavaged with 6-ml aliquots
of PBS until 30 ml were collected. These samples also were centrifuged
for 10 min at 500 x g and the cell-free BALF discarded. The cell pellets
from all washes for each rat were combined, washed, and re-suspended
in 1 ml of PBS buffer and counted and differentiated.

2.5. Lung injury and inflammation

Total cell numbers recovered by BAL were determined using a Coul-
ter Multisizer Il and AccuComp software (Coulter Electronics, Hialeah,
FL, USA). Cells were differentiated using a Cytospin 3 centrifuge
(Shandon Life Sciences International, Cheshire, England). Cell suspen-
sions (5 x 104 cells) were spun for 5 min at 800 rpm and pelleted
onto a slide. Cells (200/rat) were identified after labeling with Leukostat
stain (Fisher Scientific, Pittsburgh, PA, USA) as lung macrophages
(AMs), neutrophils, lymphocytes, and eosinophils. Using the acellular
first fraction of BALF, lactate dehydrogenase (LDH) activity was deter-
mined by measuring the oxidation of lactate to pyruvate coupled with
the formation of NADH at 340 nm. Measurements were performed
with a COBAS MIRA auto-analyzer (Roche Diagnostic Systems, Mont-
clair, NJ, USA) and expressed as units/l (U/L).

2.6. Isolation of PBMCs

At each time point after exposure, whole blood was drawn using an
18-gauge needle from the abdominal vena cava and collected in BD
Vacutainer tubes (Becton, Dickinson, and Co., Franklin Lakes, NJ). The
PBMCs were isolated from heparinized blood collected from each ani-
mal using Accuspin 12-ml tubes (Sigma-Aldrich Co., St. Louis, MO,
USA) containing Histopaque-1083 (Sigma-Aldrich Co., St. Louis, MO)
by centrifuging at 1250 x g for 30 min. PBMCs were collected in 15-ml
falcon tubes and washed once with PBS at 450 x g for 20 min. Finally,
PBMCs were re-suspended in 1 ml PBS (Lonza, Walkersville, MD, USA)
for cell counting and genomic DNA (gDNA) isolation. All steps were per-
formed at room temperature.

2.7. Epigenetic effects in PBMCs

2.7.1. Reactive oxygen species generation

Isolated PBMCs were collected at multiple time points after exposure
from whole blood of welding fume-exposed animals, re-suspended in
PBS, spun down with the Cytospin 3 centrifuge, fixed in 10% neutral
buffered formalin (Fisher Scientific, Fair Lawn, NJ, USA), rinsed with
PBS, and incubated with dihydroethidium (DHE; 2.5 umol/L; Molecular
Probes, Eugene, OR, USA) at 37 °C for 10-15 min. Cells were washed in
PBS twice and mounted using ProLong Gold (Molecular Probes, Eugene,
OR). Images were taken using an Olympus AX70 upright microscope,
and quantification was performed using Olympus cell Sens Dimension
1.15 software (Olympus Corporation, Tokyo, Japan).

2.7.2. P-HNE adduct formation

To confirm our DHE response, we measured another marker of reac-
tive species generation, P-HNE adduct formation. Isolated PBMCs from
whole blood of animals exposed to welding fumes for 24 h were re-
suspended with PBS, spun down with the Cytospin 3 centrifuge, fixed

Sample Z-Average (d.nm) Polydispersity Index (PdI) Peak 1 size intensity d nm (%) Peak 2 size intensity d nm (%)
GMA-MS: 300 £+ 7 0.2 + 0.02 319 £ 20 (99%) 3479 £ 2696 (1%)

gas metal arc- mild steel

MMA-SS: 604 + 24 0.4 + 0.02 592 + 69 (94%) 5109 + 419 (6%)

manual metal arc- stainless steel

Note. Measurements were performed at particle concentration of 50 pg/ml. Data represents average and standard deviations from six independent samples. d.nm is the hydrodynamic
diameter in nanometers. The peak size distribution suggests that most of the particles are around 300 and 600 nm in size with a few micron-sized agglomerates.


