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FIGURE 2 | Heatmaps of the principal components (PC) that explain the variation in the study groups. Heatmaps were constructed using input data from linear

regression of association between the principal components of the data and the biological annotations. The influence of the biological annotations on the overall

variation is plotted in a heatmap based on the p-value of the association. Input data was the normalized protein expression values (on a log2-scale). “group” refers to

occupational group i.e., welders and controls; “residence” refers to current residence in large and small cities as compared with towns and countryside; “hobby

exposure” exposure to welding fumes, dust, engine exhaust or engine diesel during leisure activities; “country of birth” is categorized as Sweden or outside Sweden;

“education” is assigned to 5 categories for education from secondary school to university studies; “vegetables” frequency of intake of vegetables and is assigned to 8

categories from 3 per day or more to never; “fish” frequency is based on 7 categories from once per day or more to never; “physical activity” is based on 4 categories

from sedentary to intensive physical activity; “ever smoking” stands for current or previous smoking and is categorized as “yes” and “no”; “alcohol” stands for

frequency of alcohol intake and is stratified in 6 categories from every day to never.

age (Supplementary Table 7) of which 29 were significant in the
cross-sectional group (Supplementary Table 7).

DISCUSSION

In this exploratory study, we investigated the influence of welding
on levels of putative neurology-related serum proteins as a
proxy of exposure-related changes in the nervous system. We
found that welders exposed to respirable dust concentrations
below the current Swedish OEL (2.5 mg/m3) show change
in serum levels of proteins related to neurological processes
and neurologic disease. We do not know if the observed
protein changes are related to exposure to Mn, particles

or other factors present in the occupational environment of
welders as we did not observe dose-response associations with
different measures of exposure to welding fumes. In addition,
we identified several proteins that are associated with age
and BMI.

We found that being a welder was associated with higher
serum levels of NMNAT1 in both longitudinal and cross-
sectional analyses. NAD+/NADH are key players in redox
reactions providing energy formetabolic reactions. Nicotinamide
mononucleotide is converted into NAD+ by NMNAT that
exists in 3 different isoforms. NMNAT1 is the nuclear form
(26) and is widely expressed in all tissues, including the brain
(www.proteinatlas.org). Further, NMNAT1 has a general role in
neuronal maintenance, it prevents axon degeneration and has
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FIGURE 3 | Variation of serum protein from the Olink neurology panel. (A) Intraclass correlation coefficients (ICCs) estimated in linear mixed models including

occupational group, age, BMI as fixed factors, and individual as random factors. (B) Protein variance explained (R2
m) by occupational group, age and BMI generated

from models including occupational group, age or BMI as fixed factors (one by one) and individual as random factors. Proteins are ordered according to the R2
m of a

linear mixed model including occupational group, age and BMI as fixed factors and individual as random factors.
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TABLE 2 | Differentially expressed proteins in serum between welders and controls in the longitudinal study group (linear mixed models) and corresponding data for the

cross-sectional group (linear models).

Protein Linear Mixed Models (n = 246) Linear models (cross-sectional group) (n = 191)

R2
m (%)a Beta (SE)b pc R2 (%)d Beta (SE)e pf

TNFRSF21 8 −0.112 (0.039) 0.004 4 −0.008 (0.037) 0.838

TMPRSS5 7 −0.171 (0.059) 0.004 −1 −0.033 (0.056) 0.554

NEP 10 0.257 (0.116) 0.027 10 −0.022 (0.102) 0.833

GDF8 6 0.185 (0.087) 0.033 5 0.066 (0.072) 0.365

NMNAT1 2 0.256 (0.126) 0.043 7 0.28 (0.129) 0.032

SE, standard error; aVariance explained by fixed factors (group, age, body-mass index); bregression coefficient from linear mixed models interpreted as standard deviation difference

in protein levels compared to controls, adjusted for age, body-mass index variables as fixed factors, and participant as random factors; cP-value from test of contribution of group

inclusion (welders and controls) to protein variance using an analysis of variance approach with Satterthwaite approximation for degrees of freedom (Bonferroni-adjusted threshold for

the p-value: 0.05/87 = 5.7*10−4); dvariance in protein levels explained by the linear model; eregression coefficient from multivariable-adjusted linear models interpreted as standard

deviation difference in protein levels compared to controls adjusted for age, body-mass index; fp-value from the linear model to test the difference between welders and control.

