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Abstract 
Welding fumes are a Group 1 (carcinogenic to humans) carcinogen as classified by the International Agency for Research on Cancer. The pro-
cess of welding creates inhalable fumes rich in iron (Fe) that may also contain known carcinogenic metals such as chromium (Cr) and nickel (Ni). 
Epidemiological evidence has shown that both mild steel (Fe-rich) and stainless steel (Fe-rich + Cr + Ni) welding fume exposure increases lung 
cancer risk, and experimental animal data support these findings. Copper-nickel (CuNi) welding processes have not been investigated in the 
context of lung cancer. Cu is intriguing, however, given the role of Cu in carcinogenesis and cancer therapeutics. This study examines the poten-
tial for a CuNi fume to induce mechanistic key characteristics of carcinogenesis in vitro and to promote lung tumorigenesis, using a two-stage 
mouse bioassay, in vivo. Male A/J mice, initiated with 3-methylcholanthrene (MCA; 10 µg/g), were exposed to CuNi fumes or air by whole-body 
inhalation for 9 weeks (low deposition-LD and high deposition-HD) and then sacrificed at 30 weeks. In BEAS-2B cells, the CuNi fume-induced 
micronuclei and caused DNA damage as measured by γ-H2AX. The fume exhibited high reactivity and a dose–response in cytotoxicity and oxi-
dative stress. In vivo, MCA/CuNi HD and LD significantly decreased lung tumor size and adenomas. MCA/CuNi HD exposure significantly de-
creased gross-evaluated tumor number. In summary, the CuNi fume in vitro exhibited characteristics of a carcinogen, but in vivo, the exposure 
resulted in smaller tumors, fewer adenomas, less hyperplasia severity, and with HD exposure, less overall lung lesions/tumors.

Published by Oxford University Press 2024.
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Introduction
Welding fumes are a Group 1 (carcinogenic to humans) car-
cinogen as classified by the International Agency for Research 
on Cancer. The primary target organ for welding fume-induced 
cancer is the lung [1]. Welding is a ubiquitous metal-joining 
process used in many industrial sectors worldwide. The pro-
cess of welding creates inhalable fumes that are primarily 
iron (Fe)-rich, as is the case with mild steel (MS) welding. 
But welding with stainless steel (SS) also creates fumes that 
contain known carcinogenic metals, including chromium (Cr) 
and nickel (Ni), in conjunction with the Fe-rich particulate. 
Epidemiological and experimental animal evidence suggests 
that both MS (Fe-rich) and SS (Fe-rich + Cr + Ni) welding 
fumes cause lung cancer [1]. It has been hypothesized that Fe 
is an important mediator, beyond Cr and Ni, for the known 
carcinogenic effects of welding fumes [2]. Data from our la-
boratory provided quantitative evidence to support this hy-
pothesis [3–5].

Welding with copper (Cu) Ni alloys in industrial ap-
plications such as marine, power, electrical, and chem-
ical presents a different exposure compared to Cr- and 
Fe-containing fumes; therefore, the potential adverse health 
outcomes need to be addressed since the toxicity is rela-
tively unknown [6–9]. Research on Cu-containing welding 
fumes is warranted given the many roles that Cu serves in 
normal tissues and in tumors. From a cancer perspective, Cu 
is especially intriguing because of the emerging therapeutic 
research involving this metal. For instance, tumor cells are 

Cu-dependent; thus, restricting Cu has been shown to have 
beneficial, tumor-inhibiting effects [10, 11]. Conversely, Cu 
excess is also therapeutically beneficial as high concentra-
tions are toxic to tumor cells [12]. From a human exposure 
standpoint, Cu is not classified as a carcinogen by IARC or 
EPA. Cu, particularly nanometer-sized, is known to be toxic 
in vitro, however [12].

A recent study found a Cu-based drug reduced the number 
and size of nitrosamine, 4-(methylnitrosamino)-1-(3-pyridyl)-
1-butanone (NNK)-induced lung tumors in the A/J mouse 
[13], which suggests the CuNi fume may not promote tu-
mors like other welding fumes. The primary objectives were 
to evaluate acellular reactivity, screen for selected key char-
acteristics of carcinogenesis in vitro, and use a two-stage 
(initiation-promotion) mouse lung tumor bioassay to evaluate 
CuNi welding fume.

Materials and methods
Welding fume inhalation exposure system and 
aerosol characterization
The design and construction of the welding fume aerosol 
generator were described in [14]. The automated robotic 
welder continuously generates welding fumes by welding 
beads onto 6.35 mm thick plates of MS. A 1.143 mm diam-
eter Lincoln Electric Techalloy 413 MIG welding wire was 
used and all welding parameters were described in detail [7]. 
Particle mass concentrations within the whole-body animal 
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exposure chamber were continuously monitored with a 
Data RAM (DR-40000 Thermo Electron Co; Franklin, 
MA), and verified with gravimetric determinations daily. 
Gas generation was continuously monitored and oxygen 
(O2) levels were maintained above the Occupational Safety 
and Health Administration (OSHA) minimal acceptable 
level. Ozone (O3), carbon monoxide (CO), and carbon di-
oxide (CO2) were below OSHA permissible exposure limits 
and NIOSH recommended exposure limits (REL). Welding 
fume was collected gravimetrically onto 47 mm Nucleopore 
polycarbonate filters (Whatman; Clinton, PA) for field emis-
sion scanning electron microscopy (FESEM) to assess par-
ticle size and morphology. The particles were imaged using a 
Hitachi S4800 Field Emission Scanning Electron Microscope 
(Hitachi; Tokyo, Japan). Hydrodynamic diameter and zeta 
potential were determined using dynamic light scattering 
and laser Doppler electrophoresis, respectively, (Zetasizer 
ZS90, Malvern Instruments; Worcestershire, UK). Specific 
surface area (m2/g) was measured using Brunauer Emmet 
Teller methodology and density was determined based on 
International Organization for Standardization (ISO) 23145 
as described [15].