https://www.researchgate.net/publication/46009476_Mitochondrial_dysfunction_and_loss_of_Parkinson's_disease-linked_proteins_contribute_to_neurotoxicity_of_manganese-containing_welding_fumes?el=1_x_8&enrichId=rgreq-7751b85d73e091fa103db3433b5dea80-XXX&enrichSource=Y292ZXJQYWdlOzMxMjM5OTI5NztBUzo0NTI2NDg0MjkxOTkzNjFAMTQ4NDkzMTIwMzU3Mg==

64 M. Shoeb et al. / Nanolmpact 5 (2017) 61-69

-

-

(R WV 0

2l OflJurTl1

S4800 5.0kV 10.4mm x25.0k SE(M) 6/21/2016 * '

Fig. 1. Scanning electron micrographs of (A) GMA-MS and (B) MMA-SS welding particles
dispersed onto filters; asterisks indicate amorphous material, arrows indicate small, very
fine chain-like agglomerates. Dashed micron bar equals 2 pm.

in 10% formalin, rinsed with PBS, blocked (2% BSA and 0.3% Triton X) for
2-3 h, and incubated with P-HNE antibodies (Ab46545, Abcam, Cam-
bridge, UK) overnight. Cells then were washed once with PBS and incu-
bated with florescent-tagged secondary antibodies (Ab150077, Abcam,
Cambridge, UK) for 45 min. Finally, the cells were washed in PBS twice
and mounted using ProLong Gold. Images were taken using an Olympus
AX70 upright microscope, and quantification was performed using
Olympus cell Sens Dimension 1.15 software (Olympus Corporation,
Tokyo, Japan).

2.7.3. DNA isolation and telomere length analysis by qPCR

gDNA was extracted from the PBMCs isolated from whole blood
using DNeasy Blood & Tissue Kit (Qiagen Sciences Inc., Germantown,
MD, USA). DNA concentration was measured using the Nano-Drop
2000 spectrophotometer. Samples were diluted to a final concentration
of 25 ng/1.5 pl to measure telomere length. Quantitative PCR was per-
formed using the SYBR Select Master Mix (Life Technologies, Carlsbad,
CA, USA) with a step one plus real time PCR system (Applied
Biosystems, Foster City, CA, USA). The parameters used were as follows:
95 °C for 10 min (enzyme activation), 95 °C for 15 s (denaturing), and
60 °C for 60 s (annealing), 60 cycles. Primers used were as follows: Tel
rat-F 5'-GGT TTT TGA GGG TGA GGG TGA GGG TGA GGG TGA GGG t-
3/, and Tel rat-R 5’-TCC CGA CTA TCC CTA TCC CTA TCC CTA TCC CTA
TCC CTA- 3’; AT1 rat-F 5’-ACG TGT TCT CAG CAT CGA CCG CTA CC-3’
and ATT1 rat-R 5-AGA ATG ATA AGG AAA GGG AAC AAG AAG CCC-3’
(Invitrogen Corporation, Carlsbad, CA, USA). The relative telomere
length was measured by comparing the ratio of telomere repeat copy
number (T as Tel1) and single gene copy number (S as AT1), expressed
as telomere length (T/S) ratio. Each individual values obtained by qPCR
were processed through the formula T/S = 24T, where ACT =
CTtetomere — CTat1. This ratio was then compared with the ratio of the
reference DNA. Each DNA sample collected was measured in duplicate.

2.7.4. DNA methylation

DNA Colorimetric Quantification Kit (Abcam, Cambridge, UK) was
used to determine gDNA methylation according to manufacturer in-
structions. Briefly, binding buffer was added to each well then a nega-
tive control, positive control, or 400 ng of gDNA per reaction was
added. The plate was incubated for 90 min, washed, and incubated
with capture antibody for 60 min. Then, washed and incubated with de-
tection antibody after which an enhancer solution was added. Finally,
the plate was washed, and developing solution was added followed by
stop solution. Absorbance was read at 450 nm.

2.8. Statistics

Results are means + standard error of measurement. Statistical anal-
ysis was performed using SigmaStat (Systat Software, Inc., San Jose, CA).
The significance of difference between exposure groups within a time
point was analyzed using a one-way analysis of variance (ANOVA)
and the Tukey post-hoc test. The criterion of significance was set at
p < 0.05.

