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a  b  s  t  r  a  c  t

Welding  results  in  a unique  and  complex  occupational  exposure.  Recent  epidemiological  studies  have
shown  an  increased  risk  of cardiovascular  disease  following  welding  fume  exposure.  In  this  study,  we
compared  the  induction  of  pulmonary  and  systemic  inflammation  following  exposure  to  multiple  types  of
welding  fumes.  Mice  were  exposed  to 340  �g of  manual  metal  arc stainless  steel  (MMA-SS),  gas  metal  arc-
SS (GMA-SS)  or GMA-mild  steel  (GMA-MS)  by  pharyngeal  aspiration.  Mice  were  sacrificed  at  4  and  24  h
post-exposure  to evaluate  various  parameters  of  pulmonary  and  systemic  inflammation.  Alterations  in
pulmonary  gene  expression  by  a custom  designed  TaqMan  array  showed  minimal  differences  between
the fumes  at 4 h. Conversely  at  24 h,  gene  expression  changes  were  further  increased  by SS but  not
GMA-MS  exposure.
ene expression
erum proteins
orta

These  findings  were  associated  with  the  surrogate  marker  of  systemic  inflammation,  liver  acute  phase
gene  induction.  Interestingly,  stress  response  genes  in cardiovascular  tissues  were  only  increased  fol-
lowing MMA-SS  exposure.  These  effects  were  related  to the  initial  level  of  pulmonary  cytotoxicity,  as
measured  by  lactate  dehydrogenase  activity,  which  was  greatest  following  MMA-SS  exposure.  In  conclu-
sion, varying  types  of  welding  fumes  elicit  quantitatively  different  systemic  inflammatory  and/or  stress
responses.
. Introduction

Epidemiological studies have shown increased cardiovascular
ortality and morbidity following particulate matter exposure

Brook et al., 2010; Dockery et al., 1993; Pope et al., 1992; Samet
t al., 2000; Schwartz and Morris, 1995). Subsequent human and
nimal studies support these findings: therefore, biological mech-
nisms have been proposed to explain the effects. First, the direct
echanism hypothesizes that particles, most likely ultrafine in size,

nd/or soluble metals or organic compounds enter the circulation
nd induce biological effects (Brook et al., 2010; Nemmar et al.,
001, 2002; Oberdorster et al., 2002). Second, an indirect mech-

nism is activation of the autonomic nervous system resulting in
n imbalance between sympathetic and parasympathetic stimula-
ion (Brook et al., 2010; Gold et al., 2000; Magari et al., 2001; Pope

∗ Corresponding author at: NIOSH/HELD/PPRB, 1095 Willowdale Road, MS-2015,
organtown, WV 26505-2888, United States. Tel.: +1 304 285 5903;

ax:  +1 304 285 5708.
E-mail address: efi4@cdc.gov (A. Erdely).
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et al., 1999). Finally, another proposed indirect effect is that par-
ticle exposure results in a pulmonary inflammatory response and
release of mediators into the general circulation (Brook et al., 2010;
Seaton et al., 1995). These mechanisms may  combine to produce
effects including endothelial dysfunction, decreased heart rate vari-
ability, enhanced coagulation potential and increased progression
of atherosclerosis (Brook et al., 2010). While the indirect hypothesis
of spill-over of pulmonary inflammation has the strongest mecha-
nistic support, to some degree, all three mechanisms may  work in
concert to produce systemic effects (Brook et al., 2010).

Welding results in a unique and complex occupational expo-
sure. The aerosol generated from welding contains both gases and
a fume which consists of metal oxide particulate matter (Antonini,
2003). The contents of these fractions will vary depending on the
type of welding performed. Therefore, the potential exists for vary-
ing pulmonary effects for different welding processes. In addition,
extrapulmonary effects of welding have been described including
an increased risk for cardiovascular disease (Hilt et al., 1999; Ibfelt

et al., 2010; Moulin et al., 1993; Newhouse et al., 1985; Sjogren et al.,
2002; Suadicani et al., 2002). Supportingly, adverse cardiovascular
effects in response to metal-rich particulate matter exposure, such
as residual oil fly ash (Campen et al., 2000, 2002; Farraj et al., 2011;

