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Abstract

Millions of workers in the US and worldwide are exposed to complex, metal-rich welding fumes.
Although welding is a crucial industrial process, the generated fumes are known to cause acute
and chronic health effects when inhaled. The International Agency for Research on Cancer
(IARC) classified welding fumes as carcinogenic to humans (Group 1) in 2017, based on sufficient
epidemiological evidence and limited evidence in animals, an upgrade from the former Group 2B
(possibly carcinogenic to humans) classification. There is human evidence that both iron-abundant
mild steel as well as chromium- and nickel-containing stainless steel welding fumes contribute to
an increased risk of lung cancer. Recent animal studies show that welding fumes may act as lung
tumor promoters, regardless of the presence or absence of potentially carcinogenic metals, such as
chromium and nickel. The goal of this manuscript was to examine the pulmonary responses
associated with welding fumes by reviewing a series of recent experimental animal studies that
assessed the influence of welding fume metal composition (e.g., stainless steel versus mild steel
welding fume) on markers of lung toxicity and tumor development. Additional /n7 vivo laboratory
studies are needed to further explore the association between welding and lung cancer and to help
advance our understanding of a potential mechanistic link.
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Welding Processes and Characterization

Approximately 11 million workers worldwide are regularly exposed to welding fumes. (. 2)
Given the variety of welding processes used in the workplace, welders are a diverse and
heterogeneous group. The most common metal fusion process is electric arc welding.
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Specific types of arc welding include manual metal arc welding [MMAW; also known as
shielded manual metal arc welding (SMAW)], gas metal arc welding (GMAW), flux-cored
arc welding (FCAW), gas tungsten arc welding (GTAW), submerged arc welding (SAW),
and plasma arc welding (PAW).() In arc welding, high temperatures of 5,000°C or more
melt the joint between two metal work pieces as well as a filler material placed between
them.(®) These extremely high temperatures are produced when an electric arc is established
between the work pieces and a consumable wire electrode. As temperatures cool, the bond
solidifies, firmly fusing the work pieces together. The bond created by welding is unique in
that it is a mixture of the metal work pieces and the electrode filler material, making the
bond extremely strong as it retains the strength of both initial metal parts.(1: 3)

Welding fumes are a byproduct of the process and generally arranged as chain-like
agglomerates of nanometer-sized primary particles when generated.(®) The size of the
welding particles formed varies depending on the process but can range from 10 nm - 20 um.
However, the mass median aerodynamic diameter of most welding fumes has been measured
to be 0.2 - 0.5 pm.(>-8) The welding aerosol composition also varies depending on the
specific type of welding process and materials used (e.g., stainless steel versus mild steel
consumables). However, it is typically composed of a combination of a mixture of vaporized
metal oxides from the electrode and/or flux material used.(®) Surface coatings or paint on the
base metal or electrode can also contribute to the fume. Due to the contribution by the flux,
the morphology of particles generated during MMAW welding is different and more
complex than GMAW welding particles.®: ©) Also, because of the presence of alkali metals
in the flux, MMAW particles are more soluble (and thus potentially more biological reactive
due to the availability of solubilized metals) compared to GMAW fumes which are relatively
insoluble.®

The most common metals present in generated welding fumes are listed in Table 1. Iron (Fe)
is the primary metal in most welding fumes and usually composes >80 % of mild steel
fumes. Fume primarily made up of Fe has long been considered a nuisance dust with a small
likelihood of causing chronic lung diseases. Fe has been shown to accumulate in the lungs of
long-time welders and often causes a mostly benign lung condition known as siderosis.(10)
Manganese (Mn), a known neurotoxicant, is a common component of most welding fumes
as it improves metallurgical properties and acts as a deoxidizing agent to increase hardness
and strength of the resultant weld.(X2) Chromium (Cr) is common in SS welding fumes,
existing in both Cr3* and Cré* oxidation states.(12) Cr3* cannot enter cells as readily and has
low toxicity, whereas Cré* easily passes into cells, is highly toxic and classified as a
carcinogen.(3) The permissible exposure limit (PEL) of Cr was lowered from 52 to 5 pg/m?3
in 2006 due to its harmful effects.(14) Nickel (Ni) also is a component of stainless steel
welding fume and classified as a human carcinogen.(1®) Ni alloys are becoming increasingly
popular in welding as a potential alternative to Cr-containing materials.(16)

