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Tungsten is used in several applications and human exposure may occur. To assess its pulmonary toxicity, we
exposed male mice to nose-only inhalation of tungsten particles at 9, 23 or 132 mg/m® (Low, Mid and High
exposure) (45 min/day, 5 days/week for 2 weeks). Increased genotoxicity (assessed by comet assay) was seen in
bronchoalveolar (BAL) fluid cells at Low and High exposure. We measured acellular ROS production, and cannot
exclude that ROS contributed to the observed genotoxicity. We saw no effects on body weight gain, pulmonary
inflammation, lactate dehydrogenase or protein in BAL fluid, pathology of liver or kidney, or on sperm counts. In
conclusion, tungsten showed non-dose dependent genotoxicity in the absence of inflammation and therefore

interpreted to be primary genotoxicity. Based on genotoxicity, a Lowest Observed Adverse Effect Concentration
(LOAEC) could be set at 9 mg/m®. It was not possible to establish a No Adverse Effect Concentration (NOAEG).

1. Introduction

Tungsten is used in a number of applications including in the auto-
motive, medical and mining industries. It has lubricating properties, and
was initially taken into use in space, but is now also used in general
spray-formulated lubricants (Sgrli et al., 2022). It is also a component of
industrial hard steel, and may therefore also occur in welding fumes
(Graczyk et al., 2016). The knowledge of occupational air concentra-
tions of tungsten seems very limited. One investigation of the Swedish
hard metal industry reported powder production to be the work process

Abbreviations: BAL, bronchoalveolar; ROS, reactive oxygen species.
* Corresponding author.

that resulted in the highest tungsten air concentration (0.11 mg tung-
sten/m3) (Klasson et al., 2016). To minimise the risk of adverse health
effects from exposure to this metal, it is important to determine the level
at which it becomes toxic. Although inhalation of tungsten in pure form
can be foreseen e.g. during the manufacture of products in which it is a
constituent; inhalation of tungsten in a mixture with other substances
seems more likely. In the latter instance, knowledge of its toxicity can be
included in mathematical models for assessing the combined toxicity of
the whole exposure (Hadrup, 2014; Hadrup et al., 2013; Scholze et al.,
2014).
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We recently reviewed the pulmonary toxicity of tungsten (Hadrup
et al., 2022), but did not identify inhalation studies with the pure metal.
Data on other tungsten substances were however available. One study
exposed Syrian hamsters to tungsten trioxide (WO3) nanoparticles by
inhalation at levels of 5 or 10 mg/m?, 4 h/day for 4 or 8 days. At the
highest exposure level, the WO3 nanoparticles induced pulmonary
inflammation determined as increased neutrophil numbers in bron-
choalveolar (BAL) fluid, as well as elevated lactate dehydrogenase
(LDH) and total protein in the same fluid (No Observed Adverse Effect
Concentration (NOAEC)BAL neutrophils: 5 Mg W03/m3, =4 mg W/m3).
Alkaline phosphatase, among other markers, was increased already at 5
mg WOs/m® (Prajapati et al., 2017). Rajendran and co-workers exposed
rats to tungsten blue oxide (69% WOs3, 8% W55073, and 23% WyOsg) at
~63, 257 or 514 mg W/m°, 6 h/day for 28 days, with post-exposure
periods of 8 and 14 days. The lung weight was elevated at all dose
levels. Alveolar pigmented and so-called foamy macrophages were
observed in all exposed groups but not in controls (Lowest Observed
Adverse Effect Concentration (LOAECLung weight/histopathological findings: 63
mg W/ms, the lowest dose level tested) (Rajendran et al., 2012).

One study, using intratracheal instillation in rats, looked at pure
tungsten and tungsten in combination with other metals. A dose of 20
mg/kg bw of pure tungsten did not affect neutrophil numbers in BAL
fluid, while neutrophils were increased by a combination material of
tungsten (92%), nickel (5%), and cobalt (3%) (WNiCo), at 20 mg/kg bw
(Roedel et al., 2012). Peao et al. (1993) dosed calcium tungstate
(CaWOy) particles (2-10 pm in size) to mice by intratracheal instillation
(8 mg W/kg bw), and found increased neutrophils in BAL fluid. Tungsten
carbide (WC) has been investigated for pulmonary toxicity in animal
studies using intratracheal instillation, mostly with no or limited effects
(Huaux et al., 1995; Lardot et al., 1998; Lasfargues et al., 1995, 1992).

Concerning the endpoint of genotoxicity, oral studies with pure
tungsten showed increased levels of DNA strand breaks in the comet
assay in the bone marrow of mice (Guilbert et al., 2011; Kelly et al.,
2013). When WOj3 nano- and micron-sized particles were given to rats by
gavage, only the nanoparticles increased the number of micronuclei in
bone marrow cells, and the levels of DNA-strand breaks in the comet
assay (blood lymphocytes and liver) (Chinde et al., 2017). Tungsten in
combination with cobalt was genotoxic in terms of increased micro-
nuclei numbers in pneumocytes after inhalation (oropharyngeal aspi-
ration) (Sironval et al., 2020). There is also evidence of in vitro
genotoxicity of tungsten as seen in numerous studies summarised in
(Hadrup et al., 2022).