dx.doi.org/10.1016/j.tox.2011.06.008
http://www.sciencedirect.com/science/journal/0300483X
http://www.elsevier.com/locate/toxicol
mailto:efi4@cdc.gov
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odavanti et al., 2002; Nurkiewicz et al., 2004; Watkinson et al.,
998), strengthen the likelihood of welding fume-induced systemic
ffects. In this study we compared three different welding fumes
ncluding manual metal arc stainless steel (MMA-SS), gas metal arc-
S (GMA-SS) or GMA-mild steel (GMA-MS). The MMA-SS welding
ume contains soluble metals, primarily chromium, while the GMA-
S contains primarily insoluble metals that persist in the lung. The
MA-MS, a common welding fume used in industry and consid-
red the least toxic of the three described here, also has limited
olubility.

Recently we showed that pulmonary exposure to the engineered
anoparticle, carbon nanotubes (CNT), resulted in adverse cardio-
ascular effects (Erdely et al., 2009; Li et al., 2007; Simeonova
nd Erdely, 2009). Pulmonary exposure to CNT caused distressed
ortic mitochondrial homeostasis and increased plaque lesion
rea in apolipoprotein E knockout mice which indicated systemic
xidative stress and inflammation (Li et al., 2007). Subsequent
tudies revealed a systemic inflammatory response, measured as
lood gene expression, elevated serum cytokines and chemokines
nd vascular inflammation (Erdely et al., 2009). These data
emonstrated a lung and systemic crosstalk in response to the
xposure illustrating that indirect, pulmonary-derived inflam-
ation contributed significantly to cardiovascular effects. Here,

imilar methodology as our CNT study was applied to investi-
ate the differences between the systemic inflammatory responses
f three welding fumes. Also, in anticipation of systemic effects,
arious parameters of pulmonary inflammation and toxicity were
xamined to yield mechanistic insight into these effects.

. Methods

.1. Animals and exposure conditions

Male C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME)  10–12 weeks of age
ere used in this study. All mice were provided food (Teklad 7913) and tap water ad

ibitum in ventilated cages in a controlled humidity and temperature environment
ith a 12 h light/dark cycle. Animal care and use procedures were conducted in

ccordance with the “PHS Policy on Humane Care and Use of Laboratory Animals”
nd the “Guide for the Care and Use of Laboratory Animals” (NIH publication 86-23,
996). These procedures were approved by the National Institute for Occupational
afety and Health Institutional Animal Care and Use Committee.

Mice were exposed by pharyngeal aspiration to three types of welding fume:
MA-SS, GMA-SS and GMA-MS. A description of each fume composition and sol-

bility is shown in Table 1 (Antonini et al., 1999). The particles were dispersed
n  phosphate buffered saline with an exposure dose of 340 �g in 50 �l. This dose

as  used for consistency in comparison to previous studies and represents approx-
mately 58 days of exposure from the previous threshold limit value of 5 mg/m3

actored for alveolar surface area (Erdely et al., 2011). Mice were sacrificed by carbon
ioxide asphyxiation at 4 h (n = 4 Sham; n = 5 MMA-SS; n = 5 GMA-SS; n = 5 GMA-MS)
nd 24 h post-exposure (n = 4 Sham; n = 5 MMA-SS; n = 4 GMA-SS; n = 3 GMA-MS).
n additional set of mice were exposed to soluble chromium (S-Cr) at a dose equal

o  that found in the MMA-SS (102 �g; n = 6 Sham and n = 6 S-Cr).

.2. Tissue, blood and bronchoalveolar lavage collection

Blood was  collected for serum antigen analysis by RodentMAP v2.0 (Rules Based
edicine, Austin, TX). The left lobe of the lung was ligated, removed and frozen

n  liquid nitrogen. The right lobes were lavaged, and the bronchoalveolar lavage
BAL) was used to determine cellular differentials and lactate dehydrogenase (LDH)
ctivity as previously described (Zeidler-Erdely et al., 2008). A consistent section
f  the liver and the right kidney was harvested for metal analysis by inductively
oupled plasma atomic emission spectroscopy as previously described (Antonini
t  al., 2007). The aorta, heart, and liver were harvested and frozen in liquid nitrogen.
ll  samples were stored at −80 ◦C prior to analysis.