In vitro screen for key characteristics of 
carcinogenesis
Human bronchial epithelial cells (BEAS-2B, CRL-3588) 
obtained from the American Type Culture Collection 
(Manassas, VA) were cultured between passages 1 and 15 
and tested negative for Mycoplasma contamination. Cells 
were cultured in Dulbecco’s modified Eagle medium supple-
mented with 10% heat-inactivated fetal bovine serum (R&D 
Systems; Minneapolis, MN) and 1% penicillin Streptomycin 
(Invitrogen; Carlsbad, CA) to 70% confluency. CuNi fumes 
were dispersed in cell culture media by preparing aqueous 
stock suspensions. Cytotoxicity was evaluated using a 10% 
volume/volume WST-1 cell proliferation reagent (Sigma–
Aldrich; St. Louis, MO) as described [15]. Half-maximal 
inhibitory concentration (IC50) was determined by regres-
sion analysis of the experimental dose–response relation-
ship. CytoTox-ONE™ Reagent (Promega; Madison, WI) was 
used to evaluate the membrane damage as described [15]. 
Intracellular oxidative stress due to particle exposure was de-
termined using CellROX® Green (Invitrogen; Waltham, MA) 
as described [15]. A positive control of 100 µM menadione 
incubated for 2 h was used. Cells were exposed to 0–50 µg/
ml for 4 h to determine the oxidative stress dose–response 
relationship. The time response (0–24 h) was evaluated at a 
dose of 12.5 µg/ml. Phospho-Histone H2A.X (Ser139) Rabbit 
mAb (Alexa fluor 488 conjugated) (Cell Signaling; Beverly, 
MA) was used to evaluate γ-H2AX in cells after 24 h of ex-
posure, as described [15]. The experiment was performed in 
triplicates and at least 10 000 cells were analyzed/sampled in 
each group. Cytokinesis-block micronucleus (CBMN) was 
performed in accordance with OECD TG487 [16]. Cells were 
exposed to 0–3.2 µg/ml [concentration less than IC70 (3.7 µg/
ml)] for 24 h followed by a 24-h treatment with 4 µg/ml of 
cytochalasin B (Sigma–Aldrich; St. Louis, MO). Confocal Z 
stacks were obtained and at least 700–1300 binucleated cells 
were counted from 3 to 4 independent runs. Two independent 
reviewers evaluated the micronuclei in the binucleated cells 
and the average count of the reviewers was used for the final 
count. V2O5 at 0.312 µg/ml served as a positive control for 

genotoxicity. Acellular reactivity was determined using elec-
tron paramagnetic resonance (EPR) spin-trapping as de-
scribed [17].

Animals
Male A/J mice (age 4–5 weeks) were purchased from Jackson 
Laboratories (Bar Harbor, ME) and housed in an AAALAC 
International—specific pathogen-free, environmentally-
controlled facility. All mice were free of endogenous patho-
gens including viruses, bacteria, mycoplasmas, and parasites. 
Mice were housed in groups of two in ventilated cages and 
provided high-efficiency particulate-filtered air under a con-
trolled light cycle (12 h light/12 h dark) at a standard tem-
perature (22°C–24°C) and 30%–70% relative humidity. 
Animals were acclimated to the animal facility for 1 week 
before beginning the experimental protocols (age 5–6 weeks) 
and allowed access to a conventional diet (6% irradiated 
NIH-31 Diet, Envigo RMS; Madison, WI) and tap water ad 
libitum.

Experimental protocol for two-stage lung 
carcinogenesis bioassay in A/J mice
Our 9-week whole-body inhalation protocol in conjunc-
tion with the two-stage (initiation-promotion) model using 
3-methylcholanthrene (MCA) as the initiator was used in this 
study [3, 18]. Two separate sets of mice were exposed for the 
9-week duration to CuNi welding fume. Animal set one was 
a high deposition (HD) exposure scenario and 120 mice were 
weight-matched and randomized into four exposure groups 
[Corn oil (CO)/Air; CO/CuNi; MCA/Air; MCA/CuNi; n = 30/
group]. At week 0, mice were intraperitoneally (IP) injected 
with MCA (Sigma–Aldrich; St. Louis, MO) dissolved in CO 
(Sigma–Aldrich; St. Louis, MO) at a dose of 10 µg/g of body 
weight or CO alone. At week 1 post-initiation, mice were 
exposed by whole-body inhalation to CuNi welding fume 
aerosols or filtered air for 4 h/day, 4 days/week, for 9 weeks 
(35 days total; mean concentration was 32.6 ± 19.0 mg/m3). 
Animal set two was a low deposition (LD) scenario and 60 
mice were weight-matched and randomized into two ex-
posure groups (MCA/Air and MCA/CuNi; n = 30/group). 
The CO groups were not repeated in this scenario because 
CuNi alone was found to have no significant effect on HD 
exposure. At 1 week post-initiation mice were exposed to 
CuNi welding fume aerosols or filtered air for 2 h/day, 4 days/
week, for 9 weeks (35 days total; mean concentration was 
21.0 ± 6.6 mg/m3).

