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Key Points: 16 

• Lunar dust remains a potential threat to the health of astronauts in the Artemis Program, 17 
since they will carry out regular missions to the Moon with extended stays. 18 

• Lunar dust simulants chemically reduced to mimic “space weathering” by solar wind 19 
enhanced all of the toxic effects of these materials.  20 

• Toxicity in cells exposed to the simulants was newly investigated with probes for 21 
mitochondrial function, real-time O2 consumption, and nuclear DNA damage. 22 

• Antioxidant supplementation of the cells decreased all the toxic endpoints examined, 23 
pointing to a pivotal role for free radicals in dust-induced toxicity.  24 
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Abstract 25 

During NASA's Apollo missions, inhalation of dust particles from lunar regolith was identified 26 
as a potential occupational hazard for astronauts. These fine particles adhered tightly to 27 
spacesuits and were brought accidentally into the living areas of the spacecraft. Apollo astronauts 28 
reported that exposure to the dust caused intense respiratory and ocular irritation. This problem is 29 
a potential challenge for the Artemis Program, which aims to return humans to the Moon for 30 
extended stays in this decade. Since lunar dust is “weathered” by space radiation, solar wind, and 31 
the incessant bombardment of micrometeorites, we investigated whether treatment of lunar 32 
regolith simulants to mimic space weathering enhanced their toxicity. Two such simulants were 33 
employed in this research, Lunar Mare Simulant-1 (LMS-1), and Lunar Highlands Simulant-1 34 
(LHS-1), which were applied to human lung epithelial cells (A549). In addition to pulverization, 35 
previously shown to increase dust toxicity sharply, the simulants were exposed to hydrogen gas 36 
at high temperature as a proxy for solar wind exposure. This treatment further increased the 37 
toxicity of both simulants, as measured by the disruption of mitochondrial function, and damage 38 
to DNA both in mitochondria and in the nucleus. By testing the effects of supplementing the 39 
cells with an antioxidant (N-acetylcysteine), we showed that a substantial component of this 40 
toxicity arises from free radicals. It remains to be determined to what extent the radicals arise 41 
from the dust itself, as opposed to their active generation by inflammatory processes in the 42 
treated cells. 43 

Plain Language Summary 44 

With the Artemis program, humans will soon return to explore the Moon. However, lunar 45 
surface dust has toxic potential that must be assessed in order to clarify short-term and long-term 46 
health risks for Artemis astronauts. Numerous studies indicate that Moon dust has chemical and 47 
physical properties that may strongly affect dust toxicity. Unlike terrestrial dust, lunar regolith 48 
experiences “space weathering” under a vacuum, including the effects of solar wind, which 49 
further modifies the bulk and surface properties of this dust. In this work, we used two lunar dust 50 
simulant materials that were chemically treated to mimic the effects of space weathering. This 51 
treatment strongly increased all the toxic effects of both simulants: cell killing, mitochondrial 52 
dysfunction, and damage to DNA. Other experiments point to free radicals as a significant 53 
component of these effects. Future work will address whether these radicals arise from the 54 
simulants themselves or are generated by cellular activity. 55 

1 Introduction 56 

1.1 Dust exposure and pulmonary disease 57 

Occupational exposure to silica dust in mines underlies the development of diseases 58 
such as silicosis in humans [Hessel et al., 1988; Hnizdo and Vallyathan, 2003; Hnizdo 59 
et al., 1997; Merget et al., 2002]. Other types of fine particles also exert toxicity and 60 
cause chronic pulmonary disease [Hsu et al., 2018; Hu et al., 2016; Medina-Reyes et 61 
al., 2015; Skuland et al., 2020]. The properties of lunar dust suggest it to be a 62 
potential risk for humans if they are exposed [Linnarsson et al., 2012]. 63 

1.2 Lunar dust 64 

As shown in previous studies [Cain, 2010; Loftus et al., 2008; Wagner, 2006], Moon 65 
dust is highly reactive because of space weathering, including exposure to intense UV 66 
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light, ionizing radiation, solar wind, and micrometeorite bombardment. The dust 67 
particles become finer, more jagged, and more reactive as a result of this weathering; 68 
indeed, lunar dust adhered strongly to spacesuits, thus bringing the material into the 69 
living areas and causing respiratory and other irritations [Gondhalekar et al., 2020]. 70 