3. Results
3.1. Particle characterization

Elemental analysis of the welding fume samples was performed by
ICP-AES (Table 1). The composition of the two fumes was different as
the GMA-MS sample was composed of Fe (85%) and Mn (14%), whereas
the MMA-SS sample was composed of similar Mn (17%) levels but less
Fe (41%). Measureable amounts of Cr (28%) and Ni (3%) were present
in the MMA-SS sample, but not in the GMA-MS sample. In addition,
the GMA-MS sample was mostly insoluble with a soluble-to-insoluble
ratio of 0.020, whereas the MMA-SS sample was significantly more sol-
uble with a soluble-to-insoluble ratio of 0.345. The soluble fraction of
the MMA-SS fume was composed of Cr (87%) and Mn (11%). The surface
of the MMA-SS sample was composed of a complex of fluoride com-
pounds (97%), whereas the GMA-MS particle surface was almost entire-
ly Fe;03 (88%). The fluoride on the surface of the MMA-SS particle
originates from the flux that coats the surface of the electrodes used
during MMA welding.

Particle morphology for the two welding samples as assessed by
scanning electron microscopy appeared somewhat different. The
GMA-MS particles were agglomerates of submicron-sized primary par-
ticles arranged as heterogeneous, chain-like structures (Fig. 1A). The
GMA-MS primary particles were mostly spherical and more homoge-
nous in size compared to the MMA-SS particles which were a combina-
tion of amorphous material (asterisks) and much smaller and finer
chain-like agglomerates (arrows; Fig. 1B). DLS analysis indicated
MMA-SS welding fume particles agglomerated to a greater extent
than GMA-MS welding fume particles in solution with average dH of
604 nm and 300 nm, respectively (Table 2).

3.2. Lung injury and inflammation

In the assessment of lung injury, BALF LDH was significantly elevated
compared to control at all time points after MIMA-SS exposure except at
30 d. Similarly, BALF LDH was significantly elevated by MMA-SS com-
pared to GMA-MS exposure at 14 h, 1 d, 3 d, and 10 d (Fig. 2). GMA-
MS exposure significantly increased LDH at the early time points com-
pared to saline but returned to control levels by 10 d.

In regards to lung inflammation, neutrophils recovered by BAL were
significantly elevated after MMA-SS exposure at 14 h,1d,3 d,and 10d
compared to control and at 3 d and 10 d compared to GMA-MS (Fig. 3A).
GMA-MS significantly increased neutrophils at 14 h, 1 d, and 3 d com-
pared to saline but PMNs returned to control levels by 10 d. Lung AMs
were significantly elevated at 3 d and 10 d after MMA-SS exposure
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Fig. 2. LDH activity in BALFat4 h, 14 h,1d,3 d, 10d, and 30 d after 2.0 mg/rat ITI exposure
to MMA-SS or GMA-MS welding fumes. Vehicle controls received saline. (n = 4-6; values
are means =+ standard error; *significantly different from saline control, p < 0.05;
#significantly different from saline control and GMA-MS groups, p < 0.05).

(Fig. 3B). GMA-MS had no effect on the number of AMs recovered by
BAL.

3.3. Epigenetic changes in PBMCs

In the assessment of the number of PBMCs isolated from the whole
blood, there was no significant difference in PBMC number observed
at any time point after exposure when comparing either welding
fume with control (Fig. 4).

Because of the inflammatory response in the lungs after ITI exposure
to the welding fume samples, markers of oxidative stress were exam-
ined in isolated PBMCs. As observed by the amplified red fluorescence
of DHE, the welding fume samples induce reactive oxygen species gen-
eration in PBMCs at 24 h after exposure (Fig. 5A). However, compara-
tively less DHE fluorescence was observed in PBMCs from GMA-MS
welding fume exposed rats as compared to MMA-SS exposed rats, sug-
gesting a potential mechanism related to the differences observed in
lung injury and inflammation (Figs. 5B). Because reactive oxygen spe-
cies generation can lead to the formation of proteins adducts of the
lipid peroxidation product 4-hydroxynonenal, P-HNE was examined in
PBMCs isolated from animals exposed to the different welding fumes
(Fig. 6A). ITI exposure to MMA-SS welding fume increased P-HNE ad-
duct formation (green fluorescence) in PBMCs at 24 h as compared to
the GMA-MS fume and control (Fig. 6B). The PBMCs isolated from the
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Fig.4.PBMCs isolated at4h,14 h,1d,3d, 10d, and 30 d after ITI exposure to 2.0 mg/rat of
MMA-SS or GMA-MS welding fumes. Vehicle controls received saline. (n = 4-6; values are
means =+ standard error).