Throughout the study, mice were weighed biweekly. Mice 
were euthanized with sodium pentobarbital [100–300 mg/kg 
IP] (Vortech Pharmaceuticals; Dearborn, MI), weighed, and 
exsanguinated via the vena cava. All internal organs were 
examined for the presence of tumors. Then, the whole lung 
was excised and inflated with 10% neutral buffered formalin. 
Twenty-four hours post-fixation, lung tumors were counted 
under a modular stereomicroscope (Leica Microsystems; 
Morrisville, NC) and measured using digital calipers. Gross 
lung images were taken using an Olympus DP21 digital 
camera (Olympus America; San Jose, CA). Lung tumor inci-
dence was recorded as the percentage of tumor-bearing mice 
in each group. Lung tumor multiplicity for each group was 
determined as the average tumor number per mouse lung 
including mice with no tumors as described previously [3, 
18–21].
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Histopathological analysis of CuNi fume-exposed 
lung tissue
Lungs were embedded in paraffin and a 5 µm standardized 
section was cut and stained with hematoxylin and eosin. 
Slides were interpreted by a contracted board-certified veter-
inary pathologist. Neoplastic findings were recorded as pre-
sent and the number of tumors/section were recorded. The 
diagnoses of alveolar epithelial hyperplasia and bronchiolo-
alveolar adenoma were based upon well-established cri-
teria and classified using standard published International 
Harmonization of Nomenclature and Diagnostic Criteria 
for Lesions (INHAND) terminology to the extent possible 
[22, 23]. In addition, the severity of the hyperplasia was re-
corded as the severity of the most severe lesion observed. 
Non-neoplastic histopathologic findings were graded and re-
corded using the grading scale derived from [24] as follows: 
No Visible Lesion [(NVL) tissue considered to be normal], 
1 = minimal, 2 = mild, 3 = moderate, 4 = marked. All lung 
sections from animals that survived to 30 weeks were evalu-
ated except for three slides from the MCA/Air group of the 
HD exposure. Both microscopic and gross-enumerated lung 
tumor numbers were statistically evaluated for all animals 
surviving to the 30-week terminal sacrifice.

Enhanced dark-field light microscopy imaging of 
CuNi fume-exposed HD lung tissue
Welding fume particles in sections from exposed lungs were 
assessed using an enhanced dark-field optical system. Welding 
fume particles scatter light significantly greater than the sur-
rounding tissues due to a difference in refractive index, nano-
meter size, and the crystalline structure of the particles. The 
enhanced dark-field optical system images light scattered in 
the section and, thus, particles in the section stand out from 
the surrounding tissues with high contrast [25–28]. Sections 
for dark-field examination were cut from paraffin blocks at 5 
µm thickness and collected on ultrasonically cleaned, laser-cut 
slides (Schott North America; Elmsford, NY). After staining 
with Sirius Red-Hematoxylin, slides were dehydrated in xy-
lene and coverslipped with Permount (Fisher Scientific Co.; 
Pittsburgh, PA) containing 5%, by volume xylene. Just be-
fore mounting, the xylene-Permount was centrifuged (10 
000×g for 10 min) to remove contaminating particles. The 
optical microscopes consist of a transmitted light micro-
scope (Olympus B63 with motorized condenser, controller, 
and reflected light system) and a CytoViva EDM (CytoViva; 
Auburn, AL). Both were equipped with an Olympus DP73 
digital camera with cellsens Dimension camera control and 
measurement software (Olympus America; Center Valley, 
PA). Images for both systems were taken at either high reso-
lution 4800 × 3600 pixels or 2400 × 1800 pixels.

Statistical comparisons and analysis
Statistical analyses were performed using either JMP ver-
sion 13 or SAS version 9.4 for Windows and only utilized 
data from those animals surviving to the 30-week terminal 
sacrifice. Body weight data were analyzed using a two-way 
mixed-model analysis of variance with repeated measures 
using “Proc Mixed.” Variables obtained from in vitro studies 
were analyzed using one- and two-way ANOVAs. Gross 
tumor counts were analyzed using nonparametric Kruskal–
Wallis tests and followed by pair-wise comparisons using the 

Wilcoxon Rank Sums test. Tumor incidence was analyzed 
using a Chi-square test in SAS “Proc Freq,” while tumor 
multiplicity was analyzed using Poisson regression in SAS 
“Proc Genmod.” In cases where over-dispersion existed, a 
negative binomial regression was performed. Analyses were 
performed independently on CO and MCA-treated animals. 
For tumor size comparisons between MCA-treated animals, 
a two-sided t-test was performed only on data from animals 
with tumors. For all analyses, a P < .05 was set as the criteria 
for significance.