been shown to protect neurons from reactive oxygen species
(26–28). Increased levels of NMNAT1 in welders may therefore
reflect a protective response mechanism against the effects of
long-term neurotoxic exposures, such as from oxidative stress
(29) which has been associated with exposure to welding fumes
(30). Studies in a mice model of Alzheimer disease have linked
NMNAT1 to protection against Alzheimer disease (31, 32). There
are, to our knowledge, no reports linking exposure to welding
fumes to Alzheimer disease, and this needs to be explored
in future studies. We would like to note that NMNAT1 is
also associated with retinal function (33) and it is possible
that the association found in our study could be related to
exposure to UV radiation during welding. Exposure to UV
radiation during welding has been classified as carcinogenic to
humans (34).

In the dose-response analysis among welders only,
associations with other serum proteins were found. Respirable
dust was associated with increased expression of NBL1 (although
not significant in the cross-sectional analysis), a protein widely
expressed in the body and in blood expressed in T-cells
(proteinatlas.org). NBL1 was initially identified as a tumor
suppressor in a neuroblastoma cell line (35) and was later
found important for nervous system and bone development
(36). There is hitherto no relation described with NBL1 and
neurodegenerative diseases or with manganese or iron. Together
with the fact that the association with respirable dust was weak
in the cross-sectional group, suggest that the findings for NBL1
should be interpreted cautiously.

In the dose-response analysis among welders only, we
identified 5 proteins (GCSF, EFNA4, CTSS, CLM6, VWC2) that
were associated with welding years, both in longitudinal and
cross-sectional analyses. The respective proteins were negatively
associated with welding years and apart from CTSS they were
not associated with age. GCSF (granulocyte-colony stimulating
factor) is a growth factor that has neuroprotective effects (37)
and was shown to be expressed in lower levels in the brain of
individuals with neurodegenerative diseases such as Parkinson
disease and the rare degenerative disease multiple system atrophy
(38). EFNA4 (EphrinA4) belongs to the ephrin family of

proteins responsible for axonal guidance (39) and is involved
in modulation of neuronal regeneration after injury (40). CTSS
(cathepsin S) is a protease particularly expressed in the microglial
cells of the central nervous system and in vivo studies in mice
indicated CTSS upregulated with age and neuroinflammation
(41, 42). CLM6 (also known as CD300c) is a receptor found
on the surface of immune cells with yet an unclear function.
VWC2 (also known as the brorin) is expressed both in neural
tissues in embryos and in neurons in the adult mouse brain and is
involved in neurogenesis (43). In a recent study plasma EFNA4,
CLM6, and VWC2 were negatively associated with general fluid
cognitive ability in old individuals, an association that appeared
to be mediated by brain volume (44).

Although the protein changes identified cannot be clearly
linked to Mn exposure of the welders, it should be noted
that the Mn levels in the welders were high in relation to
the current Swedish OEL, i.e., 0.05 mg/m3. The median
value of the adjusted respirable Mn concentrations was close
to 0.05 mg/m3 and half of the welders were assessed to be
exposed to Mn concentrations above the OEL. Further, it
should be noted that the measured unadjusted respirable Mn
concentrations did not decrease compared with measured
unadjusted concentrations reported in 2003–2005, i.e.,
0.08 mg/m3 (11). Thus, the respirable Mn exposure levels
among welders in Sweden have not declined for the past
15 years although that the OEL has been reduced from
0.1 to 0.05 mg/m3.

Being exposed above the OEL of Mn could increase the
risk of adverse health effects on the nervous system in welders,
as suggested from our study, and further protective measures
should be taken. It is important that the general mechanical
ventilation at the workplace is efficient and that local exhaust
ventilation is available and used to reduce emissions at the
source. Exposure can further be efficiently reduced by use of
e.g., powered air purifying respirators, especially those with
double visors.

This is an exploratory study, but we performed a rather strict
analysis to identify proteins related to welding, by evaluating
the proteins both in a longitudinal cohort and a cross-sectional
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TABLE 3 | Differentially expressed proteins in serum in welders associated with exposure expressed as respirable dust (adjusted for personal respiratory protection

equipment), years welding and cumulative exposure in the longitudinal study group (linear mixed models) and corresponding data for the cross-sectional group (linear

models).