Overall, the knowledge of pulmonary toxicity of pure tungsten is
limited. Therefore, we set out to determine the airway exposure levels at
which tungsten exhibits inhalation toxicity. We aimed to set dose de-
scriptors (NOAECs/LOAECs). For this, we exposed mice to tungsten by
inhalation of 9, 23 or 132 mg/m3 (Low, Mid and High exposure) (45
min/day, 5 days/week for 2 weeks). In absence of knowledge of the
inhalation of pure tungsten, we set these levels based on toxicity data for
other tungsten substances. We measured toxicologically relevant end-
points, including body weight gain, pulmonary inflammation, pathology
of the liver and kidney, genotoxicity, plasma testosterone, and sperm
counts.

2. Material and methods
2.1. Test material

Tungsten Powder (CAS number: 7440-33-7) with a grain size of < 1
um and a purity of 99.95% (metal basis) according to the manufacturer,
was obtained from Alfa Aesar (Kandel, Germany, Prod. No. 44210).

The specific surface area of the test powders was analysed by nitro-
gen absorption Brunauer-Emmett-Teller (BET) theory analysis (3 P sync
110). During these measurements the samples were dried at 200 °C
under vacuum for 2 h, weighed and analyzed with the static volumetric
method, using Ny as adsorbate, and a sample weight of 2.5708 g.
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The tungsten powder was aerosolised using a venturi-type rotating
disc microfeeder (Fraunhofer Institute fiir Toxicologie und Aero-
solforschung, Hannover, Germany) with a pre-pressure of 5 bar. The
aerosolised tungsten powder was led through an aerosol mixing and
sedimentation glass tube to the exposure chamber. The total volume-
flow was 20 L/min. Samples of the total suspended tungsten powder
mass were collected and the aerosol mass concentrations were deter-
mined gravimetrically by filter sampling on Millipore Fluoropore filters
(@ 2.5 cm; pore size 0.45 pm) using an Apex2™ personal sampling pump
(Casella, Buffalo, USA) at a flow rate of 2 L/min. During the experiment,
chamber air was sampled on pre-weighed filters for the first 45 min for
filtered air control and Low exposure, 20 min for Mid exposure and 5
min for High exposure. Filters were weighed on a Sartorius Microscale
(Type M3P 000 V001). The filters were acclimatised at 50% relative
humidity at 20 °C for at least 24 h before the post-sampling weighing
(limit of detection: 0.005 mg/filter). The resulting calculated mass
concentrations in the sampled air were 9 + 6, 23 &+ 7 and 132 + 56 mg/
m® for Low, Mid and High exposure, respectively. The particle number
concentration and aerodynamic particle size distributions of the aero-
solisation method were determined using an Electrical Low Pressure
Impactor (ELPI+, Dekati Ltd., Tampere, Finland), which measured in 14
size channels between 6 nm and 10 um at 1 s time resolution.

The estimated alveolar deposition was calculated based on an esti-
mated pulmonary deposited mass rate using the Multiple-Path Particle
Dosimetry Model (MPPD) (version 3.04, ARA, Huntsville, AL United
States), using exposure levels (9, 23 and 132 mg/ms), exposure time (45
min) and 10 days of exposure. MMAD and GSD were determined on
basis of the mode of the aerosol (Supplemental Fig. S1). Input parame-
ters in the MPPD model are detailed in the Supplemental Materials.

2.2. Animal procedures

The experiments were carried out in accordance with the Danish
Animal Experimentation Act (LBK nr 474 of 15/05/2014 and BEK nr 12
of 07/01/2016) and the EU-directive 2010/63/EU on the protection of
animals used for scientific purposes. Permission for the study was ob-
tained from the Animal Experimentation Inspectorate, Ministry of Food,
Agriculture  and  Fisheries of Denmark  (License No.
2019-15-0201-00114) and the local animal ethics committee. In total,
33 male BALBC/J mice, 8 weeks old (1 for the pilot study and 32 for the
main study), were purchased from Janvier Labs (France). The mice were
delivered from Janvier in two batches to ensure that the mice were at the
same age at exposure onset. Upon arrival, the animals were randomly
distributed into cages with either controls or one of the three exposure
levels of tungsten (n = 2 animals per cage and n = 8 per group, n = 32 in
total). The animals were given ad libitum access to tap water and feed
(Altromin no. 1324, Brogaarden, Denmark). Housing was in 1290D
eurostandard Type 3 polypropylene cages with Enviro-Dri bedding
(Brogaarden, Gentofte, Denmark), and wood blocks served as enrich-
ment (Brogaarden, Gentofte, Denmark). The mice were kept under a 12-
h light/12-h dark cycle (light on from 6 a.m.), with a room temperature
of 20 £ 2 °C and humidity at 50 &+ 20%. The animals had 1-2 weeks of
acclimatisation before the experiment was started. For the experiment,
the mice were exposed nose-only by placing them in glass rockets that
were subsequently inserted into the inhalation chamber.