GMA-MS group had a slight, but not significant, in P-HNE adduct forma-
tion when compared to the controls.

DNA methylation is a common epigenetic biomarker that has been
associated with airborne particulate exposure. DNA methylation of
PBMCs was assessed at each of the time points after welding fume expo-
sure. No significant differences were observed when comparing DNA
methylation between the welding fume and control groups at any of
the time points assessed (Fig. 7). However, PBMCs from MMA-SS ex-
posed rats had significantly increased telomere length ratios at 1 and
30 d after a single exposure compared to the GMA-MS and control
groups (Fig. 8). No significant differences were observed in PBMC telo-
mere length ratio when comparing the GMA-MS group with control at
any of the time points.

4. Discussion

The goal of the study was to use an animal model to assess the effect
of pulmonary exposure to welding fumes on potential epigenetic
changes in isolated PBMCs. We examined changes in telomere length,
alterations in DNA methylation and biomarkers of oxidative stress in
PBMCs isolated at different time points after exposure to two common,
but chemically distinct, welding fumes. The GMA-MS fume was rela-
tively insoluble and composed of mostly Fe and with a small percentage
of Mn, whereas the MMA-SS fume was highly water-soluble and com-
posed of significant amounts of Cr and Ni in addition to Fe and Mn as
well as fluoride compounds on the surface of the particles. Both particle
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Fig. 3. (A) Neutrophils and (B) macrophages (AMs) recovered by BALat4 h, 14 h, 1 d, 3 d, 10 d, and 30 d after 2.0 mg/rat ITI exposure to MMA-SS or GMA-MS welding fumes. Vehicle
controls received saline. (n = 4-6; values are means + standard error; *significantly different from saline control, p < 0.05; #significantly different from saline control and GMA-MS

groups, p < 0.05).
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Fig. 5. (A) Reactive oxygen species generation (DHE; red fluorescence) by PBMCs isolated from Sprague-Dawley rats at 24 h after 2.0 mg/rat ITI exposure to MMA-SS or GMA-MS welding
fumes. Vehicle controls received saline. Bar = 40 pm. (B) Quantification of reactive oxygen species-DHE response as measured by mean red fluorescence intensity. (n = 3; values are
means =+ standard error; *significantly different from saline control and GMA-MS groups, p < 0.05).

samples were respirable in size and displayed the typical agglomerated
chain-like structures that are commonly observed with particles formed
during welding.

A differential lung injury and inflammation response was observed
when comparing the two welding fumes. The more soluble and chemi-
cally complex MMA-SS sample induced a more persistent and greater
inflammatory response as evidenced by significant elevations in lung
LDH and neutrophil influx above the GMA-MS sample and control
group. This elevation remained increased beyond 10 d after exposure.
ITI GMA-MS fume exposure significantly increased injury and inflam-
mation at early time points compared to control but had no significant
effect by 10 d. These results correlated well with earlier studies compar-
ing the toxicity of mild steel and stainless steel welding fumes after ex-
posure by a single ITI (Antonini et al., 1996, 1997) or exposure by

>

GMA-MS SALINE

MMA-SS

inhalation (Antonini et al., 2011b). This confirmed that the responses
seen in the current study were those anticipated in this established
model.