Results
Characterization
SEM image of the generated welding fume shows primary 
particles in the nanometer size range linked together in elong-
ated chain-like structures often with several branches (Fig. 
1A). Most of the particles were between 0.1 and 1 µm in 
diameter, with a mass median aerodynamic diameter of 0.43 
µm as reported in [7]. Dynamic light scattering showed that 
the particle had a hydrodynamic diameter of 132 nm and a 
zeta potential of—10 mV at physiological pH when dispersed 
in cell culture media. The polydispersity index indicated wide 
distribution in the particle’s aggregates in cell culture media. 
CuNi welding fume had a tapped density of 6.25 g/cm3 and a 
surface area of 33.07 m2/g (Fig. 1B). Elemental analysis by in-
ductively coupled plasma atomic emission spectroscopy (ICP-
AES) was previously reported in [7] (Fig. 1C). The CuNi fume 
was 76.3% Cu; 11.6% Ni, and 5.10% Fe by weight percent 
with the remaining metal content being 2.9% titanium (Ti), 
2.3% manganese (Mn), and trace metals. EPR on the CuNi 
fume produced the typical 1:2:2:1 spectrum, characteristic of 
hydroxyl radical, showing the fume was reactive (Fig. 1D). 
CuNi fume produced 1.5-fold higher free radicals than the 
positive control [2 mM Cr(VI)].

In vitro screen for key characteristics of 
carcinogenesis
The cytotoxicity potential of CuNi fume was assessed by 
measuring the cellular ability to reduce the WST-1 reagent. 
There was a steep dose-dependent increase in toxicity after 
24 h of exposure (Fig. 2A). There was a significant change in 
cytotoxicity from a dose >3.125 µg/ml. The IC50 and IC70 
for CuNi fume were found to be 6.6 µg/ml and 3.7 µg/ml, re-
spectively. Membrane damage was evaluated by LDH levels 
in the supernatant, and only the highest dose caused a sig-
nificant effect (Fig. 2B). Intracellular reactive oxygen species 
(ROS) was evaluated as a dose and time response (Fig. 2D). 
There was a 5-fold increase in ROS after 4 h of exposure with 
50 µg/ml. There was a continuous significant change from 
16 h with the 12.5 µg/ml exposure. Genotoxicity was evalu-
ated at 0–3.2 µg/ml, doses less than IC70. Phosphorylation 
of H2AX, a cellular response to repair double-strand DNA 
breaks was assessed as a complimentary measure to the 
micronuclei to determine genotoxicity. There was a signifi-
cant increase in the level of γ-H2AX with 1.8 and 3.2 µg/ml 
of CuNi fume compared to control cells. Within the doses, 
there was not a significant alteration in the level of γ-H2AX 
(Fig. 2C). In vitro micronucleus formation was evaluated 
using CBMN (Fig. 2E). Actin polymerization inhibitor cyto-
chalasin B was used to block cytokinesis after CuNi fume 
treatment to prevent the separation of daughter cells after 
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mitosis, leading to the formation of binucleate cells. Only the 
highest dose (3.2 µg/ml) and the positive control cells had 
significant binucleated cells with MN compared to control 
cells with no treatment. As seen in the representative con-
focal images, binucleate cells had no MN, one or multiple 
MN. To account for the multiple micronuclei, the total MN 
in the binucleated cells was also evaluated. CuNi fume at the 
low (0.18 µg/ml) and high (3.2 µg/ml) doses had a significant 
increase in total MN compared to control cells. Like our ob-
servation with γ-H2AX, there was a significant increase in 
binucleated cells with MN and total MN compared to con-
trol cells.

Pulmonary deposition of CuNi welding fume
We have thoroughly described the lung deposition in terms of 
human relevance for the welding inhalation exposure animal 
model [7, 29]. We previously quantitated mouse lung depos-
ition by inductively coupled plasma atomic emission spec-
troscopy and alveolar accumulation was estimated to be 1.28 
µg/h with an exposure of 43 mg/m3 [7]. Proportionally in this 
study, CuNi HD was 0.97 µg/h for ~136 µg alveolar depos-
ition (32.6 ± 19.0 mg/m3; 4 h/day for 35 days over 9 weeks), 
and CuNi LD was 0.63 µg/h for ~44 µg alveolar depos-
ition (21.0 ± 6.6 mg/m3; 2 h/day for 35 days over 9 weeks). 

Therefore, the CuNi LD had a lower dose rate as well as one-
third of the final deposition over the inhalation exposure time 
course.

Body weight, morbidity, and mortality
The 9-week whole-body inhalation protocol in conjunction 
with the two-stage (initiation-promotion) model is shown in 
Fig. 3A. Exposure to CuNi LD fume caused a significant dif-
ference in weight gain at weeks 2 and 4 of the 9-week in-
halation exposure compared to air. This was resolved by the 
end of the exposure and there was no difference between 
the groups at 30 weeks post-MCA. Analysis of the slopes of 
the growth curves revealed that the growth rate over time was 
also not different between the groups with the LD exposure 
scenario (Fig. 3C). In contrast, analysis of the slopes for the 
HD exposure showed that both CO/CuNi and MCA/CuNi 
HD groups exhibited a significant decrease in growth rate 
over time compared to CO/Air and MCA/Air. This initial de-
creased weight gain in the CuNi HD fume groups recovered 
by about week 18 (Fig. 3B).