1.3 Our study 71 

To build on our previous work [Caston et al., 2018; Hendrix et al., 2019], here we 72 
have applied new experimental techniques to assess the toxic effects of lunar dust on 73 
cells. New lunar dust simulants were used as better mimics of the composition and 74 
properties of lunar regolith. We mimicked solar wind effects artificially by exposing 75 
the simulants to strongly reducing conditions. The possible contribution of free 76 
radicals and reactive oxygen species (ROS) [Hendrix et al., 2019; Linnarsson et al., 77 
2012; Pohlen et al., 2022] was addressed by testing whether antioxidant 78 
supplementation of the cells affected the various toxic endpoints. 79 

2 Materials and Methods 80 

2.1 Cell Culture 81 

Human lung alveolar epithelial cells (A549) were cultured at 37°C in Ham’s F12-K 82 
(Kaighn’s) nutrient medium (Gibco #21127022) supplemented with 10% fetal bovine 83 
serum (Corning #MT35010CV) and an antibiotic/antimycotic mix diluted 100-fold 84 
from the commercial stock solution (Sigma-Aldrich #A5955100-ML) [Caston et al., 85 
2018]. For most of the experiments presented here, at least 12 h before, cells in 86 
supplemented medium were seeded at 8×105 per well in 6-well plates (Corning 87 
#3516). Dust exposures (1 h) were conducted in serum-free medium. For 88 
pretreatment with N-acetylcysteine (NAC), pilot experiments explored concentrations 89 
of 0.05-5 mM NAC for 2-24 h based on published studies [Mitsopoulos and Suntres, 90 
2011] for protection of A549 cells against H2O2 toxicity. Based on those results, a 91 
standard protocol was established: cells were incubated in growth medium freshly 92 
supplemented with 5 mM NAC for 24 h before a toxic challenge, with NAC 93 
supplementation continued in the post-challenge incubation. 94 

2.2 General Preparation of Simulant Materials 95 

The Lunar Mare Simulant-1 (LMS-1) and the Lunar Highlands Simulant-1 (LHS-1) 96 
used in this study were purchased from EXOLITH Lab (532 S Econ Cir, Oviedo, FL 97 
32765, USA). Both are composed of terrestrial minerals and glass, and have higher 98 
Na and K, and lower Fe, Mg, and Ca contents than typical lunar regolith. To simulate 99 
the finest regolith size fraction (<10µm) the simulants were sieved through 63-µm 100 
mesh, and crushed in a Retsch PM 100 planetary agate ball mill down to an average 101 
grain size <10 µm and including <1 µm particles. Surface areas of samples were 102 
measured by gas adsorption using ultra high purity nitrogen gas via six-point 103 
Brunauer-Emmett-Teller theory on a NOVA-2000 BET analyzer as described 104 
[Hendrix et al., 2021]. The resulting material was fine powder composed of angular 105 
mechanically crushed grains. While this simulates some physical properties of lunar 106 
regolith, it does lack agglutinates, which are small clods of dust particles welded 107 
together by silicate glass. 108 
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samples were counted on a hemocytometer under microscope, with the blue-stained 153 
cells scored as dead [Strober, 2001]. The control count was normalized to 100% 154 
[Caston et al., 2018]. 155 

2.5 MitoSOX Red 156 

The protocol was based on a previous study [Wojtala et al., 2014]. A 5 mM stock 157 
solution of MitoSOX Red Mitochondrial Superoxide Indicator (Invitrogen #M36008) 158 
was prepared in dimethyl sulfoxide and stored at 20 ℃. Immediately before use with 159 
the cell samples, the MitoSOX Red stock was diluted to 0.5 μM with Hank's balanced 160 
salt (HBSS) solution: 140 mM NaCl, 5 mM KCl, 1 mM CaCl2, 0.4 mM 161 
MgSO4•7H2O, 0. 5 mM MgCl2•6H2O, 0. 3 mM Na2HPO4, 0.4 mM KH2PO4, 6 mM 162 
glucose, 4 mM NaHCO3 [Laboratories, 2006]. Freshly reground lunar regolith 163 
simulants were added directly to each well. After the exposure, the cells were washed 164 
twice with HBSS, MitoSOX solution was added, and the incubation continued for 1.5 165 
h. The cells were then washed twice with HBSS buffer. Fluorescent microscope 166 
images were acquired using a BioTek Lionheart Imager. The cells were then released 167 
by trypsinization for 3 min, which was stopped by adding serum-containing medium. 168 
The cells were then collected by centrifugation at 600×g for 5 min, and resuspended 169 
with HBSS buffer at 8x104 cells per mL. To measure total fluorescence, a 100-μL 170 
aliquot of the cell suspension was placed in each well of a 96-well plate (Thermo 171 
Scientific #265301). Quantification of the fluorescence was done using a Molecular 172 
Devices SpectraMax M5 Microplate Reader, with excitation at 510 nm, and emission 173 
measured at 580 nm. The background fluorescence was subtracted, and the controls 174 
were normalized to 1. 175 