In workers, welding fume inhalation has been reported to cause ox-
idative stress in PBMCs. In isolated PBMCs from fifteen welders, du
Plessis et al. (2010) observed increases of 87% and 96% in reactive oxy-
gen species and lipid peroxidation levels, respectively compared to non-
exposed controls. Unfortunately, as is the case with most welder stud-
ies, a limitation of the study was the absence of information on the spe-
cific type of welding fume exposure. According to the description of the
study population, the workers were involved ‘with various welding-re-
lated processes under various conditions’. Our study suggests that dif-
ferent types of welding fumes vary in their effects on PBMC in
exposed rats. Neither welding fume affected the number of PBMCs
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Fig. 6. (A) P-HNE adduct formation (green fluorescence; FTIC) in PBMCs isolated from Sprague-Dawley rats at 24 h after ITI exposure to 2.0 mg/rat of MMA-SS or GMA-MS welding fumes.
Vehicle controls received saline. DAPI blue fluorescence indicates nucleus staining. Bar = 20 pm. (B) Quantification of P-HNE adduct formation response as measured by mean green
fluorescence intensity. (n = 3; values are means + standard error; *significantly different from saline control and GMA-MS groups, p < 0.05).


https://www.researchgate.net/publication/43161578_Flow_Cytometric_Analysis_of_the_Oxidative_Status_in_Human_Peripheral_Blood_Mononuclear_Cells_of_Workers_Exposed_to_Welding_Fumes?el=1_x_8&enrichId=rgreq-7751b85d73e091fa103db3433b5dea80-XXX&enrichSource=Y292ZXJQYWdlOzMxMjM5OTI5NztBUzo0NTI2NDg0MjkxOTkzNjFAMTQ4NDkzMTIwMzU3Mg==
https://www.researchgate.net/publication/14397774_Pneumotoxicity_and_Pulmonary_Clearance_of_Different_Welding_Fumes_After_Intratracheal_Instillation_in_the_Rat?el=1_x_8&enrichId=rgreq-7751b85d73e091fa103db3433b5dea80-XXX&enrichSource=Y292ZXJQYWdlOzMxMjM5OTI5NztBUzo0NTI2NDg0MjkxOTkzNjFAMTQ4NDkzMTIwMzU3Mg==
https://www.researchgate.net/publication/14033687_Responses_to_welding_fumes_Lung_injury_inflammation_and_the_release_of_tumor_necrosis_factor-a_and_interleukin-1b?el=1_x_8&enrichId=rgreq-7751b85d73e091fa103db3433b5dea80-XXX&enrichSource=Y292ZXJQYWdlOzMxMjM5OTI5NztBUzo0NTI2NDg0MjkxOTkzNjFAMTQ4NDkzMTIwMzU3Mg==

M. Shoeb et al. / Nanolmpact 5 (2017) 61-69

2 A
7
T 15
I
T 1
~
g
S 05
£
wn

0

Cont GMA-MS MMA-SS

. 2 B
>
3
M 15
O
£
Q
wn

0

Cont GMA-MS MMA-SS

67
2 2 C
3
EI-’ 15
E
£
€ 05
A
0
Cont GMA-MS MMA-SS
D

N

e
5]

o
«n

5-mC (ng/ml) — 30 days
=

GMA-MS  MMA-SS

o

Cont

Fig. 7. DNA methylation was measured by the production of 5-methylcytosine (5-mC) in PBMCs isolated at (A) 1d, (B) 3d, (C) 10d, and (D) 30 d after ITI exposure to 2.0 mg/rat of MMA-
SS or GMA-MS welding fumes. Vehicle controls received saline. (n = 4-6; values are means + standard error).

that were isolated at any time point. In our rat model at 24 h after expo-
sure, both GMA-MS and MMA-SS increased PBMC P-HNE adducts and
DHE which are biomarkers of oxidative stress. However, MMA-SS was
significantly more effective than GMA-MS in causing oxidative stress
in the PBMCs. This elevation in oxidative stress returned to control
levels at later time points, indicating a possible recovery of the cells
(Ostrakhovitcha et al., 2015) or an underestimation of the oxidant re-
sponse due to the use of a two-dimensional versus three-dimensional
cell culture system (Chia et al., 2015). Because effects were seen in
PBMCs, a circulatory cell outside of the lung, the responses are likely
due to the translocation of either metals that have become solubilized
or inflammatory mediators produced after phagocytosis of the welding
particles by lung AMs (or both) from the lungs to the circulation. The
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enhanced responses of the PBMCs after pulmonary exposure to MMA-
SS are likely a result of inflammatory regulators and soluble metals
quickly moving into the circulation and directly acting with the
PBMCs because of the an elevated inflammatory response in the lungs
and the presence of soluble metals compared to the GMA-MS sample,
respectively. Toxico-kinetic studies indicate that the soluble Cr from
stainless steel welding fumes quickly translocate to the circulation and
are significantly elevated at 1 d after exposure compared to mild steel
fumes (Antonini et al., 2010).