Morbidity and mortality throughout the experimental 
protocols were low and no abnormalities, such as other 
tumor types besides lung, were found at the terminal sacri-
fice at 30 weeks. In total, one mouse from the LD (MCA/
CuNi) and nine mice from the HD protocol (3 CO/Air; 2 

Figure 1 Field emission electron scanning microscope image of CuNi welding fume generated by the automated robotic welder (A). Characterization 
of generated CuNi welding fume (B). The mass median aerodynamic diameter was reported in [7]. Elemental analysis by inductively coupled plasma 
atomic emission spectroscopy (ICP-AES) previously reported in [7] (C). EPR on the CuNi welding fume produced the typical 1:2:2:1 spectrum, 
characteristic for OH, and produced 1.5-fold higher free radicals than the positive control [2 mM Cr(VI)]. The EPR spectrometer settings were: receiver 
gain 1.00 × 104; centerfield 3484 G; field width 100 G; scan time 100 G; power 63.460 mW; frequency 9.760 GHz (D).
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MCA/Air; 1 CO/CuNi; 3 MCA/CuNi) were euthanized or 
died during the course of the study and were not included 
in the final data analysis. Necropsy determined that all 10 
mice had morbidities not associated with the experimental 
protocol. These included scrotal lesions, head tilts, neck mass, 
body weight loss, or otherwise ‘undetermined’ causes.

Two-stage lung carcinogenesis bioassay in A/J 
mice: gross lung tumor multiplicity and incidence
Gross-enumerated lung tumors in the CuNi LD fume group 
were not significantly increased compared to air at 30 weeks 
post-initiation with MCA (Table 1). Tumor multiplicity across 
all lung lobes increased, but the response was not consistent or 
significant across the individual lung lobes except for the car-
diac. Tumor size was significantly decreased with MCA/CuNi 
LD fume exposure compared to MCA/Air, 0.70 ± 0.02 versus 
1.17 ± 0.04 mm, respectively. CuNi HD fume compared to air 
exposure did not increase tumor multiplicity in mice initiated 
with MCA, but, rather, significantly decreased multiplicity at 
30 weeks across the individual lung lobes except for the cardiac 
(Table 1). Similar to the LD group, CuNi HD fume exposure 
also significantly decreased tumor size (MCA/CuNi, 0.57 ± 0.01 
versus MCA/Air, 1.15 ± 0.02 mm). In the CO animals, no signifi-
cant effect of the CuNi HD welding fume alone on tumor multi-
plicity was found. The percentage of tumor-bearing mice (tumor 
incidence) for the LD exposure scenario was 100% in MCA/Air 

and 97% in MCA/CuNi. In the HD exposure protocol, tumor in-
cidence was CO/Air 22%, CO/CuNi 7%, MCA/Air 100%, and 
MCA/CuNi 93%. The low tumor incidence in 35- to 36-week-
old CO-exposed mice is consistent with previous studies in our 
lab as well as others [18, 30, 31]. As expected, tumor incidence 
was high in all MCA-initiated groups (range of 93% to 100%) 
which confirmed the successful IP administration as well as its 
carcinogenic effectiveness in A/J mice.

The difference in tumor size caused by CuNi LD and HD 
welding fume exposure is appreciated in the representative 
gross images of mouse lung tissue shown in Fig. 4. Gross lung 
images of a MCA/Air (Fig. 4A) and MCA/CuNi LD welding 
fume (Fig. 4D) mouse were captured at the 30-week ter-
minal sacrifice. Fixed lung images of a MCA/Air (Fig. 4B) and 
MCA/CuNi HD fume (Fig. 4E) mouse were captured 24 h 
after fixation at the terminal sacrifice. Tumors appeared white 
in color and became more well-defined after fixation which 
aided in enumeration.

Enhanced dark-field light microscopy imaging of 
lung tissue
Enhanced dark-field microscopy confirmed the deposition of 
CuNi welding fume particles in the lungs of exposed animals 
as the particles scattered light at a much greater intensity than 
the surrounding lung tissue (Fig. 4F). The lung tissue adjacent 
to the fume deposits was made visible only by the addition of 

Figure 2 In vitro screening of key characteristics of carcinogenesis in human bronchial epithelial cells (BEAS-2B). The cytotoxic potential of CuNi 
welding fume was assessed by measuring the cellular ability to reduce WST-1 reagent (A). Cell membrane damage was evaluated by LDH levels in 
the supernatant (B). Phosphorylation of H2AX, a cellular response to repair double-strand DNA breaks (C). Intracellular ROS evaluated as a dose and 
time response (D). In vitro micronucleus formation was evaluated using CBMN and representative confocal images are shown (E; scale bar: 10 µm). 
*P < .05—determination of statistical significance.
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transmitted light. Welding particle deposits appeared almost 
exclusively inside macrophages, indicating this fume is phago-
cytosed by alveolar macrophages. Microscopy images of air-
exposed mice showed intact lung tissue and the presence of 
macrophages devoid of any particulate matter (Fig. 4C).