Protein Linear mixed models Linear models (cross-sectional group)

R2
m (%)a Beta (SE)b pc R2 (%)d Beta (SE)e pf

Respirable dust (n = 84/96)

KYNU 20 0.188 (0.063) 0.003 16 0.068 (0.046) 0.139

CTSC 12 0.099 (0.041) 0.016 8 0.045 (0.033) 0.172

GFRα1 12 0.061 (0.027) 0.027 10 −0.024 (0.021) 0.244

NBL1 10 0.034 (0.016) 0.036 2 0.025 (0.013) 0.071

Years welding (n = 112/101)

GCSF 17 −0.025 (0.006) <0.001# 7 −0.018 (0.008) 0.023

CRTAM 16 −0.022 (0.007) 0.002 1 −0.005 (0.007) 0.490

ADAM23 27 −0.023 (0.009) 0.011 −1 −0.009 (0.008) 0.227

IL12 9 −0.024 (0.01) 0.013 9 0.007 (0.008) 0.395

EFNA4 9 −0.008 (0.003) 0.014 22 −0.008 (0.003) 0.016

LAIR2 5 −0.033 (0.014) 0.017 1 −0.024 (0.016) 0.141

CTSS 17 −0.009 (0.004) 0.025 15 −0.006 (0.003) 0.042

CLM1 5 −0.017 (0.008) 0.028 4 −0.001 (0.008) 0.854

CLM6 6 −0.007 (0.003) 0.030 12 −0.007 (0.003) 0.033

VWC2 7 −0.013 (0.006) 0.047 25 −0.02 (0.006) 0.001

GFRα1 10 −0.009 (0.005) 0.049 12 −0.006 (0.004) 0.118

Cumulative exposure (n = 84/95)

SCARB2 21 0.007 (0.002) 0.001 16 −0.001 (0.002) 0.635

LXN 14 0.004 (0.002) 0.008 4 0 (0.001) 0.820

PRTG 17 0.009 (0.003) 0.009 0 0 (0.002) 0.981

MDGA1 7 0.014 (0.006) 0.013 −1 −0.002 (0.004) 0.681

CD38 9 0.009 (0.004) 0.017 3 −0.002 (0.002) 0.243

GCP5 18 0.014 (0.006) 0.020 5 −0.002 (0.004) 0.621

FcRL2 16 0.011 (0.005) 0.024 1 0 (0.003) 0.988

sFRP_3 19 0.013 (0.007) 0.050 −2 −0.001 (0.003) 0.771

SE, standard error; aVariance explained by fixed factors (respirable dust/years welding/cumulative exposure, age, body-mass index); bregression coefficient from linear mixed models

interpreted as standard deviation difference in protein levels per respirable dust unit increase/numbers of years welding/cumulative exposure unit increase, adjusted for age, body-mass

index variables as fixed factors, and participant as random factors; cp-value from test of contribution of respirable dust/years welding/cumulative exposure to protein variance using an

analysis of variance approach with Satterthwaite approximation for degrees of freedom (Bonferroni-adjusted threshold for the p-value: 0.05/87 = 5.7*10−4 ); dvariance in protein levels

explained by the linear model; bregression coefficient from linear mixed models interpreted as standard deviation difference in protein levels per respirable dust unit increase/numbers

of years welding/cumulative exposure unit increase, adjusted for age and body-mass index variables; fp-value from the linear model to test the association with exposure variables

(respirable dust/years welding/cumulative exposure); #significant after adjustment for multiple testing (Bonferroni).

group. It should be noted that changes in protein levels in this
study were measured in serum and the relevance for processes
in the brain should be interpreted cautiously as we do not
know to which degree serum levels reflect expression levels in
more relevant tissues. Therefore, to evaluate their relevance, it
would be useful to measure the same proteins, e.g., NMNAT1,
GCSF in other welding cohorts or in experimental studies of
welding fumes. Proteins that were associated with welding in
this study, if validated, could potentially function as biomarkers
of neurotoxic effects of exposure to welding fumes. This is
a longitudinal study, however, we acknowledge the limitation
of only having two sampling points. The limited number of
timepoints could overlook dynamic changes both in protein
expression and exposure to welding fumes. A weakness with the
study is that Mn exposure was not assessed at both timepoints,
although we had a strong correlation between Mn and respirable

dust at timepoint 2. Mn exposure is difficult to estimate by
measurements in biological samples, partly due to highly efficient
homeostatic mechanisms, and there is no validated biomarker for
Mn exposure.