One potential mechanism by which particle-induced oxidative
stress can influence transcriptional regulation is through epigenetic
modification. Epigenetics refers to persistent alterations in gene regula-
tion that do not involve changes to the DNA sequence (Feil and Fraga,
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(n = 4-6; values are means =+ standard error; *significantly different from saline control and GMA-MS groups, p < 0.05). The relative telomere length was measured by comparing the ratio
of telomere repeat copy number (T) and single gene copy number (S), expressed as telomere length (T/S) ratio.
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2012). A commonly studied epigenetic modification is DNA methyla-
tion, described as the covalent addition of a methyl group to cytosine
primarily in the context of a cytosine-guanine dinucleotide. DNA meth-
ylation modulates gene expression and varies in response to different
external stimuli (Feinberg, 2007). Jiang et al. (2014) demonstrated
that short-term inhalation exposure to diesel exhaust resulted in DNA
methylation changes at sites involved with inflammation and oxidative
stress. However, no significant differences were observed when com-
paring DNA methylation between the welding fume and control groups
at any of the time points assessed in the current study. In agreement,
Wong et al. (2014a) and Li et al. (2015) did not see any significant asso-
ciations between DNA methylation and cumulative particulate matter
exposure in a longitudinal study of a cohort of welding fume-exposed
boilermakers and respirable dust in group of Swedish welders, respec-
tively. Also, Erdely et al. (2014) observed that in whole blood MMA-SS
exposure diminished the inflammatory protein response to
lipopolysacchide but that the transcription of associated genes was un-
affected. This finding agrees with the observation of a lack of an acute
impact of DNA methylation in the current study. Furthermore, a positive
effect on DNA methylation may reflect long-term alterations, whereas
the current study used an acute, single exposure.

It has been hypothesized that oxidative stress may be the primary
mechanism responsible for the changes observed in telomere length
(von Zglinicki, 2002). Telomeres are complexes of tandem repetitive
structures of DNA (5’-TTAGGG-3’, 6-15 kb) that stabilize ends of chro-
mosomes by preserving genetic information and preventing DNA deg-
radation (Shaw et al., 2014; Hug and Lingner, 2006). Telomeres
shorten with age, and their length may be affected by life experiences,
such as stress, diet, chronic inflammation, physical activity, and envi-
ronmental exposures (Patel et al., 2016; Zhang et al., 2013). Occupation-
al exposure to different pollutants, including inhaled particulate matter,
has been associated with telomere length changes (Hou et al., 2012).
Telomere integrity is mostly maintained by telomerase activity by
which TTAGGG repeats are added on chromosomal ends to compensate
for continual erosion of telomeres (Hug and Lingner, 2006). Telomerase
activity is highest in germline and cancer cells, but also is quantifiable in
some normal somatic cells, such as PBMCs (Marion and Blasco, 2010). It
has been estimated that the reduction rate of telomere repeats in PBMCs
is approximately 84 bp per year along with a progressive decrease in tel-
omerase activity in healthy individuals (Iwama et al., 1998). Because of
the ease of isolation from whole blood samples, PBMCs may serve as a
valuable cell type in the study of telomere length as a possible biomark-
er to assess past occupational exposure as well as predict future disease.
Both shorter (Ma et al., 2011; Jang et al., 2008) and longer (Seow et al.,
2014; Lan et al., 2013) telomeres in peripheral blood have been associ-
ated with increased risk of various cancer types, including lung cancer.