2.6 Real-time Detection of Oxygen Consumption Rate  176 

The RESIPHER device (Lucid Scientific, Atlanta, GA) allows the real-time detection 177 
of oxygen consumption by cells, with multiple samples measured simultaneously in 178 
96-well plates (Thermo Scientific #167852) and for extended times. For these 179 
experiments, aliquots of 2×105 cells per well were seeded 24 h prior to treatment and 180 
incubated at 37°C; all samples were set up in four replicates. The O2 -sensing lids are 181 
placed after cells are settled in each well. Non-reduced or reduced LMS-1, suspended 182 
in 200 μL of serum-free cell culture medium, was applied at 0.05, 0.1, or 0.15 mg/cm2 183 
into individual wells. As a positive control for mitochondrial disruption, the Complex 184 
III inhibitor antimycin A was added at 20 μM. During the exposure to antimycin A or 185 
the dust particles, the O2-sensing lid was temporarily replaced with a normal lid. 186 
After a 1-h challenge with LMS-1, serum-supplemented medium was added in the 187 
wells, and the O2-sensing lid was added to the plate again. The oxygen sensors will 188 
continuously monitor the oxygen concentration in the culture media with 189 
measurements taken automatically every 36 sec for every well. As the cells consume 190 
oxygen, an oxygen concentration gradient is generated, with the rate of O2 191 
consumption calculated by the software continuously up to 72 h in our experiments. 192 
The data were analyzed based on instructions from the manufacturers using GraphPad 193 
Prism. 194 
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2.7 Quantitative Polymerase Chain Reaction (PCR) Assay 195 

For this analysis, immediately after a 1-h challenge with dust or other agents, total 196 
cellular DNA was extracted using the QIAGEN 20/G DNA extraction kit (Qiagen 197 
#10223). DNA concentrations were quantified using a NanoDrop ND-1000 198 
Spectrophotometer. The PCR assay protocols here were slightly revised from 199 
previous protocols [Ayala-Torres et al., 2000; Caston et al., 2018; Furda et al., 2014] 200 
DNA. For “long” mitochondrial PCR (amplifying about half of the mitochondrial 201 
DNA molecule, 15 ng of DNA template was mixed with LongAmp buffer and 100 202 
U/mL of LongAmp Taq polymerase (New England Biolabs #M0323S), 300 μM each 203 
of the four deoxynucleotide triphosphates, and 400 nM each of the forward and 204 
reverse primers (See Table 1), in a total volume of 50 μL. The thermocycler was set 205 
for 3 min at 95°C for the initial denaturation, followed by 20 cycles of 15 s at 95°C 206 
for denaturation and 9 min at 60 °C for primer annealing and extension, and a 21st 207 
cycle with a final extension at 65°C for 10 min. For the “short” mitochondrial PCR, 208 
25 ng of DNA template was mixed with ThermoPol buffer and 25 U/mL of 209 
ThermoPol Taq polymerase (New England Biolabs #M0267S), 150 μM each of the 210 
four deoxynucleotide triphosphates, and 1 µM each of the forward and reverse 211 
primers (See Table 1), in a total volume of 50 μL. The thermocycler program for 212 
short PCR was 2 min at 95°C for the initial denaturation, followed by 22 cycles of 15 213 
s at 95°C for denaturation, 30 s at 56°C for annealing, 1 min at 68°C for extension, 214 
and finished with a final extension at 68°C for 5 min. The long PCR product is 8,843 215 
base pairs, and the short PCR product is 222 base pairs. The PCR products were 216 
quantified using the Picogreen reagent (Thermo-Fisher P11496) to detect double-217 
stranded DNA, with the fluorescent signals acquired from a Molecular Devices 218 
SpectraMax M5 Microplate Reader. Since the long PCR reaction has a much greater 219 
chance of encountering a lesion in the template than is the case for the short PCR 220 
reaction, the ratio of their products reflects the DNA damage level. The controls were 221 
normalized to a ratio of 1. 222 