Lung Cancer in Humans

Recently, the International Agency for Research on Cancer (IARC) has classified welding
fumes as carcinogenic to humans (Group 1), an upgrade from the Group 2B (possibly
carcinogenic to humans) classification of welding fumes in 1989.(17) This reclassification for
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welding fumes was based on sufficient evidence in humans for lung cancer and limited
evidence in experimental animal studies. A majority of the cohort and case-control studies
across different countries, time periods, and occupational settings reported an elevated risk
of lung cancer for workers employed as welders or have reported being exposed to welding
fumes. Potential confounders, such as tobacco smoking and asbestos exposure, were
considered important, however, co-exposure to either agent could not explain all of the
observed excess risk of lung cancer among welders. It has been suggested that welding with
mild steel consumables, which account for the majority of all welding, posed little risk for
lung cancer development because of the absence of carcinogenic metals, such as Cr and Ni,
in the generated fume. However, numerous worker studies have been unable to associate an
elevated risk of lung cancer directly with Cr-and Ni-containing stainless steel welding
compared to mild steel welding.(18-20) Based on the conclusions of the IARC review, an
increased risk of lung cancer was observed regardless of the welding process/method or
material/consumable used, and there was no evidence that the increased cancer risk was
limited to exposure to Cr-and Ni-containing stainless steel welding fumes.(17) However,
because a majority of welders often used multiple processes and consumables, the observed
results of the reviewed studies may reflect other underlying and unexplained workplace
differences, thus making these associations difficult. To further define the pulmonary
responses to welding fumes, a series of experimental animal studies were performed by
which the exposure to specific welding fumes were well-controlled. The overall goal of the
studies was to examine the influence of welding fume metal composition (e.g. stainless steel
versus mild steel welding fume) on lung toxicity and tumor development.

Lung Toxicity in Experimental Animal Models

An initial study characterized markers of lung toxicity after exposing lung tumor-susceptible
(A/J) and tumor-resistant (C57BL/6) mice by inhalation to Cr- and Ni-containing stainless
steel welding fume.(?1) Both strains of mice were exposed to GMAW-stainless steel at 40
mg/m3 x 3 hours/day x 10 days. A significant and sustained lung response without recovery,
as evidenced by an increased influx of polymorphonuclear leukocytes (PMN) and
cytotoxicity, was found in both mouse strains. In a follow-up study of the same design, the
lung toxicity profile of an Fe-abundant mild steel welding fume, which lacks carcinogenic
metals, was evaluated.(22) Unlike with the stainless steel welding fume, no significant lung
response occurred after exposure to the mild steel welding fume up to 84 days. A similar
pattern of response was observed using a rat inhalation model. Male Sprague-Dawley rats
were exposed to GMAW-stainless or mild steel welding fumes (40 mg/m3 x 3 hours/day x 3
days).(23) Inhalation to the Fe-abundant mild steel welding fume had no significant effect on
the lungs at any time point compared to controls, whereas lung toxicity was significantly
increased and persisted up to 21 days after exposure to the Cr- and Ni-containing stainless
steel fume. Importantly, the two welding fumes generated for all the above mentioned
studies were nearly identical in particle size, solubility, and morphology.

Using intratracheal instillation, a method by which a welding fume suspension was delivered
directly to the lungs of rats, Taylor et al.(24) compared the potential of three different
welding fumes and their soluble and insoluble fractions to cause pulmonary toxicity.
GMAW-stainless steel and mild steel fumes were compared in the study as well as a more
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chemically complex and highly water-soluble MMAW-stainless steel fume. Male Sprague-
Dawley rats were exposed to 2 mg/rat of each welding fume suspension or the saline vehicle
control. The results indicated that welding fumes of differing metal composition caused
varied responses in the lungs of rats. It also was observed the stainless steel fume from the
MMAW process induced the greatest lung response of three fumes and in most cases was
dependent on both the soluble and insoluble fractions of that fume. The mild steel fume
caused negligible lung toxicity that was significantly less compared to both stainless steel
fumes which confirmed the findings from previous studies.(?3 25 The overall conclusion
from both the mouse and rat studies was that stainless steel welding fumes cause a greater
pulmonary toxicity compared to mild steel, likely due to the presence of potentially toxic
and carcinogenic metals (e.g., Cr, Ni). Also, stainless steel fumes that were more soluble,
such as those that are generated from MMAW processes, are likely to be the most acutely
toxic.