.3. Determination of relative mRNA levels

For real-time RT-PCR, lung and liver RNA was  isolated using the RNeasy

ini Kit (Qiagen) and heart and aorta by the fibrous RNeasy Mini Kit (Qiagen).

valuation of gene expression was determined by standard 96-well technology
sing the StepOneTM (Applied Biosystems) with pre-designed Assays-on-DemandTM

aqMan® probes and primers (Applied Biosystems) and by a custom designed
aqMan® array as previously described (Erdely et al., 2009).
287 (2011) 153– 159

2.4. Statistics

All data are presented as means ± standard error. Analyses were performed
using JMP® Statistical Discovery Software. Serum protein analysis and real-time
RT-PCR of the TaqMan® arrays and any additional genes were analyzed by one-
way analysis of variance generating a least squares mean table by Student’s t-test.
Differences were considered statistically significant at p < 0.05.

3. Results

3.1. Metal translocation

Following pulmonary exposure to welding fume there was rapid
translocation of metals from the lung. The primary soluble compo-
nent of the MMA-SS fume, chromium, was evident in the kidney
(2.20 ± 0.38 �g/g PBS vs 13.87 ± 1.17* MMA-SS; *p < 0.05) and liver
(2.51 ± 0.11 �g/g PBS vs 4.40 ± 0.46* MMA-SS; *p < 0.05) at 4 h post-
exposure. Increased levels of manganese were found in the kidney
after GMA-SS exposure (5.43 ± 0.24 �g/g PBS vs 7.56 ± 0.56* GMA-
SS; *p < 0.05). There were no changes in other metals, including
copper, iron, zinc and aluminum, in the liver and kidney and for
any metal after GMA-MS exposure (data not shown).

3.2. Parameters of bronchoalveolar lavage

As expected, welding fume resulted in significant pulmonary
inflammation. At the acute time point of 4 h post-exposure, lung
cytotoxicity, represented as acellular BAL fluid LDH, was greatest
in the MMA-SS group (62 ± 3U/L Sham; 128 ± 11# MMA-SS; 88 ± 2*
GMA-SS; 73 ± 4 GMA-MS; #p < 0.05 vs all; *p < 0.05 vs Sham). MMA-
SS-exposed mice also had the highest level of lavage LDH activity at
24 h post-exposure (57 ± 7 Sham; 127 ± 14* MMA-SS; 96 ± 3* GMA-
SS; 99 ± 26* GMA-MS; *p < 0.05 vs Sham). Previously shown in both
rats and mice, instillation/aspiration of welding fumes results in a
significant neutrophilic influx (Taylor et al., 2003; Zeidler-Erdely
et al., 2008). These effects were seen as early as 4 h for all fumes
(8–26 BAL cellular %) and further increased by 24 h (65–88%).

3.3. Changes in pulmonary gene expression

Welding fume induced pulmonary gene expression is shown in
Table 2 and Fig. 1. Acutely at 4 h, upregulated genes included mark-
ers of inflammation (Il6, Cxcl1, Cxcl2, Ccl2, Ptgs2), stress response
genes (Mt1, Mt2, Hif1a), cell adhesion molecules (Sele, Selp, Icam1)
and mediators of coagulation (Serpine1, F3).  In general, the response
was rather consistent between the fumes at 4 h for the genes of
interest despite the differences in composition and solubility. Some
differences included marked Il13 expression with MMA-SS com-
pared to GMA  exposure while Cxcl1 and Cxcl2 showed greater
induction in the GMA  welding fume exposed mice (Table 2, Fig. 1).
By 24 h, more genes from our panel were significantly increased
in all fumes and many genes showed an enhanced induction com-
pared to 4 h mostly in the SS fumes (Table 2, Fig. 1). Several genes
including, Il6,  Sele, Selp, Cxcl1, Cxcl2 and Serpine1 were further
increased at 24 h in the SS fumes but were unchanged or reduced
in the GMA-MS fume (Table 2, Fig. 1). Qualitatively comparing time
dependent effects, Il5,  Il13, Ptgs2, and Gadd45a were reduced com-
pared to 4 h. In contrast, Il1ˇ, arg1, Timp4,  Thbs1, Itgam and Igf1 were
only increased at 24 h. Overall, the level of pulmonary gene induc-
tion was greatest in the GMA-SS fume compared to the other fumes