All in all, our study indicates that low-to-moderate exposure
to welding fumes is associated with consistent changes in
circulating levels of neurology-related proteins, that might
be indicators of an increased risk for future disease. This
highlights the need to further reduce the exposure levels to
welding fumes.
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Supplementary Figure 1 | Variation of serum protein from the Olink neurology

panel. (A) Intraclass correlation coefficients (ICCs) estimated in linear mixed

models including occupational group, age, BMI, physical activity, consumption of

fish and vegetables, use of snus and alcohol intake as fixed factors, as well as

individual as random factors. (B) Protein variance explained (R2
m) by occupational

group, age, and BMI generated from models including occupational group, age,

BMI, physical activity, consumption of fish and vegetables, use of snus and alcohol

intake as fixed factors (one by one) and individual as random factors. Proteins are

ordered according to the R2
m of a linear mixed model including occupational

group, age, BMI, physical activity, consumption of fish and vegetables, use of

snus and alcohol intake as fixed factors as well as individual as random factors.

Supplementary Table 1 | Metal concentrations in respirable dust measured

among welders participating at timepoint 2.

Supplementary Table 2 | Normalized protein expression values. Data presented

as median and interquartile range.

Supplementary Table 3 | Complete output of the differential protein expression

analysis between welders and controls in the longitudinal study group (linear mixed

models) and corresponding data for the cross-sectional group (linear models).

Supplementary Table 4 | Gene ontologies (biological process category) related

to proteins that were differentially expressed in both the longitudinal and the

cross-sectional analyses (according to uniprot.org).

Supplementary Table 5 | Associations of the significantly differentially expressed

proteins in welders and controls with exposure to welding expressed as respirable

dust (adjusted for personal respiratory protection equipment), years welding and

cumulative exposure in welders only (linear mixed models).

Supplementary Table 6 | Proteins associated with age in the longitudinal study

group (linear mixed models) and corresponding data for the cross-sectional group

(linear models).

Supplementary Table 7 | Proteins associated with BMI in the longitudinal study

group (linear mixed models) and corresponding data for the cross-sectional group

(linear models).

REFERENCES

1. Chen P, Chakraborty S, Mukhopadhyay S, Lee E, Paoliello MM, Bowman AB,
et al. Manganese homeostasis in the nervous system. J Neurochem. (2015)
134:601–10. doi: 10.1111/jnc.13170

2. Tong Y, Yang H, Tian X, Wang H, Zhou T, Zhang S, et al. High
manganese, a risk for Alzheimer’s disease: high manganese induces amyloid-
β related cognitive impairment. J Alzheimer’s Dis. (2014) 42:865–78.
doi: 10.3233/JAD-140534

3. Hassani H, Golbabaei F, Shirkhanloo H, Tehrani-Doust M. Relations
of biomarkers of manganese exposure and neuropsychological effects
among welders and ferroalloy smelters. Ind Health. (2016) 54:79–86.
doi: 10.2486/indhealth.2014-0250

4. Lucchini RG, Martin CJ, Doney BC. Frommanganism to manganese-induced
parkinsonism: a conceptual model based on the evolution of exposure.
Neuromol Med. (2009) 11:311–21. doi: 10.1007/s12017-009-8108-8

5. Baker MG, Criswell SR, Racette BA, Simpson CD, Sheppard L, Checkoway H,
et al. Neurological outcomes associated with low-level manganese exposure in
an inception cohort of asymptomatic welding trainees. Scand J Work Environ

Health. (2015) 41:94–101. doi: 10.5271/sjweh.3466
6. Bowler RM, Roels HA, Nakagawa S, Drezgic M, Diamond E, Park R, et al.