We identified no toxicological inhalation studies on pure tungsten in
the peer-reviewed literature. Thus, we set the exposure levels based on
the aforementioned literature on WO3 (Prajapati et al., 2017; Rajendran
et al., 2012). A range of approximately 10-100 mg/m® was chosen in to
be able to observe a toxicological response in the animals. Yet we
acknowledge that one of the few studies with occupational exposure
levels reported a concentration of up to 0.1 mg tungsten/m® during
powder handling (Klasson et al., 2016) — considerably lower than our
lowest exposure level. On the other hand, the current Danish occupa-
tional exposure limit for tungsten particles is 5 mg/m? for an 8-hour
working day (Arbejdstilsynet, 2023), corresponding to 53 mg/m>



J.B. Sorli et al.

during a 45 min exposure. A pilot study was undertaken to set the
highest exposure level, using one mouse. The exposure duration was 45
min per day for 3 days and the animal was monitored for an additional 3
days. The tungsten mass concentration during the pilot study was 132
mg/m® based on filter measurements, as described above.

In the main study, the tungsten concentrations in the animal’s
breathing zone were set to 0, 9, 23 and 132 mg/m?’, based on the pilot
study. Animals were in total exposed 10 times for 45 min on all week-
days, over two weeks. For half of the controls and all Low exposure mice,
exposure began on a Monday (and the mice were killed on a Friday), the
Mid exposure began on the ensuing Friday (i.e. 4 days later, with mice
killed on a Thursday). For the remaining half of the controls and the
High exposure, exposure began on the Monday 3 weeks after the first
exposures were initiated (with animals killed on a Friday). The latter
animals were purchased 3 weeks after the first animals but were of the
same age at arrival (8 weeks old) and at exposure onset. The staggered
start had the advantage that potential toxicity at the Low and Mid
exposure could be detected before starting up the High exposure. All
animals were killed immediately after the last exposure so the recovery
time was the same for all the animals. Also, we emphasise that all
samples were frozen down or fixed for BAL cell counting on the day the
animals were killed, and later measured as one batch. We have previ-
ously demonstrated that the samples for the comet assay can be frozen
until the day of analysis without the loss of signal (P Jackson et al.,
2013a, 2013b). The disadvantage of the setup was that the Mid exposure
group had two weekends during their treatment period, as compared to
only one weekend for the other groups and were 4 days older than the
other animals. The total time the mice spent in the chamber was 60 min
per day, including set-up and exposure. Controls were placed in the
chamber and were exposed to filtered air under the same airflow con-
ditions and noise levels as those experienced by the treated animals.

Immediately after the last exposure, the animals were anesthetised
by subcutaneous injection of a combination of Zoletil 100 (zolazepam
250 mg/mL plus tiletamine 250 mg/mL), Xysol (xylazine 20 mg/mL)
and Fentadon (fentanyl 50 pug/mL) in sterile saline, at a volume of 0.1
mL/10 g bw. The animals were killed by exsanguination by withdrawal
of heart blood. Next, the mice were opened and the thorax monitored for
macroscopic abnormalities such as discolorations, ascites or bleeding.
Lung, liver, kidneys, and testes were excised and processed for subse-
quent analyses.

2.3. BAL fluid cellularity and biochemistry

BAL fluid cellularity was determined as previously described
(Kyjovska et al., 2015). BAL fluid protein was determined with a Pierce
BCA Protein Assay Kit from Thermo Scientific (Product number 23227)
as described in the manufacturer’s protocol. Lactate dehydrogenase
(LDH) was measured in BAL fluid with an ELISA kit from Abcam
(Product number: 02526).

2.4. Genotoxicity measurements

DNA strand break levels were measured in BAL cells, lung and liver
tissue as tail per cent DNA, evaluated by the comet assay with the
IMSTAR PathFinder system, as described in (P Jackson et al., 2013a,
2013b). In short, the collected BAL fluid was placed on ice until BAL
fluid cells were isolated by centrifugation at 400 x g for 10 min at 4 °C.
The cells were re-suspended in 100 uL. HAM’s F12 medium (with 1%
penicillin-streptomycin, 1% Lr-glutamine and 10% foetal bovine serum
(FBS)). Next, 40 uL of the cell suspension was mixed with 60 pL freezing
medium (HAM’s F12 medium with 1% penicillin-streptomycin, 1%
L-glutamine, 10% FBS and 10% dimethyl sulphoxide (DMSO)) and
gently frozen at — 20 °C and subsequently transferred to — 80 °C until
comet analysis. Lung and liver were recovered from the mice and sam-
ples were cut (~20-40 mg, 3 x3 x3 mm), transferred to NUNC cry-
otubes, snap-frozen in liquid Ny and stored at — 80 °C until comet
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analysis.

All samples from all animals were thus frozen down and stored
before the comet analyses were conducted on all samples on the same
day of analysis. For the comet assay, the BAL cells were thawed at 37 °C,
immediately embedded in 0.7% agarose, and kept on ice before being
loaded onto Trevigen Comet Slides (Trevigen, Gaithersburg, MD, USA).
Frozen lung and liver samples were pressed through a stainless steel
cylindrical sieve (diameter 0.5 cm, mesh size 0.4 mm) into 0.5-2 mL ice-
cold Merchant’s medium (0.14 M NaCl, 1.47 mM KH3POy, 2.7 mM KCl,
8.1 mM NayHPOy4, 10 mM NayEDTA, pH 7.4) and rapidly placed on ice
until being embedded in 0.7% agarose and loaded onto Trevigen Comet
Slides.