at 24 h as 18 of the analyzed genes were significantly increased
compared to all groups (Table 2, Fig. 1). There some differences in
gene expression between MMA  and GMA, but virtually all of these
were expressed at 2-fold or less.
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Table 1
Metal composition and solubility of welding fumes.

Total metal composition by wt% Soluble/insoluble ratio wt% of metals in soluble fraction

MMA-SS

Fe – 41.1

0.345

Fe – 0.39
Mn  – 16.7 Mn  – 11.7
Cr  – 28.5 Cr – 87.0
Ni  – 2.53 Ni – 0.65
Cu  – 0.40 Cu – 0.08
Ti  – 10.7 Ti – 0.13
V  – 0.11 V – n.d.

GMA-SS

Fe  – 53.1

0.006

Fe – 9.26
Mn  – 23.2 Mn  – 68.2
Cr  – 18.6 Ni – 11.8
Ni  – 4.85 Cu – 4.5
Cu  – 0.31 Ti – 0.79
Ti  – n.d. V – n.d.
V  – n.d.

GMA-MS

Fe – 85.9

0.020

Fe – 4.60
Mn  – 14.6 Mn  – 93.0
Cr  – 0.07 Cr – 0.20
Ni  – 0.01 Ni – n.d.
Cu  – 0.41 Cu – 0.70
Ti  – 0.02 Ti – 1.38

T es (A

3

m

F
f
d
p

V  – n.d. 

able is adapted from previously published characteristics of the above welding fum
.4. Evidence of systemic inflammation

Changes in parameters of systemic inflammation were mini-
al  4 h post welding fume exposure. Of the 59 serum proteins

ig. 1. Effect of welding fume exposure on pulmonary inflammatory gene expression. Re
ume  exposures. Abbreviations include Ccl2 (chemokine (C-C motif) ligand 2 or monocyte
erived  chemokine), Il6 (interleukin-6) and Sele (e-selectin). All bars shown are significan
oint.
V – n.d.

ntonini et al., 1999).
analyzed the only protein significantly increased was  IL-5
(0.50 ± 0.08 ng/ml PBS, 1.26 ± 0.12* MMA-SS, 0.79 ± 0.06# GMA-
SS, 1.39 ± 0.13* GMA-MS; *p < 0.05 vs PBS and #p < 0.05 vs all).
As a surrogate marker of systemic inflammation at 24 h, liver

sults show relative expression levels at 4 h (gray bars) and 24 h (black bars) for all
 chemotactic protein-1), Cxcl1 (chemokine (C-X-C motif) ligand 1 or keratinocyte-
tly different from respective sham (p < 0.05). ap < 0.05 vs all groups for a given time
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Table 2
Effect of welding fume exposure on pulmonary gene expression.

MMA-SS GMA-SS GMA-MS

4 h (n = 4) 24 h (n = 4) 4 h (n = 4) 24 h (n = 5) 4 h (n = 4) 24 h (n = 3)

Inflammation
Il1a 2.4 ± 0.3b

Il1b 3.1 ± 0.7 10.0 ± 1.2a 4.1 ± 0.2
Il5 9.0 ±  1.1c 2.8 ± 0.3b 4.6 ± 1.0 4.4 ± 1.9c