Dose-effect relationships between manganese exposure and neurological,
neuropsychological and pulmonary function in confined space bridge welders.
Occup Environ Med. (2007) 64:167–77. doi: 10.1136/oem.2006.028761

7. Meyer-Baron M, Schaper M, Knapp G, Lucchini R, Zoni S, Bast-Pettersen
R, et al. The neurobehavioral impact of manganese: results and challenges
obtained by a meta-analysis of individual participant data. Neurotoxicology.
(2013) 36:1–9. doi: 10.1016/j.neuro.2013.02.003

8. Fored CM, Fryzek JP, Brandt L, Nise G, Sjögren B, McLaughlin JK, et al.
Parkinson’s disease and other basal ganglia or movement disorders in a large
nationwide cohort of Swedish welders.Occup EnvironMed. (2006) 63:135–40.
doi: 10.1136/oem.2005.022921

9. Kenborg L, Lassen CF, Hansen J, Olsen JH. Parkinson’s disease and other
neurodegenerative disorders among welders: a Danish cohort study. Mov

Disord. (2012) 27:1283–9. doi: 10.1002/mds.25125
10. Statistic Sweden. The Swedish Occupational Register. (accessed January 7, Q1

2020).
11. Hedmer M, Karlsson JE, Andersson U, Jacobsson H, Nielsen J,

Tinnerberg H. Exposure to respirable dust and manganese and
prevalence of airways symptoms, among Swedish mild steel welders in the
manufacturing industry. Int Arch Occup Environ Health. (2014) 87:623–34.
doi: 10.1007/s00420-013-0896-3

12. Hedmer M. Exponeringsmätningar, med fokus på respirabelt metalldamm,

på svetsföretag i Södra Sjukvårdsregionen. Rapport 27/2011, Arbets- och
miljömedicin, Lund (2011).

13. IFA. GESTIS International Limit Values. Retreived from: https://limitvalue.ifa. Q2
dguv.de (accessed April 29, 2020).

14. Commission Directive (EU) 2017/164 of 31 January 2017.

Frontiers in Public Health | www.frontiersin.org 11 July 2020 | Volume 8 | Article 422

https://www.frontiersin.org/articles/10.3389/fpubh.2020.00422/full#supplementary-material
https://doi.org/10.1111/jnc.13170
https://doi.org/10.3233/JAD-140534
https://doi.org/10.2486/indhealth.2014-0250
https://doi.org/10.1007/s12017-009-8108-8
https://doi.org/10.5271/sjweh.3466
https://doi.org/10.1136/oem.2006.028761
https://doi.org/10.1016/j.neuro.2013.02.003
https://doi.org/10.1136/oem.2005.022921
https://doi.org/10.1002/mds.25125
https://doi.org/10.1007/s00420-013-0896-3
https://limitvalue.ifa.dguv.de
https://limitvalue.ifa.dguv.de
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles


1255

1256

1257

1258

1259

1260

1261

1262

1263

1264

1265

1266

1267

1268

1269

1270

1271

1272

1273

1274

1275

1276

1277

1278

1279

1280

1281

1282

1283

1284

1285

1286

1287

1288

1289

1290

1291

1292

1293

1294

1295

1296

1297

1298

1299

1300

1301

1302

1303

1304

1305

1306

1307

1308

1309

1310

1311

1312

1313

1314

1315

1316

1317

1318

1319

1320

1321

1322

1323

1324

1325

1326

1327

1328

1329

1330

1331

1332

1333

1334

1335

1336

1337

1338

1339

1340

1341

1342

1343

1344

1345

1346

1347

1348

1349

1350

1351

1352

1353

1354

1355

1356

1357

1358

1359

1360

1361

1362

1363

1364

1365

1366

1367

1368

Gliga et al. Welding and Neurology Serum Proteins

15. Stefanescu DM, Khoshnan A, Patterson PH, Hering JG. Neurotoxicity
of manganese oxide nanomaterials. J Nanopart Res. (2009) 11:1957–69.
doi: 10.1007/s11051-008-9554-1

16. Imam SZ, Lantz-McPeak SM, Cuevas E, Rosas-Hernandez H, Liachenko S,
Zhang Y, et al. Iron oxide nanoparticles induce dopaminergic damage: in vitro
pathways and in vivo imaging reveals mechanism of neuronal damage. Mol

Neurobiol. (2015) 52:913–26. doi: 10.1007/s12035-015-9259-2
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