The slides were incubated overnight with 4 °C cold lysing buffer (2.5
M NacCl, 10 mM Tris, 100 mM sodium-ethylenediaminetetraacetic acid
(EDTA), 1% sodium sarcosinate, 10% DMSO, 1% Triton X-100, pH 10).
The slides were then rinsed for 5 min in cold electrophoresis buffer, and
then for 35 min alkaline treated with ice-cold electrophoresis buffer
directly in the electrophoresis chamber (0.3 M NaOH, 1 mM sodium-
EDTA, pH 13.2). Electrophoresis conditions were 38 V (1.2 V/cm) for
25 min. After the run, the slides were rinsed in neutralisation buffer (0.4
M Tris, pH 7.5) 2 x 5 min, and treated for 5 min with 96% ethanol
followed by incubation for 15 min at 45 °C. The cell nuclei were stained
with SYBR® Green in TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.6).
Automatic scoring was done with the IMSTAR PathFinder system (P
Jackson et al., 2013a, 2013b). DNA strand breaks were evaluated as a
percentage of DNA in the comet tail. Negative and positive controls for
comet assay performance, A549 cells exposed to 0 or 30 uM H30- (30
min at 4 °C), respectively, were included on all slides. The negative A549
control furthermore allows comparison to other studies done in our lab.

2.5. Production of reactive oxygen species (ROS)

Using the 2'— 7’-dichlorodihydro-fluorescein diacetate (DCFH2-DA)
oxidation test, the production of ROS by tungsten was quantified as
described previously (Danielsen et al., 2020). Briefly, Hank’s balanced
salt solution (HBSS) was used to prepare a particle stock suspension with
a concentration of 1.35 mg tungsten/mL. The suspension was sonicated
on ice for 16 min, with an amplitude of 10% using an S-450D Branson
Sonifier (Branson Ultrasonics Corp., USA) The sonifier delivers 7.3 Watts
at this amplitude (Booth and Jensen, 2015). HBSS was used to prepare
dilutions from the stock suspension in the following concentrations: 0,
1.1, 2.1, 4.2, 8.4, 16.9, 33.8, 67.5, and 101.3 ug/mL. DCFH,-DA was
deacetylated to DCFH; by 0.01 M NaOH, for 30 min at room tempera-
ture in the dark, and then diluted with HBSS and kept in the dark. A
96-well plate was loaded with particle dilutions, then DCFHy, in tripli-
cates; plates were then incubated for 3 h at 37 °C. Using a 1420 Victor?
multilabel counter (Perkin Elmer, Denmark), the fluorescence of the
formed 2'— 7’-dichlorofluorescein (DCF) was measured at wavelengths
of 490 nm for the excitation and 520 nm for the emission. The test was
done twice. Due to its well-known high ROS generation, carbon black
was included as a reference material (Boyles et al., 2022). The slopes
from the linear range of the dose-response curves for carbon black and
tungsten (0-22.5 pg/mL for carbon black and 0-45 pg/mL for tungsten)
were used to assess the ROS production.

2.6. Histopathology, testosterone plasma concentration and sperm
production

Livers and kidneys from High exposure animals were fixed in 4%
formalin for at least 24 h, and next trimmed, dehydrated, and paraffin-
embedded. Sections, 2-2.5 um, were cut on a microtome, placed on
microscope slides and stained with haematoxylin and eosin (H&E) stain
(Histolab Products AB, Askim, Sweden). Next, the sections were evalu-
ated for histopathological changes under a light microscope.

Mice were further assessed for effects on indicators of reproductive
function: testosterone was measured using an ELISA kit (Biovendor,
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Brno, Czech Republic Prod. No. RTCO01R) that was validated previously
in our lab (results not shown), according to the manufacturer’s protocol.
The detection limit was 0.066 ng/mL. The daily sperm production per
testicle and sperm count per gram of testicular parenchyma (SC/g) was
determined next. A previously validated protocol for mice was adopted
for this study (Kyjovska et al., 2013). Shortly, the left testicle was excised
at necropsy and stored at — 80°C until analysis. A shallow longitudinal
incision facilitated the removal of the tunica albuginea. The testicle was
then weighed and transferred to a 50 mL Eppendorf tube with 4 mL
0.05% Triton X-100 homogenisation buffer (Sigma®, Germany), ho-
mogenized for 5 min using an IKA ULTRA TURRAX ® T25 disperser
S25N-10 G, and placed on ice for approximately 30 min. Then 200 uL of
0.04% Trypan blue solution (Sigma®, Germany) was added to an equal
volume of tissue homogenate. The mixture was suspended with a pipette
and loaded onto a Double Neubauer Improved haemocytometer (depth
0.1 mm) in a humidity chamber. After at least 2 min, the
homogenisation-resistant spermatids (stages 14-16) were counted using
a light microscope (Olympus BX43) at 40x magnification. Each sample
was counted in quadruplicate (six samples in duplicate only) and aver-
aged. Next, daily sperm production was calculated by dividing total
sperm count by 4.84; the time divisor value that corresponds to the
number of days mouse spermatids spend in spermatogenic stages 14-16
(Oakberg, 1956). The sperm count (SC)/g testicular tissue was calcu-
lated by dividing the total sperm count by testicular weight. Finally,
relative testicle weight was achieved by dividing the testicle weight by
body weight.