Il10 2.6 ± 0.3b 3.1 ± 0.6a 2.4 ± 0.5
Il13  22.6 ± ± 1.7a 5.9 ± 0.5b 3.7 ± 0.6 3.1 ± 1.1 8.5 ± 5.6 3.6 ± 0.9
Cxcl2  5.2 ± 1.2a 10.8 ± 1.9 15.5 ± ± 5.1 58.5 ± 2.1a 18.3 ± 7.0 15.7 ± 2.8
Cxcl12  1.7 ± 0.0
Ccl4  3.1 ± 0.3 5.5 ± 1.5 6.1 ± 1.2 59.1 ± 6.9a 6.2 ± 2.9 8.4 ± 0.9
Ccl5 1.9 ±  0.4a

Ccl11 2.6 ± 0.4 2.5 ± 0.2 2.7 ± 0.1 4.1 ± 1.8 1.9 ± 0.1a

Ccl22 3.4 ± 0.3 3.2 ± 0.3 3.9 ± 0.5
Ccr2 1.9  ± 0.3 2.6 ± 0.4 2.1 ± 0.6c 2.1 ± 0.3
Csf1  1.4 ± 0.1 2.4 ± 0.3a

Csf2 2.3 ± 0.3 2.9 ± 0.6b 3.2 ± 0.2 3.0 ± 0.8c 3.1 ± 0.5
Csf3  26.8 ± 2.5 18.5 ± 5.2 41.9 ± 14.1 56.3 ± 13.4a 30.0 ± 9.8 10.0 ± 1.8
Itgam  2.0 ± 0.3 2.8 ± 0.3 2.5 ± 0.1
Il8rb  3.7 ± 0.5b 2.6 ± 0.1
Cd44 1.7 ±  0.2b 1.6 ± 0.0c

Ifng 10.5 ± 3.7a

Tnf 2.6 ± 0.5 2.9 ± 0.6 9.9 ± 1.3a 1.9 ± 0.5 3.4 ± 0.5
Fas  1.9 ± 0.1a

Ptgs2 3.9 ± 0.1 3.5 ± 0.6 1.7 ± 0.1 2.3 ± 0.5
Spp1  1.7 ± 0.1a 4.2 ± 1.0c 2.8 ± 0.6
Arg1  6.7 ± 1.3 4.1 ± 0.2 4.4 ± 1.0
Arg2 1.9 ±  0.0 2.9 ± 0.3 1.9 ± 0.3 3.4 ± 0.1 1.8 ± 0.2 2.6 ± 0.1
Casp1  0.7 ± 0.1a 1.7 ± 0.1a

Casp4 1.4 ± 0.1 1.5 ± 0.2 3.0 ± 0.4a 2.0 ± 0.2a 1.5 ± 0.0
Stress
Hmox1  1.3 ± 0.1c 2.2 ± 0.2 1.6 ± 0.2 2.5 ± 0.2 1.9 ± 0.1c 2.3 ± 0.1
Sod2 1.4 ±  0.1 1.9 ± 0.1c 1.5 ± 0.1 1.9 ± 0.1 1.7 ± 0.1 1.6 ± 0.0c

Nqo1 1.5 ± 0.2b 1.7 ± 0.2a

Cyba 1.9 ± 0.3b 1.9 ± 0.2c

Gadd45a 2.4 ± 0.1a 1.3 ± 0.1 1.5 ± 0.2
Mt1  3.9 ± 0.3 3.6 ± 0.9c 2.5 ± 0.4 2.7 ± 0.4d 2.4 ± 0.5
Mt2  4.3 ± 0.4 12.7 ± 2.6 2.5 ± 0.4 8.6 ± 1.2 3.0 ± 0.7 3.2 ± 0.2a

Hif1a 1.4 ± 0.1 1.5 ± 0.1 1.4 ± 0.1 1.9 ± 0.1 1.5 ± 0.2 1.6 ± 0.1
Hif3a 2.3 ±  0.2a

Egr1 1.9 ± 0.0b

Clu 1.5 ± 0.2b 2.0 ± 0.2b 1.4 ± 0.1c 1.7 ± 0.1c

Coagulation
Serpine1 3.0 ± 0.2 3.1 ± 0.3a 3.3 ± 0.5 4.8 ± 0.6a 3.6 ± 1.3 2.2 ± 0.2a