Lung Carcinogenesis in Experimental Animal Models

Predicated on a document from an IARC advisory group on the Monograph priorities for
2010-2014 that listed welding fume as a high priority agent for further evaluation of
carcinogenic risk to humans, a series of studies examining welding fume and lung
tumorigenesis in experimental animals was initiated at the National Institute for
Occupational Safety and Health.(26) In 2008, Zeidler-Erdely et al.(2”) compared lung tumor-
susceptible (A/J) and tumor-resistant (C57BL/6J) mouse strains exposed to GMAW-mild
steel, GMAW-stainless steel, and MMAW-stainless steel via oropharyngeal aspiration in four
separate bolus doses. The oropharyngeal aspiration exposure technique is one in which the
welding fume samples are suspended in saline and aspirated into the lungs by the animal
after a small volume of the suspension is placed at the base of the tongue.(?8) Lung toxicity
was assessed at 2, 7, and 28 days post-exposure, and gross lung tumor counts and
histopathological analysis were done at 48 and 78 weeks. GMAW-stainless steel induced an
acutely greater and more prolonged inflammatory response in the lungs of A/J mice,
persisted in the lungs for the longest period of time, and caused a trend towards increased
tumor incidence as compared to the other two welding fumes. It was also concluded that the
GMAW-stainless steel fume did not appear to be a potent initiator for the induction of lung
tumors using this particular experimental model and exposure regime.

Based on this finding, the next study focused on whether GMAW-stainless steel fume acted
as a lung tumor promotor using a two-stage (initiation-promotion) mouse model. Male A/J
mice were treated with a chemical initiator, 3-methylcholanthrene (MCA), or a corn oil
vehicle control and were exposed 1 week later to different doses of GMAW-stainless steel
via oropharyngeal aspiration 1/week x 5 week.(2% After 30 weeks post-initiation, lung
tumors were enumerated. MCA initiation followed by GMAW-stainless steel promotion
significantly increased lung tumor number compared to MCA/air-exposed controls (12.1
+ 1.5 tumors/mouse for low dose GMAW-stainless steel and 14.0 + 1.8 tumors/mouse for
high dose GMAW-stainless steel versus 4.77 + 0.7 tumors/mouse in MCA/air). This study
provided support for the theory that a stainless steel welding fume could act as lung tumor
promoter.

J Occup Environ Hyg. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zeidler-Erdely et al.

Page 5

To confirm the results of the oropharyngeal aspiration study, a similar two-stage (initiation-
promotion) study using inhalation as the exposure route with GMAW-stainless steel fumes
was done in A/J mice. Inhalation is the preferable route for animal studies because it more
closely simulates workplace welding fume exposure with respect to particle size and surface
properties of the generated fume. Furthermore, it has been shown previously that “freshly-
generated” GMAW-stainless steel welding fume is more reactive and toxic to the lungs than
“aged” welding fume that is commonly used for oropharyngeal aspiration studies.(39) Male
AJJ mice were treated with intraperitoneal injections of corn oil or MCA and then were
exposed 1 week later to air or GMAW-stainless steel fume (40 mg/m?3 x 8 hours/day x 4 day/
week x 9 weeks).(3D) At 30 weeks post-initiation, average tumors per mouse lung were
determined. Mice initiated with MCA and then promoted with GMAW-stainless steel had
significantly greater average lung tumor numbers compared to MCA/air-exposed controls
(16.11 + 1.18 versus 7.93 + 0.82). Taken together, the findings from these studies provided
strong support that a Cr- and Ni-containing stainless steel welding fume acts as a lung tumor
promoter in an animal model.

Because results of epidemiology studies suggest that welders exposed to mild steel welding
fumes also were at an increased risk for lung cancer, the potential of an Fe-abundant
GMAW-mild steel fume to promote lung tumors in the A/J mouse two-stage model was
examined in a recent study.(2) Male A/J mice received a single intraperitoneal injection of
corn oil or MCA and were exposed 1 week later by inhalation to GMAW-mild steel aerosols
(34.5 mg/m?3 x 4 hours/day x 4 days/week x 8 weeks). At 30 weeks post-initiation, GMAW-
mild steel welding fumes significantly promoted lung tumors in A/J mice initiated with
MCA (21.86 + 1.50) compared to MCA/air-exposed mice (8.34 £ 0.59). Importantly, this
study demonstrated that inhalation of Fe-abundant GMAW-mild steel fume promoted lung
tumors in an animal model and aligned with findings from worker studies that showed mild
steel welders were at risk for lung cancer, even with less or no exposure to carcinogenic
metals, such as Cr and Ni.

Conclusions and Future Directions

Welding fumes currently have no workplace exposure limit. Recent emphasis has been
placed on regulating exposures in the workplace to the most toxic metals contained in
welding fume, such as Cr. However, this may not be the best practice as questions remain in
regards to other metals associated with welding fumes that have been believed to be or
classified as less toxic or a nuisance, such as Fe. Two main topics that need to be further
evaluated in future experimental animal models: (1) the contribution of the individual
welding fume metals or combination of metals in the development of lung toxicity and
tumor formation; (2) the mechanisms by which welding fume and the associated metals
cause tumorigenesis.