2.7. Statistics

We calculated the statistics using the Graph Pad Prism software
package 7.02 (Graph Pad Software Inc., La Jolla, CA, USA). First, we
tested the data for normality using the Shapiro-Wilk test. The ANOVA
test is relatively robust to moderate departures from normality (Petrie
and Sabin, 2005). Hence ANOVA was applied, except if the P value of the
Shapiro-Wilk test was very low (P < 0.001). Second, the ANOVA is
somewhat sensitive to differences in standard deviation. Thus, ANOVA
was not calculated if standard deviations were very different in the
Brown-Forsythe tests (P < 0.001). In case we observed the described
deviations in normality or in standard deviations, the non-parametric
Kruskall-Wallis test was calculated instead of the ANOVA test. To
determine differences between the control and treated groups, we
employed the following post-tests: For the ANOVA we calculated
Holm-Sidak’s multiple comparisons test (Holm, 1979) For the
Kruskall-Wallis test we calculated Dunn’s multiple comparisons test.

3. Results
3.1. Tungsten properties

The specific surface area of the tungsten powder was 1.382 m%/g.
The total pore volume (at p/p0 = 0.99000) was 0.005 cm? /g, and the
average pore diameter (4 V/A) was 14.9 nm. Moreover, HK/SF micro-
pore analysis (<2 nm) gave a micropore volume of 0.001 cm® /g; a most
frequent pore diameter of 1.013 nm; and a median pore diameter of
0.74 nm.

The normalised aerodynamic particle number size distribution of the
aerosolised tungsten is shown in Supplemental Materials Fig. S1, and
was found to be bimodal. The particle number size distribution was
fitted with a lognormal size distribution, and had a lower mode of 0.6 um
and a higher mode of 1.8 pm. The lower mode was fully within the
respirable range of mice (<1 pm) (Asgharian et al., 2014), while the
higher mode was partially within the respirable range of mice, with sizes
larger than the respirable range in an upper tail (Supplemental Materials
Fig. S1). The particle size distribution was consistent over all concen-
trations. The final determined mass concentrations in the inhalation
chamber were 9 + 6 (Low, mean+SD), 23 + 7 (Mid) or 132 4+ 56 mg/m3
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(High).

The estimated alveolar deposition was in the MPPD model calculated
to 0.0 (control), 0.89 (Low), 2.28 (Mid), and 13.1 pg/mouse (High),
based on an estimated pulmonary deposited mass rate of 0.000221
(ug*m3/(min*mg)) and the applied exposure levels, time and days of
exposure.

S.

3.2. Body weight gain and clinical appearance

The mouse in the pilot study, which was given High exposure (132
mg/m>), showed no clinical signs of toxicity. In the main study, there
was a decrease in end body weight for High exposure as compared to
controls (data not shown). Yet we saw no changes in body weight during
the exposure period (Fig. 1), suggesting differences in start body weight
were a possible explanation of the lower end-body-weight for High
exposure. Notably, two animals at Low exposure were killed prema-
turely due to a loss of 16% and 17% of their initial body weight. As other
animals in this group had no reduction in body weight, this did not
translate into overall lower body weight gain in this group. We saw no
clinical signs of toxicity such as immobility, piloerection, or hunched
posture in any of the groups during the study. The two prematurely
killed animals were removed from the dataset except in Fig. 1.

3.3. BAL fluid cellularity including pulmonary inflammation and BAL
fluid biochemistry

We found no indications of lung inflammation measured as neutro-
phil numbers in BAL fluid, nor did we see changes in total cell numbers,
macrophages, lymphocytes, or epithelial cells in this compartment
(Supplemental Materials Fig. S2). Particles were noted in the BAL fluid
in 5 of 6 evaluated samples at High Exposure, while this phenomenon
was only seen in 2 of 8 samples from Mid exposure, and in none of the
other groups (data not shown). Particles were seen in macrophages in all
three tungsten exposed groups as black particles likely consisting of
tungsten. What appeared as blue particles were seen in all groups
including in controls (Supplemental Materials Fig. S3). LDH and total
protein in BAL fluid were similar in the control and exposed groups (data
not shown).

3.4. Genotoxicity and ROS production

Genotoxicity was determined with the comet assay as the percentage
of DNA in the comet tail. The level of DNA strand breaks was elevated in

Body weight gain

Low dose: 2 animals

]
6 m_| killed during the study
- I I | I

Control Low Mid High

Fig. 1. Body weight gain at the end of the 15-day experimental period. The
horizontal lines represent mean values and the bars one standard deviation
(SD). Two animals in the Low dose group were killed due to weight losses of
16% and 17%.
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BAL fluid cells at Low and High exposure, but not at Mid exposure (Fig. 2
and Supplemental Materials Figs. S4 and S5). We saw no increase in
genotoxicity in lung and liver tissue (Fig. 2). Concerning acellular ROS
production, the DCFH;,-DA assay results showed a dose-dependent in-
crease in ROS production for tungsten (Fig. 3). By mass, tungsten had a
lower ability to produce ROS (a slope of 319 arbitrary units/ug/mL)
than carbon black (3083 arbitrary units/ug/mL). The initial slope of
tungsten was 10 times smaller than that of carbon black by mass. For
ROS production normalised to surface area, tungsten exhibited a slope of
23083 arbitrary units/cm?/mL, while the slope of carbon black was
1043 arbitrary units/cm?/mL (Supplemental Materials Fig. S6).