F3 1.9 ± 0.2 2.4 ± 0.3 1.8 ± 0.2 3.6 ± 0.5a 1.7 ± 0.4 2.0 ± 0.2
Thbs1  2.7 ± 0.3 2.5 ± 0.2 1.8 ± 0.1a

Adhesion
Selp 2.3 ± 0.2 3.2 ± 0.4 2.3 ± 0.4 5.2 ± 0.7a 3.2 ± 1.1 2.5 ± 0.3
Icam1  1.5 ± 0.1 1.8 ± 0.2 1.7 ± 0.2 1.9 ± 0.1 1.6 ± 0.2 1.8 ± 0.1
Remodeling/growth factor
Timp1 14.0 ± 2.3 3.1 ± 0.6b 19.1 ± 0.6d 2.6 ± 0.6 8.4 ± 1.1
Timp4 1.7  ± 0.3 1.8 ± 0.1 1.6 ± 0.2
Igf1  1.9 ± 0.3 2.4 ± 0.2 2.1 ± 0.1
Ctgf  1.8 ± 0.1a

Table criteria:

• A significant p-value of 0.05 by ANOVA unless otherwise stated.
• A fold change of 1.5.
• If a given gene is significant for any one fume by the above two  criteria then any significance of p < 0.05 for the other fumes is included even if not 1.5 or greater. This allows

a  gene to be interpreted as specific for a given fume or part of a more general response.

All  values shown are significant from sham treated mice at each respective time point.
a p < 0.05 vs all.
b p < 0.05 MMA-SS vs GMA-SS.
c p < 0.05 MMA-SS vs GMA-MS.
d p < 0.05 GMA-SS vs GMA-MS.

g
m
a
(

ene expression analysis for acute phase proteins was deter-
ined. There were increased levels of Saa1 and Apcs as well

s the stress response indicator Mt1  following SS exposure only
Fig. 2).
3.5. Evidence of a cardiovascular stress response

There was increased expression of several stress response genes
including Mt1, Mt2 and Hif3a in the aorta (Fig. 3A) and heart (Fig. 3B)
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Fig. 2. Effect of welding fume exposure on liver inflammatory gene expression. Results show relative expression levels at 24 h for all fume exposures. Abbreviations include
Saa1  (serum amyloid A1), Mt1 (metallothionein 1), Apcs (amyloid P component, serum) and Hp (haptoglobin). *p < 0.05 vs sham.

Fig. 3. Effect of welding fume exposure on cardiovascular stress response gene
expression. Results show relative expression levels at 4 h for all fume exposures in
aorta (A) and heart (B). Abbreviations include Mt (metallothionein), Hif3a (hypoxia
inducible factor 3 alpha), Timp4 (tissue inhibitor of metalloproteinase 4), Arg2
(arginase II), Hmox1 (heme oxygenase 1) and Sele (e-selectin). *p < 0.05 vs sham.

Fig. 4. Correlation between aortic metallothionein 2 (Mt2) relative expression and
bronchoalveolar lavage lactate dehydrogenase (LDH) activity. Regression analysis

of Mt2 and LDH for all exposures is indicated by the solid line. Symbols include solid
triangle (Sham), solid circle (MMA-SS), solid square (GMA-SS) and solid diamond
(GMA-MS).

of MMA-SS but not GMA-exposed mice. Aortic Timp4 was also
increased, but markers related to vascular function such as Arg2,
Hmox1 and Sele were not changed at 4 h (Fig. 3A). Pulmonary expo-
sure to S-Cr, the primary soluble component of the MMA-SS fume,
induced stress response gene expression in the aorta and heart
although qualitatively to a lesser extent when compared to the
total MMA-SS fume (Fig. 3). Stress response gene expression in
the aorta was  still evident in the MMA-SS exposed mice at 24 h
(Mt1, 1.00 ± 0.18 PBS vs 2.94 ± 0.76* MMA-SS; Mt2, 1.00 ± 0.20
vs 3.87 ± 1.17*; Hif3a, 1.00 ± 0.14 vs 2.65 ± 0.62*; *p < 0.05). There
were no gene expression changes in the heart and aorta from our
selected panel of 93 target genes for the GMA-exposed mice. At
4 h there was a significant positive correlation between lavage LDH
activity and aortic Mt2 gene expression (Fig. 4).
4. Discussion