Two-stage lung carcinogenesis bioassay in A/J 
mice: histopathological analysis
Severity scores for abnormal morphological findings and num-
bers of lung lesions observed in lung sections from A/J mice 

are shown in Fig. 5A–C. Bronchiolo-alveolar adenomas (Fig. 
4G) and foci of alveolar epithelial hyperplasia (Fig. 4H) were 
the most frequent findings and were observed in the lungs of 
both MCA/Air and MCA/CuNi HD and LD mice. The total 
number of hyperplastic foci was significantly decreased in 
the HD group but significantly increased in the MCA/CuNi 
LD group versus MCA/Air controls. The lesion severity was 
greater in MCA/Air for both groups, however (Fig. 5A). The 
total number of adenomas per mouse was significantly de-
creased in the CuNi HD and LD groups [HD: MCA/Air, 42 

Figure 3 Experimental protocol for two-stage (initiation-promotion) bioassay. HD groups: CO/Air (n = 30); CO/CuNi (n = 30); MCA/Air (n = 30); MCA/
CuNi (n = 30). LD groups: MCA/Air (n = 30) and MCA/CuNi (n = 30). Mice were IP injected with MCA (10 µg/g; IP) or CO then 1 week later exposed by 
whole-body inhalation to CuNi welding fume or air for 2 (LD) or 4 (HD) h/day × 4 day/week × 9 weeks before terminal sacrifice at 30 weeks (A). Body 
weight changes are presented as mean ± SE. Mice were weighed biweekly (B, HD; C, LD groups) throughout the time course and at the terminal 
sacrifice. HD—*P < .05 for the slope of the growth curve compared to CO/Air and #P < .05 for the slope of the growth curve compared to MCA/Air. 
LD—*P < .05 compared to MCA/Air control at specific time points.

Table 1. Effect of high or low deposition CuNi welding fume on MCA-initiated gross lung tumor numbers, multiplicity, and size across individual mouse 
lung lobes.

Exposure n Left Apical Cardiac Diaphragmatic Azygos Total Size (mm)

CO/air 27 4 (0.15 ± 0.07) 0 1 (0.04 ± 0.04) 2 (0.07 ± 0.05) 1 (0.04 ± 0.04) 8 (0.3 ± 0.12) --

CO/CuNi 
HD

29 0 0 0 2 (0.07 ± 0.26) 0 2 (0.07 ± 0.05) --

MCA/air 28 133 (4.75 ± 0.41) 54 (1.93 ± 0.21) 68 (2.43 ± 0.31) 127 (4.54 ± 0.38) 54 (1.93 ± 0.24) 436 (15.6 ± 0.75) 1.15 ± 0.02

MCA/CuNi 
HD

27 52 (1.93 ± 0.29)* 24 (0.89 ± 0.21)* 51 (1.89 ± 0.32) 38 (1.41 ± 0.28)* 27 (1.00 ± 0.22)* 192 (7.1 ± 0.93)* 0.57 ± 0.01*

MCA/air 30 82 (2.7 ± 0.33) 38 (1.3 ± 0.21) 35 (1.2 ± 0.22) 82 (2.7 ± 0.37) 28 (0.93 ± 0.23) 265 (8.8 ± 0.87) 1.17 ± 0.04

MCA/CuNi 
LD

29 106 (3.7 ± 0.56) 58 (2.0 ± 0.36) 64 (2.2 ± 0.37)* 88 (3.0 ± 0.45) 43 (1.5 ± 0.32) 359 (12.4 ± 1.5) 0.70 ± 0.02*

CO, corn oil; CuNi, copper-nickel; HD, high deposition; LD, low deposition; MCA, 3-methylcholanthrene. ()—indicate mean ± standard error of the mean 
number of tumors per individual lobe or lung and includes those with zero tumors; -- indicates not measured.
*P < 0.05 compared to corresponding air group.
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(1.7 ± 0.24) versus MCA/CuNi, 15 (0.56 ± 0.19); LD: MCA/
Air, 16 (0.53 ± 0.15) versus MCA/CuNi, 6 (0.21 ± 0.08)] 
(Fig. 5B). Total proliferative lung lesions (adenomas + hyper-
plasia) were significantly decreased in the HD group [165 
(6.6 ± 0.45) versus 102 (3.8 ± 0.55)], but not changed in the 
LD group [MCA/Air, 94 (3.1 ± 0.38) versus MCA/CuNi, 126 
(4.3 ± 0.70)] (Fig. 5C). Maintenance of the normal alveolar 
structure versus replacement by an abnormal growth pat-
tern differentiated hyperplasia from adenoma, respectively. 
Foreign material was only observed in the lungs of MCA/
CuNi HD and LD mice (Fig. 4I) and was considered a pre-
sumptive test article (i.e. CuNi welding fume). Similarly, al-
veolar neutrophilic inflammation was only observed in MCA/
CuNi HD and LD mice. Perivascular lymphocytic infiltrates 
were observed in the lungs of all MCA/CuNi HD and LD mice 
and rarely in the MCA/Air groups. Presumably, these lesions 
in the welding fume-exposed groups were a reactive response 
to the fume exposure. No other differences in inflammation 
or repair/injury processes between the groups were observed.