3.5. Histopathology, testosterone and sperm counts

We observed no pathological effects in the liver and kidney (Sup-
plemental Materials Figs. S7 and S8). The testosterone plasma concen-
tration was decreased at Low dose only (Fig. 4). No effects were seen on
sperm numbers, neither assessed as daily sperm production nor as sperm
numbers per gram of testicle (Fig. 4, and Supplemental Materials
Fig. S9).

4. Discussion

4.1. Tungsten inhalation did not affect body weight, pulmonary
inflammation or pathology in the liver and kidney

We saw no effect on body weight at tungsten exposure levels up to
132 mg/m>. To our knowledge, there are no toxicity data on pure
tungsten inhalation in the peer-reviewed literature (Hadrup et al.,
2022). Concerning other tungsten substances, no effect on body weight
development was observed in Syrian hamsters inhaling tungsten trioxide
nanoparticles (diameter ca. 100 nm) at 5 or 10 mg WOg,/m3 (=4 or
8 mg W/m?), 4 h/day for 4 or 8 days showed (Prajapati et al., 2017) nor
in rats after inhalation of tungsten blue oxide at the relatively high mass
concentrations of ~63, 257 or 514 mg W/m>, 6 h/day for 28 days
(Rajendran et al., 2012). Overall, our NOAEChody weight Of 132 mg w/m?
is in line with the limited literature on other tungsten substances.

We saw no effect on pulmonary inflammation measured as neutro-
phil numbers in BAL fluid. One intratracheal instillation study in rats
with 20 mg/kg bw of pure tungsten (1-5 um in diameter) reported no
effect on this endpoint (Roedel et al., 2012), while we have not identi-
fied studies assessing neutrophil numbers in BAL fluid after inhalation
exposure to pure tungsten.

In the aforementioned study of tungsten blue oxide, neutrophils were
increased in blood at the highest dose only (514 mg W/m®), while in-
creases in alveolar pigmented macrophages, as well as foamy macro-
phages, were observed at all three doses (>63 mg W/m?) (Rajendran
et al., 2012). The study in Syrian hamsters on tungsten trioxide nano-
particles (102nm) had a NOAECpaL neutrophis Of 5mg WOz/m>
(=4 mg W/m?’), and a LOAEC of 10 mg W03/I1’13 (=8 mg W/m?%) (Pra-
japati et al., 2017). That study did not report the specific surface area of
the particles, but nanosize generally means significantly larger specific
surface area per mass unit as compared with micro-sized particles.
Though, on the other hand, tungsten has a density of 19.3 g/cm®,
leading to a relatively low BET value as compared to other materials.

The particle used in our study has a reported size of < 1 um, and a
specific surface area of 1.4 m?/g. We estimated the alveolar deposition
to be 0.89 (Low), 2.28 (Mid), and 13.1 (High) pg tungsten/mouse. The
total surface area in lung of the retained particles was estimated to be
0.012, 0.031, and 0.18 cm?/mouse, for Low, Mid and High exposure,
respectively. Retained surface area has been identified as an important
predictor of pulmonary inflammation (Cosnier et al., 2021; Danielsen
et al., 2020; Schmid and Stoeger, 2016), with a reported threshold for
neutrophil influx of 20 cm?/mouse for carbon black particles (Stoeger
et al., 2006). The lack of pulmonary inflammation in the present study is
therefore consistent with the estimated low deposited surface area of the
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employed tungsten (0.18 cm?/mouse for High exposure).

We can also compare the effects of tungsten to those of other metals,
for example silver, the pulmonary toxicity of which we recently
reviewed (Hadrup et al., 2020). Inhalation of silver nanoparticles in rats
has shown increased neutrophils in BAL fluid at mass concentrations as
low as 0.043 and 0.18 mg/m? (Braakhuis et al., 2016, 2014), suggesting
that some metals can induce inflammation already at low exposure
levels, albeit this might in part be explained by higher specific surface
area and solubility, and hence release of ions, of the silver particles
(Hadrup et al., 2020). TiO, particles with a specific surface area similar
to that of the tungsten used in the current work (2 vs. 1.4 m?/g,
respectively) did also not increase neutrophils in BAL fluid of mice
inhaling the highest tested mass concentration (10 mg/m?) for 2 h per
day, 4 days/week for 4 weeks (Rossi et al., 2010), nor at 16 mg/m3 for
the same species for 1 h/day, 4 days/week for 4 weeks (Leppanen et al.,
2015).

We observed no pathological effects in the liver and kidney, sug-
gesting no severe toxicity to these organs, likely reflecting that although
the tungsten particles had sizes < 1 ym, only low levels of translocation
is expected, since the lung burden of tungsten was low in the current
study and since translocation is highly size-dependent (Stone et al.,
2017). Yet in other studies, tungsten does pass the kidney, as it is re-
ported to be present in human urine in workers exposed to tungsten
during the production of diamond tools (Goldoni et al., 2004). Tungsten
was also shown in urine and in the kidneys, among other organs, in rats
after inhalation of sodium tungstate (Na%88WO4) at 256 mg W/m? for
90 min (Radcliffe et al., 2010). Apparently, no studies have reported on
the presence of tungsten in the liver (Hadrup et al., 2022).