The findings of this study show that various types of welding
fume result in different toxicities in the lung which thereby may
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nfluence systemic inflammation. While all fumes had increased
ulmonary inflammatory gene expression within hours after expo-
ure, the response was greater at 24 h in the SS fumes but not
n the GMA-MS fume. In a corresponding fashion the SS fumes
howed evidence of systemic inflammation. Interestingly, only
he MMA-SS fume was able to induce stress response genes
n the heart and aorta. The soluble component of the MMA-SS
ume was partially responsible for the induction of cardiovas-
ular stress response genes. Lastly, the data suggests that the
evel of initial pulmonary cytotoxicity in the MMA-SS com-
ared to GMA  fumes positively correlated to the early stress
esponse.

With the exception of a few genes, expression changes in the
ungs were rather uniform across welding fume types within hours
fter exposure. Therefore, early changes in gene expression were
ot a good determinant for cytotoxicity especially when comparing
he MMA-SS and the GMA-MS welding fumes. The response 24 h
fter exposure showed that the expression changes in the lungs
ontinued to increase in the SS fumes unlike the GMA-MS fume.
enerally, the GMA-MS fume is considered the least toxic when
ompared to the other two fumes and relatively high inhalation
xposure to GMA-MS produced little to no lung inflammation or
njury in rats (Antonini et al., 2010; Taylor et al., 2003). At 24 h,
he inflammatory gene expression changes were the greatest in
he GMA-SS exposed mice rather than mice exposed to MMA-SS
urther supporting these changes as a whole did not reflect lung
ytotoxicity.

An aim of this study was the comparison of systemic inflamma-
ion between different fume exposures. Previous studies in young
uman welders have shown increased markers of systemic inflam-
ation including elevated circulating neutrophils in non-smoking
elders and C reactive protein for all welders (Fang et al., 2009;
im et al., 2005). As a surrogate marker of systemic inflamma-

ion, acute phase gene expression in the liver was  analyzed. At
4 h, liver acute phase genes were increased following SS exposure.
L-6, a classic mediator of the acute phase response and known
ffector cytokine following a pulmonary exposure (Brook et al.,
010; Kido et al., 2011), was increased in the lung of exposed
ice providing the potential for spillover into the systemic cir-

ulation. In support, pulmonary gene expression of Il6 continued
o increase from 4 to 24 h following SS exposure but decreased
ith GMA-MS exposure providing a qualitative explanation of

he observed nonsignificant change in liver acute phase genes in
esponse to GMA-MS. A spillover of inflammatory cytokines into
he systemic circulation can occur within hours following a pul-

onary exposure (Erdely et al., 2009). In this data set, only IL-5
as increased 4 h post-exposure. IL-5 suggests an eosinophilic

esponse although this was not a marked finding in lavage differ-
ntials in previous instillation exposures (Taylor et al., 2003) or
n this study as eosinophils only ranged from 0.5 to 3%. In addi-
ion, increased pulmonary Il5 gene expression was absent by 24 h
n GMA  and reduced in MMA-SS exposed mice which indicated
n acute, unsustained, response. Given the induction of the acute
hase response in the liver, primary cytokines were likely increased

n the serum at some point prior to 24 h but not at the 4 h time
oint.