2.8 Alkaline Comet Assay 223 

The alkaline comet assay was used to detect both single-strand breaks and double-224 
strand breaks in DNA in the cell nucleus. Our protocol was adapted from published 225 
studies [Muruzabal et al., 2021; Nowsheen et al., 2012; Tice et al., 2000]. Following 226 
dust treatment and trypsinization, the recovered cell number was estimated using a 227 
hemocytometer, then mixed with 1% low-melting-point agarose gel (SeaPlaque GTG 228 
Agarose #50110) at 37°C. The agarose-cell suspension was then placed on warmed 229 
glass microscope slides (180 µL per slide), which were cooled to room temperature to 230 
allow the gel to set. Lysis buffer with concentration of 2.5 M NaCl, 0.1 M 231 
Na2EDTA·H2O, and 0.01 M tris is first prepared, and then adjusted to pH=10 with 232 
NaOH with final concentration of 0.03 M L-Lauroylsarcosine sodium salt stirred in 233 
the lysis buffer. After the gels had set, they were incubated in the mixture of 66.75 234 
mL lysis buffer, 7.5 mL DMSO, and 0.75 mL of Triton X-100 at 4°C for 1 h. The 235 
slides were then transferred to a neutralizing buffer containing 4 M tris (adjusted to 236 
pH=7.5 with NaOH before use) to remove the lysis buffer, then incubated with the 237 
alkaline electrophoresis buffer containing 0.3 M NaOH and 1 mM Na2EDTA·H2O. 238 
The slides were subjected to electrophoresis at 20 V/cm for 20 min.  Following 239 



240 
241 
242 
243 
244 

245 

246 

247 
248 
249 
250 
251 
252 
253 

254 
255 
256 
257 

276 
277 
278 
279 

280 
281 
282 

3 Results

3

electropho
with 0.5 
Images of
to remove
analyzed 

s 

.1 Cell Viab
We tested
simulant t
simulants
Materials 
both stron
cytotoxici
2A, B). 
To test th
the simul
itself and 
experimen

killing as
confirmed
significan
antioxidan
The diffe
compositi
contributo

oresis, the s
mL SYBR

f the stained 
e auto-fluore
for each sam

bility After E
d the possib
toxicity by c
. Cell surv
and Metho

ngly cytotox
ity of both m

he possible r
lants, we su

boosts the 
nts determin

s a function
d (i) that LH
ntly enhance
nt suppleme
ering toxicit
ions (Table 
ors to oxidan

manuscript su

slides were 
R Gold (Invi

cells were o
escent signa

mple through

Exposure to L
ble contribu
comparing t

vival was sc
ds). Non-red

xic even at t
materials wa

role of free r
upplemented 
capacity of 

ned the effec

n of particl
HS-1 was mo
ed the toxic
ntation incre
ty of LMS-

3) [Hendri
nt production

ubmitted to Ge

 

dried overn
itrogen™ #
obtained usin
ls of the dus

h OpenCome

LMS-1 and L
ution of sol
the cytotoxic
cored with 
duced LMS-
the lowest e

as strongly e

radicals and 
the cells w

cellular redu
ctive level of

le surface a
ore toxic than
city of both
eased cell su
-1 and LHS
ix et al., 20
n and toxicit

eoHealth 

night at room
#S11494) fo
ng a Nikon E
st particles.
et as describe

LHS-1 
lar wind-me
city of untre
the trypan 

-1 (Fig. 2A)
exposure (0.
enhanced by

d oxidative d
with NAC, w
ucing pathw
f the antioxid

area. That c
n LMS-1, (ii

h types of s
urvival in all 
S-1 presum
019]. Iron-c
ty [Hendrix 

m temperatu
or microscop
E400. Image
At least 100

ed [Gyori et

ediated spac
eated and ar

blue exclu
) and LHS-
.5 mg/cm2). 

y the reducin

damage in th
which both i

ways [Ates et
dant, with th

achiev
NAC 
60 m
exposu
continu
the a
the 
NAC 
increas
both f
2C) a
(Fig. 2
0.5 mg
Given 
the pa
toxicit
2022],
the ini

computation
i) that the re
simulants, a
 cases. 

mably reflect
containing m
et al., 2019]

ure, then st
pic visualiza
es were proc
0 cells were
t al., 2014].

ce weatherin
rtificially red
usion assay 
1 (Fig. 2B) 
Importantly

ng treatment 

he cytotoxici
is an antiox
t al., 2008]. 
he best prote
ved using 5 

supplement
min before 
ure, and 
ued presenc

antioxidant 
exposure. 
supplement

sed cell sur
for LMS-1 
and for L
2D) exposur
g/cm2. 
the likely ro

article surfac
ty [Pohlen e
 we comp
itial rates of
n (Table 2) 
educing treat
and (iii) tha

ts their diff
minerals ma
, bearing in 

ained 
ation. 
essed 

e then 

ng to 
duced 

(see 
were 

y, the 
(Fig. 

ity of 
xidant 

Pilot 
ection 

mM 
tation 

dust 
the 

ce of 
after 
This 

tation 
rvival 
(Fig. 