4.2. Tungsten inhalation and genotoxicity

We observed genotoxic effects in BAL fluid cells at Low and High
exposure, but not at Mid exposure. Thus, we did not see dose-
dependency. One explanation for the lack of effect at Mid exposure,
could be that this group had two weekends to recover during their 10-
day exposure period, compared to only one weekend in the other
groups. Another possibility is that there is a non-monotonous dose-
response for tungsten on this endpoint, e.g. based on upregulation of
protective mechanisms at Mid exposure, which are overwhelmed at
High exposure. A third aspect is we often see non-dose related effects
with this assay (Hadrup et al., 2021b, 2021a, 2019; Kyjovska et al.,
2015), an explanation for this is the assay is not well-suited for the
detection of dose-related effects of particle exposure, due to a limited
dynamic range.

We recently reviewed the literature on the genotoxicity of tungsten
(Hadrup et al., 2022). Notably, no relevant studies were using pulmo-
nary exposure, but for other exposure routes there were. One study
actually supports a non-dose-dependent effect of tungsten on genotox-
icity. Kelly et al. (2013) dosed mice with tungsten for 16 weeks via the
drinking water (2.2, 30 or 150 mg W/kg bw/day). DNA strand breaks
were measured in bone marrow cells after 1, 4, 8, 12, or 16 weeks. Only
after 4 weeks were strand breaks increased at all three dose levels; there
was no effect at the highest dose level at earlier sampling times. In
another study, Guilbert and colleagues exposed mice to tungsten at 3.75
or 50 mg W/kg bw/day for 8 weeks via drinking water, and found
dose-dependent genotoxicity in bone marrow cells with the comet assay
(Guilbert et al., 2011). Chinde and co-workers tested tungsten trioxide
nano- and microparticles by oral gavage of rats at single doses of 80,
400, or 800 mg W/kg bw. At the highest dose level of nanoparticles,
genotoxicity was increased in the micronucleus test (bone marrow cells)
and comet assay (BAL blood lymphocytes and liver cells); while their
microsized counterparts had no effect (Chinde et al., 2017).

Overall, oral studies provide evidence of genotoxicity of tungsten
observed as DNA strand breaks and clastogenic effects. Tungsten in
combination with cobalt shows genotoxicity after inhalation, and the
potential for genotoxicity in vivo is supported by numerous in vitro
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Fig. 2. Genotoxicity in BAL fluid cells, lung and
liver tissue. Genotoxicity was determined as the
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. tungsten was observed in rats implanted intramuscularly with tungsten
% 100000 alloy pellets (91% tungsten, 6% Ni, and 3% Co), resulting in the
i development of tumours in all rats (pleomorphic rhabdomyosarcomas
] 80000 which rapidly developed lung metastasis). Nonetheless, that effect may
3 60000 also be caused by the nickel or cobalt content (Kalinich et al., 2005).
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g 20000 Carbon black in BAL cells (Sgrli et al., 2023), and hexavalent chrome is a known
§ Tungsten human carcinogen (IARC, 1990).
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Fig. 3. In vitro ROS production normalised to mass from tungsten and carbon
black Printex 90. Values are shown as mean arbitrary units of three replicates,
within one experiment. Slopes for each dose-response curve were calculated
using linear regression, in the range of 0-22.5 ug/mL for carbon black and
0-45 ug/mL for tungsten.

studies (Hadrup et al., 2022).

Genotoxicity may lead to cancer. Tumour numbers were however not
elevated in rats exposed to tungsten via drinking water for their entire
life (Schroeder and Mitchener, 1975). Yet a carcinogenic potential of

The genotoxicity observed in our study occurred in absence of
inflammation, indicating a primary genotoxic effect. Both primary
(directly on the DNA') and secondary genotoxicity (DNA damage via
other molecules) have been suggested to contribute to particle-induced
carcinogenesis (Nymark et al., 2021). In comparison to carbon black
Printex 90, tungsten had only limited ROS production per mass unit in
the acellular test (Fig. 3). In the Supplemental Materials, we describe
several articles that suggest carbon black induces genotoxicity at similar
mass concentrations as the one used for tungsten in the current study
(Gallagher et al., 2003; Jackson et al., 2012; Saber et al., 2005; Wolff

1 We consider genotoxicity via ROS production to be primary genotoxicity
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Fig. 4. Testosterone in plasma and sperm count after inhalation of tungsten. The horizontal lines show mean levels and the bars show one SD. * * designates a P value

of < 0.01, one-way ANOVA with the Holm-Sidak’s multiple comparisons test.

et al., 1990) (Supplemental Materials). The observation of genotoxicity
at 9 and 132 mg W/m® and the limited ROS activity of our tungsten
particles in comparison to carbon black nanoparticles, could at first
thought suggest that ROS production of tungsten is not a major cause of
the genotoxicity. Nonetheless, the tungsten particle had a specific sur-
face area of 1.4 m?/g, whereas the carbon black Printex 90 has a specific
surface area of ~300 m?/g. If ROS generation is normalised to surface
area, the tungsten particles have a higher ROS generation potential than
carbon black particles (Supplemental Materials Fig. S4). Hence, we
cannot rule out that ROS contributes to the observed genotoxicity.

The estimated deposited lung burden of tungsten was very modest,
due to the large aerosolized particle size. Thus, we would expect that the
vast majority of the particles were taken up by macrophages, at least at
the lowest exposure levels. In agreement with this, particles were
observed outside macrophages mainly at High exposure and to a lesser
extent at Mid exposure. This differential particle distribution may be one
of the reasons why we only observed genotoxicity in BAL cells, as these
would have been the most exposed cells. However, it is possible that
longer follow-up would allow the tungsten particles to redistribute
leading to particle exposure of other cell types.