Discussion
CuNi welding fume exhibited significant acellular reactivity 
and cellular oxidative stress. Cytotoxicity, DNA damage, and 

micronuclei formation in lung epithelial cells were also found. 
In vivo, inhalation of CuNi fume decreased hyperplasia se-
verity, lung tumor size, overall tumor number with the higher 
deposited dose, and adenoma formation after initiation with 
MCA. To our knowledge, this is the first in vivo inhalation 
study investigating the lung tumorigenic potential of a CuNi 
welding fume; to date, most welding fume-related toxico-
logical research has focused on Fe-rich fumes.

The lack of tumor promotion with CuNi fume contrasts 
with our previous findings for SS and MS fumes. Both SS 
(Fe-rich + Cr + Ni) and MS (Fe-rich) welding fumes promoted 
lung tumorigenesis in vivo, which is consistent with epidemi-
ology for an increased lung cancer risk in MS and SS welders 
[1, 3, 18, 21]. It was subsequently shown that a surrogate 
Fe component of welding fumes was central to the promoter 
effect [4]. Also, it is well-documented that SS fumes cause sig-
nificantly greater pulmonary cytotoxicity and inflammation 
compared to MS fumes [3, 32–34]. Therefore, the potential 
for welding fume-induced lung tumorigenesis does not always 
align with the overall lung toxicity profile. In addition, this 
study offers further support for Fe as an important mediator 
for the tumorigenic effect.

Only a few published studies have investigated the 
pneumotoxicity of Cu-containing fumes. One study found 

Figure 4 Representative images captured at 30 weeks post-initiation with MCA after 9-week whole-body inhalation exposure. Gross lung images from 
a MCA/Air (A) and MCA/CuNi LD welding fume-exposed mouse (D). Fixed lung images of tumor (arrows; scale bar: 2 mm) morphology and size from 
a MCA/Air-exposed (B) and MCA/CuNi HD welding fume-exposed (E) mouse. Enhanced dark-field microscopy image (60×; scale bar: 10 µm) of CuNi 
welding fume deposits (F, arrows) in the alveoli of a mouse lung. No deposits were present in the alveoli of a mouse lung after filtered air exposure (C). 
Photomicrographs (4×) of a bronchiolo-alveolar adenoma (G) and an alveolar epithelial hyperplasia (H), moderate, in lung tissue from a MCA/Air-exposed 
mouse. Photomicrograph (40×) of foreign material within alveolar macrophages (I), mild, in a MCA/CuNi LD-exposed mouse.
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that a fume that contained ~6.0% Cu and ~13.4% Ni caused 
a persistent increase in lung injury and inflammation that was 
greater than that caused by SS and MS welding fumes [6]. 
Ex vivo mechanistic examination of ROS production and cell 
viability led the authors to hypothesize that the toxicity of the 
fume, in comparison, was likely dependent on the direct cyto-
toxicity of the particles rather than ROS. Further, this same 
fume in vitro resulted in greater cytotoxicity and mitochon-
drial dysfunction at lower doses than SS or MS fumes [35]. 
The authors likewise noted that the Cu fume did not induce 
ROS production but did impair macrophage phagocytosis. 
Our laboratory investigated the in vivo pneumotoxicity as-
sociated with short-term (10 days) whole-body inhalation 
of the CuNi fume tested in the current study. Marked lung 
cytotoxicity and inflammation, body weight loss, and im-
paired macrophage phagocytic function were found. These 
responses resolved progressively, and by 84 days there was 
no chronic lung pathology except for a small increase in lung 
macrophage aggregates [7]. Thus, CuNi fume exposure is as-
sociated with acute toxicity at levels greater than other well-
studied fumes.

While the CuNi fume used in this study has only recently 
been evaluated, the pulmonary toxicity of Cu compounds, 
both in vitro using lung-associated cells and in vivo, has been 
reported in several studies. In vitro, Cu exposure results in 
dose- and time-dependent increases in cytotoxicity, oxida-
tive stress, cell cycle regulation, and genotoxicity [36–39]. 
Intracellular release of Cu ions was ascribed as the mech-
anism of toxicity observed with various forms of Cu [38]. 
Significant toxicity is associated with nano-sized Cu [38], 
which is likely applicable to CuNi welding fumes because 
the generated particles are small chain-like aggregates of 
nano-sized metals. In vivo, Cu inhalation causes pulmonary 

cytotoxicity, acute inflammation, and impaired host defense 
against bacterial lung infections [36, 40, 41]. There is signifi-
cant acute toxicity from Cu exposure (e.g. body weight loss 
and cytotoxicity), but recovery occurs, and chronic pathology 
is generally not indicated [42]. Human occupational studies 
are few, but there is no evidence of lung function decline or 
chronic inflammation with Cu dust exposure [43]. Our CuNi 
welding fume results, both in vitro and in vivo, agreed with 
these previous findings. In vitro CuNi fume-induced cyto-
toxicity, oxidative stress, and genotoxicity. Further, the CuNi 
fume, in this study and our previous 10-day inhalation study, 
resulted in significant lung cytotoxicity and body weight loss, 
with the HD being more severe. There was a recovery in each 
instance and no long-term pathology.