Based on previous welder studies, it was hypothesized that pulmo-
nary exposure to welding fume would decrease telomere length. In pe-
ripheral blood from a cohort of welders in Sweden, Li et al. (2015)
observed that shorter telomeres were associated for every working
year as a welder. Although there were no clear associations between
concentrations of respirable dust and different biomarkers in peripheral
blood, the study observed modest signs of associations between oxida-
tive stress, telomere alterations, and exposure to low-to-moderate
levels in welding fumes. Also, in a small cohort of boilermakers exposed
to welding fumes, Wong et al. (2014b) observed that increased cumula-
tive exposure to PM2.5 in the month prior to measurement, as opposed
to exposures extending further into the past, was associated with de-
creased telomere length in peripheral blood leukocytes. However, in
both studies, it was impossible to separate welding fume exposure of
the workers from exposure to other occupational and environmental
substances and lifestyle factors that potentially may cause epigenetic
changes in DNA.

Interestingly, the MMA-SS fume sample in the current study signifi-
cantly increased telomere length of isolated PBMCs at 1 and 30 d after
ITI exposure compared to the GMA-MS fume and control. No alterations

in telomere length were observed when comparing the GMA-MS and
control groups at any time point. The result of an increase in telomere
length for the MMA-SS welding fume, which was more reactive and in-
flammatory than the GMA-MS fume, is not surprising. Exposure to
stressors, including inhaled particulates, have been shown to increase
telomere length. In an evaluation of steel workers exposed to metal-
rich particulates near Brescia, Italy, Dioni et al. (2011) observed a
rapid and significant increase in telomere length after a short-term ex-
posure of just three days. The authors believed that acute inflammation,
an important process in mediating health effects associated with partic-
ulate exposure, could be the mechanism causing the increase in telo-
mere length. In agreement, Colicino et al. (2016) observed that
leukocytes with longer telomeres due to a 1-year exposure to carbon
black, a marker of traffic-related air pollution, were more responsive
to inflammatory stimuli. Additionally, Hou et al. (2012) observed an in-
creased association between increased telomere length with elemental
carbon and personal PM2.5 levels during work hours on examination
days. However, this association of an increase in telomere length was
lost at later time points after exposure. This observation may help ex-
plain the results in the current study that showed an increase in telo-
mere length in PBMCs isolated at 1 d from the MMA-SS group when
lung injury and inflammation were the highest. As mentioned previous-
ly, soluble Cr from stainless steel welding fumes is significantly elevated
at1d (Antonini et al., 2010). Also, reactive oxygen species potential has
been observed to be the greatest in the chromium-rich, soluble fraction
of MMA-SS welding fume (Taylor et al., 2003).

As the response subsided, PBMC telomere length ratio in the MMA-
SS group returned to control levels at 3 and 10 d before increasing at
30 d, suggesting a biphasic response possibly due to a potential change
in populations of circulating cells. The identification of welding fume-in-
duced changes in PBMC cell populations could explain the increased
telomere length. It is possible that decreases in the relative number of
a cell type with shorter telomeres and an increase in the number of a
cell type with longer telomeres may increase telomere length of the
overall PBMCs. Lin et al. (2016) observed that the rates of telomere
length change differ for different circulating immune cell types, indicat-
ing cell type-specific responses. Also in other types of lung injury, bone
marrow-derived progenitor cells have been observed to move into the
lungs and are involved in lung repair (Serikov et al., 2008; Yamada et
al., 2004). The influx of bone marrow-derived, stem-like cells may
have altered overall telomere length. An examination of these hypothe-
ses as well as the study of the biological reactivity of the serum and the
presence of specific metals and inflammatory mediators in samples col-
lected from the animals in the study at different time points is ongoing
in an attempt to explain the mechanism for the increase in telomere
length at 30 d.

5. Conclusions

A well-controlled animal study was performed to determine the ef-
fects of welding fumes with different chemical and toxicity profiles on
oxidative stress, DNA methylation, and telomere length in PBMCs isolat-
ed at different time points after exposure. The welding fume that was
more soluble, inflammatory, and contained genotoxic metals enhanced
markers of oxidative stress and increased telomere length as compared
to other fume and control. No differences were observed when compar-
ing DNA methylation between the welding fume and control groups.
Importantly, telomere length increased in PBMCs from MMA-SS ex-
posed rats, suggesting the need for additional investigation of telomere
changes in studies of acute welding fume exposure.

Disclaimer
The findings and conclusions in this report are those of the author(s)

and do not necessarily represent the views of the National Institute for
Occupational Safety and Health.
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