To address the first topic, a preliminary study has been completed.(32) The primary goal was
to compare the pulmonary toxicity of the metal oxides commonly found in GMAW-stainless
steel welding fume. The secondary goal was to examine the potential of the different metal
oxides to promote lung tumors using the two-stage (initiation-promotion) model. In the first
set of experiments, lung tumor-susceptible A/J mice were exposed by oropharyngeal
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aspiration (1 x/week for 5 weeks) to vehicle, GMAW-stainless steel fume (1.7 mg), or
different doses of surrogate metal oxides based on the weight percent of each metal in the
fume: Cry,O3 + CaCrOy4 (366 + 5 pg and 731 + 11 pg), NiO (141 and 281 pg), or Fe,0O3 (1
and 2 mg), and lung toxicity was examined at 1, 7, 28, and 84 d post-aspiration. It was
observed that the ranking for the lung inflammatory response of the metal oxides was Fe;O3
> Cr,03 + CaCrO,4 > NiO. Overall, lung toxicity was negligible for NiO, acute but not
persistent for Cr,03 + CaCrOy4, and persistent for the Fe,O3 exposures. Importantly,
however, lung toxicity was the greatest for the total GMAW-stainless steel welding fume
compared to the individual metal oxide components, suggesting a possible synergistic effect
of the metals in combination. This is consistent with the findings of previous studies which
have reported the metal components to be less toxic than the total welding fume.(@7. 33)

In a second set of experiments from the recent Falcone et al.(32) study, A/J mice were
initiated with MCA or corn oil and then exposed by oropharyngeal aspiration (1 x/week for
5 weeks) with the different metals. Lung tumors were counted at 30 weeks post-initiation.
Results indicated that Fe,Os, but not Cr,03 + CaCrO,4 or NiO significantly promoted lung
tumors. Although these findings demonstrated that none of the metals besides Fe,O3
promoted lung tumors, previous studies have shown that GMAW-stainless steel welding
fume promoted lung tumors after oropharyngeal aspiration and inhalation exposure (Zeidler-
Erdely et al., 2013; Falcon et al., 2017).(2% 31) |n addition, Falcone et al.(32) observed
histopathological changes only in the lungs of the animals exposed to the total GMAW-
stainless steel fume that were not present after exposure to the individual metals, including
Fe,O3. Moreover, the changes in the inflammatory mediators were the greatest in the lavage
fluid recovered from the lungs for the GMAW-stainless steel group compared to the
individual metals. It may be possible that Fe is the primary component that drives the
persistent or more chronic lung responses (e.g., cancer) to welding fume, whereas Cr and Ni
may have the greatest effect on the more acute cytotoxic lung effects (e.g., inflammation).
Overall, these findings provide further evidence that Fe is an important mediator of welding
fume toxicity and support previous epidemiology and the recent IARC re-classification for
welding fume.

In the other topic that needs further evaluation in experimental animal studies is the
examination of the mechanism by which welding fumes cause lung cancer. To date, this
mechanism is mostly unknown. It has been hypothesized that the likely primary
carcinogenic characteristics of welding fume include their ability to cause
immunosuppression and chronic inflammation.(34) Epidemiology clearly demonstrates that
that welders are more susceptible to the development of respiratory tract infections and
immunosuppression compared to the general population.(35-37) In agreement, inhalation to
both GMAW-stainless steel and GMAW-mild steel welding fumes suppressed the ability of
the lungs to clear a bacterial pathogen in rats.(38-39) In regards to welding fume causing
chronic inflammation, GMAW-stainless steel fume has been shown to cause sustained
inflammatory cell influx in the lungs in rodent studies.(1: 27.39) More recently, Fe,O3 also
was found to be toxic to the lungs with both local and systemic inflammatory responses
reported.(32) These potential mechanisms possibly contribute to development of lung cancer
associated with welding fume exposure. Obviously, more studies are needed to evaluate
these mechanisms in greater detail.
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Table 1.
Metal Composition of Common Welding Fumes
Welding Fume Samples Metal (weight %)" | Soluble/Insoluble Ratio
GMAW-mild steel Fe 85 0.020
Mn 14
Fe 57 0.006
GMAW-gtainless steel Mn 13.8
Cr20.2
Ni 8.8
Fe 41 0.345
Shielded MM AW-stainless steel Cr29 Soluble metals:
Mn 17 Cr87%
Ni 3 Mn 11%

*
Relative to all metals analyzed; modified from Antonini et al.(g)
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