Our data showing a genotoxic potential of tungsten after inhalation
are in line with the very few published studies. To the best of our
knowledge, this study is the first to report genotoxicity following inha-
lation exposure. Genotoxicity was observed at Low exposure suggesting
a LOAEC of 9 mg/m3 for the 45 min exposure, corresponding to
0.84 mg/m® for an 8-hour working day. A no-adverse-effect concen-
tration could not be established. ROS production per mass unit is low
due to the relatively large particle size, but the ROS generation nor-
malised to surface area is high (Supplemental Materials Fig. S4). It is
therefore possible that generated ROS contributed to the observed
genotoxicity. Finally, while the comet assay allows us to screen specific
cells and tissues that are among the first to interact with the MoS,
particles upon inhalation, we note that other assays e.g. micronuclei
detection in erythrocytes or chromosomal aberrations in bone marrow
cells could have strengthened the conclusion on genotoxicity.

4.3. Sperm counts

There was no effect on sperm counts in the current study. Nonethe-
less, we found a decreased testosterone concentration at the lowest dose
level. This effect did not translate into changes in sperm production,
maybe because the testosterone was reduced for too short a period to
affect spermatogenesis, as described by (Adler, 1996). The finding of a
non-monotonous dose-response on this endpoint could reflect that the
body, at higher doses, has some compensatory mechanism at play to
increase testosterone levels, either via production or elimination
regulation.

Despite that a large number of metals and metalloids have been
studied for possible effects on various reproductive parameters in males,

data on reproductive toxicity of tungsten is scarce. We only identified a
single study on male reproductive toxicity of tungsten; a U.S. cohort
study of 413 men of reproductive age performed between 2005 and
2009. The study evaluated the effects of 15 creatinine-adjusted metal
(loid)s on semen quality. Tungsten was detected in 59% of the partici-
pants but was not significantly associated with any of the assessed
reproductive parameters (Branch et al., 2021).

Previous studies indicate that exposure to other metal(loid)s can
reduce semen quality and disrupt reproductive function. Hence, metal
(loid)s can affect the reproductive system directly by inducing tissue
damage, and indirectly by interfering with the production and secretion
of hormones (Branch et al., 2021). Another study implied that iron and
copper can compromise the spermatogenic cycle and induce oxidative
damage to the testicular tissue and spermatozoa, when accumulating in
high quantities in the human body (Tvrda et al., 2015). Furthermore,
cadmium and lead have been negatively associated with sperm con-
centration and semen volume in humans (Hernandez-Ochoa et al., 2005;
Jengetal., 2014; Li et al., 2016) and a plethora of reproductive effects in
animals, including reduced spermatogenesis and spermatocyte DNA
damage (Blanco et al., 2010; Kotsonis and Klaassen, 1977; Nav-
a-Hernandez et al., 2009). Silver, aluminium, and molybdenum trioxide
have also demonstrated toxicity to spermatogonian stem cells in mice
(Hjollund et al., 1998). Rats exposed to nickel exhibited decreased
sperm count and motility, altered steroidogenesis and a combination of
high testicular lipid peroxidation and reduced antioxidant enzyme ac-
tivity (Das and Dasgupta, 2002; Gupta et al., 2007).

In the present study, exposure to tungsten within the tested range (9,
23 and 132 mg/m®) did not affect the daily sperm production and ab-
solute and relative testicle weights. However, it should be emphasized
that the period of exposure did not cover the entire spermatogenic cycle
of mice (Adler, 1996). Since the method for estimating daily sperm
production only takes into account spermatids in their latest stages
(14-16), these would not have been exposed to tungsten during the
entire period of differentiation. Furthermore, oxidative stress is a
commonly proposed mechanism of action for conditions associated with
male infertility, and high levels of ROS impair sperm quality by
increasing the oxidation of DNA, proteins and lipids (De Luca et al.,
2021). It is crucial that future studies investigate the effects of
longer-term exposures covering the entire period of spermatogenesis
and preferentially include biomarkers of oxidative stress.

5. Conclusions

Following inhalation of tungsten in mice, we here report genotox-
icity in BAL fluid cells at Low and High exposure (9 and 132 mg/m®).
Genotoxicity was observed in the absence of pulmonary inflammation,
indicating a primary genotoxic effect. The studied tungsten particles
have a relatively low ROS potential per mass unit, but a relatively high
ROS potential normalised to specific surface area. Therefore, we cannot
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rule out that generated ROS could have contributed to the observed
genotoxicity. Plasma testosterone was decreased at the Low exposure
only, and sperm counts were unaffected. Based on the genotoxicity seen
at the lowest exposure, a LOAEC of 9 mg tungsten/m® could be sug-
gested. Normalising the exposure to an 8-hour working day, this cor-
responds to 0.84 mg/m®. A no-adverse-effect concentration could not be
established. Yet noting the only other effect observed was a decrease in
testosterone at this level, we suggest that additional studies are needed
to firmly set dose descriptors for this metal after inhalation. Nonetheless,
the genotoxic effect seen in the current study is consistent with the
literature, pointing to a genotoxic potential of this metal.
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