The in vitro screening of selected key characteristics of 
carcinogenesis was in line with previous studies with other 
Cu particulates, although the in vivo model resulted in no 
lung tumor promotion. In research by Stratmann et al., a 
Cu-containing pigment resulted in a false positive, indicated 
by acellular and cellular toxicity, that was not duplicated in 
vivo. The authors concluded that the false positive could be 
due to a lack of clearance in vitro in comparison to in vivo 
conditions and other redox homeostatic mechanisms that can 
adjust for an increased Cu ion load [44]. This would be con-
sistent with the body’s ability to tightly regulate Cu. Further, 
the in vitro assays better reflect acute endpoint responses; the 
two-stage lung bioassay also cautions against using the in 
vitro endpoints (e.g. genotoxicity assessments) to definitively 
evaluate chronic endpoints.

In addition to the discrepancies between in vitro and in 
vivo findings, there appears to be adaptation/resolution with 
continued Cu exposure in vivo. In a recent study by Poland 
et al., a biphasic response in pulmonary inflammation 

Figure 5 Histopathological severity scores are the averages of the left and right lung lobes and are presented as mean ± standard error of the mean (A). 
Severity was scored as 1 = minimal, 2 = mild, 3 = moderate, 4 = marked. Hyperplasia data is presented as the total number and parentheses indicate 
mean ± standard error of the mean number of proliferative lesions per lung and includes mice with zero lesions. Percent of MCA/Air controls adenomas 
(B) and the total sum of the number of proliferative lesions (adenoma and hyperplasia) for the CuNi HD and LD (C). *P < .05—compared to MCA/Air.
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was noted despite continued Cu deposition by inhalation. 
Inflammatory cell influx in the lung peaked during the in-
halation regimen and decreased prior to cessation of the 4 
weeks of inhalation with the authors noting a biphasic re-
sponse instead of a monotonic increase over time [42]. That 
would explain the initial weight loss in our model and in 
the previous 10-day CuNi fume inhalation study, and re-
covery even before the exposure ended in the LD group. 
These studies indicate not only the significant potential for 
acute toxicity of Cu compounds and the CuNi fume but also 
adaptation and resolution despite continued exposure in 
vivo.

SS and CuNi fume both induce inflammation, cytotoxicity, 
and oxidative stress. However, SS results in lung tumorigen-
esis, while CuNi fume does not. The reason for this diver-
gence remains unclear. Cancer cells are dependent on Cu at 
greater levels than that of normal cells due to the increased 
metabolic demand. Therefore, limiting Cu in cancer cells has 
beneficial outcomes [10]. Conversely, excess Cu is cytotoxic 
and damaging to cancer cells [12, 45–47]. The mechanistic 
role of Cu in apoptosis, necroptosis, pyroptosis, ferroptosis, 
and cuproptosis, centered around mitochondrial dysfunction, 
has treatment options using repurposed drugs in combin-
ation to deliver increased Cu to cancer cells. In fact, Cu-based 
treatments decreased NNK-induced tumor number and size 
in agreement with the results of this study [13]. Our in vitro 
results of marked cytotoxicity and oxidative stress suggest a 
similar paradigm of increased delivery of Cu contributing to 
tumorigenesis prevention. This is supported by the in vivo re-
sults of a more pronounced effect of reduced tumor number 
with the HD CuNi exposure group compared to the LD, fur-
ther illustrating that increased Cu delivery to the lung may be 
inhibitory to tumor promotion. Cumulatively, our results of 
various welding fumes suggest in vivo differences with fumes 
that are Fe-rich compared with those that are Cu-rich.

The potential role of Ni in the fume cannot be dismissed. 
A significant amount of literature exists on the role of Ni in 
welding fumes, and Ni is classified as carcinogenic to humans 
by IARC [48, 49]. Many studies have shown that Ni can 
damage DNA directly and through ROS production, epigen-
etic effects, and chromosomal aberrations [49, 50]. Numerous 
worker and in vivo studies have shown that exposure to 
Ni-containing SS welding fumes increases lung cancer risk 
[18, 21, 48, 49]. Because welding fume exposures do not rep-
resent pure exposure to Ni as seen with Ni-producing occu-
pations, this elevated risk cannot be definitively linked to Ni 
or any other single metal component of the fume. Moreover, 
in 2012, IARC concluded that high cytotoxic concentrations 
and the presence of inflammation may be needed to see car-
cinogenic effects from Ni exposures [48]. Indeed, we showed 
that nickel oxide (NiO), as a surrogate metal component of 
SS welding fume, caused no lung cytotoxicity, lung inflamma-
tion, or tumor promotion [4]. These results suggest that the 
observed lung effects are generally due to the Cu component 
of this fume.

In conclusion, CuNi welding fume inhalation exposure de-
creased lung tumor size and lesion severity. The higher depos-
ited dose decreased tumor multiplicity. This study highlights the 
need for ongoing research investigating CuNi welding fumes, 
especially in terms of delivered dose and dose rate. While 
the results of this study suggest less carcinogenicity of CuNi 
welding fume compared to Fe-rich fumes, additional studies 
are warranted to fully understand potential health outcomes.
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