Only the MMA-SS fume induced stress response genes in the
orta and heart. The results showed a very rapid recognition by
he periphery to a cytotoxic pulmonary exposure. Also, the data
howed acute pulmonary cytotoxicity at 4 h, but not inflamma-
ory pulmonary gene expression, was correlative. These effects
ere not unique to MMA-SS as pulmonary CNT or LPS exposures
nduce metallothioneins in extrapulmonary tissues (Erdely et al.,
009; Simeonova and Erdely, 2009). Therefore, the rapid translo-
ation of metals from the MMA-SS likely does not explain the
ncrease in metallothioneins supporting a previous conclusion that
287 (2011) 153– 159

the soluble metals in residual oil fly ash were not a prime factor
in vascular dysfunction (Nurkiewicz et al., 2004). Increased lev-
els of metallothioneins can occur in response to primary cytokines
(e.g. IL-6, IL-1, and TNF) and stress (Coyle et al., 2002). In support,
pulmonary exposures, including this study, were associated with
systemic inflammation and vascular oxidative stress (Brook et al.,
2010; Erdely et al., 2009; Nurkiewicz et al., 2009) and the stress
response was  evident in various extrapulmonary organs (Erdely
et al., 2009). In addition to metallothionein, Timp4,  the vascular
Timp, was  acutely affected after a pulmonary exposure previ-
ously (Erdely et al., 2009) and in this study. Timp4 was  increased
following multiple cardiovascular disorders and has been pro-
posed as a marker for vascular inflammation (Dollery et al., 1999;
Koskivirta et al., 2006). Together the results suggest pulmonary
exposures with acute pulmonary toxicity induce systemic inflam-
mation and/or stress which can be monitored in extrapulmonary
tissues.

The extrapulmonary stress response in the vasculature due to
MMA-SS exposure was partly due to S-Cr. As discussed above,
translocation of soluble metals seems unlikely to be the cause for
the vascular response. In that respect, previous studies in both
rats and mice have shown that the soluble fraction of the MMA-SS
welding fume contributed to approximately 80% of the pulmonary
toxicity when compared to the total fume (Taylor et al., 2003;
Zeidler-Erdely et al., 2008). These results suggest that while the
S-Cr contributes greatly to the pulmonary toxicity, insoluble com-
ponents also have an effect. Similar findings were observed in the
qualitative comparison in this study as induction of vascular metal-
lothioneins following S-Cr exposure was  not at the level seen from
the total MMA-SS fume exposure.

One limitation of this study was the examination of the extra-
pulmonary effects, especially in relation to cardiovascular effects,
of welding fume utilizing aspiration as the route of exposure. Expo-
sure by routes other than inhalation often become the optimal
choice for reasons including cost, fume availability and the quanti-
tative comparison of numerous types of welding fumes. It has been
shown that freshly generated welding fume induces greater lung
inflammation than aged fume (Antonini et al., 1998). These effects
were related to reactive oxygen species associated with the freshly
generated fume. Also, aspirated particles that have been collected
onto filters in bulk can have greater agglomeration with larger
diameters, while particles generated during inhalation generally
have significantly smaller diameters (Antonini et al., 1998; Antonini
et al., 2007). These results suggest less reactivity and surface area
for aspiration compared to inhalation; two qualities suspected to
affect the pulmonary response. In support, qualitative comparisons
in mice from inhalation and aspiration exposures to GMA-SS sug-
gest that one third the dose by inhalation caused approximately
2–3 times the toxicity in the lung (Zeidler-Erdely et al., 2008, 2011).
Therefore, the results in this study based on mass dose may  under-
estimate the effects in welders and the 340 �g dose by aspiration
may  be reflective of an inhalation dose of only approximately 38 �g
relative to pulmonary toxicity.

In conclusion, the data as a whole suggests low grade sys-
temic inflammation and stress response to welding fume exposure.
Specifically, evidence of systemic inflammation reflected a tempo-
ral change in pulmonary inflammatory gene expression following
SS exposure. Interestingly, while all three fumes induced early
increases in pulmonary inflammatory gene expression, only the
MMA-SS fume caused increased levels of stress response genes
in the aorta and heart. These genes indicate vascular inflam-
mation and/or systemic stress that were correlative to initial

lung cytotoxicity. These findings show systemic effects from
exposure to welding fumes, particularly SS fumes, complement
previous epidemiologic findings of extrapulmonary effects in
welders.
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