LHS-1 
res of 

ole of 
ce in 
et al., 
puted 
f cell-

also 
tment 
at the 

fering 
ay be 
mind 



299 
300 
301 
302 
303 
304 
305 
306 
307 
308 
309 

310 

311 
312 
313 
314 
315 
316 
317 
318 
319 
320 
321 

3

mineral fr
due to its
[Hendrix 
dependen
Fa60, and
particle s
account, t
least 10-fo
lowest lev
exposure 
a significa

.2 Mitochon
Our prev
mitochon
same assa
signal [Ay
DNA was
reduced L
cytotoxici
space wea
(Fig. 4A)
was dimin
form (Fig

rom 100:0 to
s availability
et al., 2019

nce on Fe co
d about the s
urface area 
the results sh
fold more tox
vel of dust e
to higher am
ant compone

ndrial DNA D
vious study 
drial DNA b
ay based on P
yala-Torres 
s decreased i
LHS-1, with
ity, damage 
athering, but
. Again, in p
nished by th
g. 4B). In 

manuscript su

o 0:100 (Fa1
y and its hig
9; Hendrix 
ntent, excep
same as Fa5
[Hendrix et

howed that F
xic than Fa0 
exposure, w
mounts of du
ent of the cel

Damage Afte
[Caston e

by other luna
PCR, in whi
et al., 2000
immediately
h the latter
to mitochon

t with the re
parallel to th

he antioxidan
summary, 

ubmitted to Ge

 

100 to Fa0 [H
gh affinity t
et al., 2021

pt for Fa100,
50. However
t al., 2021].
Fa100 was tw

(Fig. 3B). T
which was ex
ust (Fig. 3A)
ll-killing act

er Exposure
et al., 2018
ar dust simu
ich DNA dam
; Furda et a

y after a 1-h 
r showing h
ndrial DNA
sults for the 
he cell survi
nt supplemen
the reduced

eoHealth 

Heiken et al.
to generate 
1]. The resu
, which appe
r, each of th
. When the
wice as cyto
The differenc
xpected give
). The result 
tivity of the 

 to LMS-1 a
8] showed 

ulants. For th
mage is repo

al., 2014]. Th
exposure to

higher toxic
A was strong

 two simulan
ival results, 
ntation for b
d materials 

that
the 
unli
sole
toxi
this
oliv
min
luna
diff
rati
prop
Fe2
com
Mg
com

., 1991]). Ol
hydroxyl ra

ults (Fig. 3A
eared less to

hese simulan
surface are

otoxic as Fa9
ces were mo
en the low s
t is consisten
simulants. 

and LHS-1 
dust-depend

he new mater
orted as a dim
he integrity 
 non-reduce

city (Fig. 4A
gly enhanced
nts not signi
mitochondr

both simulan
caused gre

t this aspec
materials

ikely to be
e determina
icity. To ad
s point, we
vine (a si
neral found
ar dust) 
ferent F
os, varying
portions 
SiO4 (Fay

mponent) 
g2SiO4 (fors
mponent) in
livine was ch
adical in sol
A) showed 
oxic than Fa
nts has a diff
a was taken

90 or Fa50, a
ost evident fo
survivals see
nt with iron b

dent damag
rials, we use
minished pro
of mitochon

ed LMS-1 or
A). As seen
d by the arti
ificantly diff
ial DNA dam

nts in the red
eater damag

ct of 
s is 
e the 
ant of 
ddress 

used 
licate 
d in 

with 
e/Mg 

g the 
of 

yalite 
to 

sterite 
n the 
hosen 
lution 
some 

a90 or 
ferent 
n into 
and at 
or the 
en for 
being 

ge to 
ed the 
oduct 
ndrial 
r non-
n for 
ificial 
ferent 
mage 
duced 
ge to 



322 

323 

324 

325 
326 
327 
328 
329 
330 
331 
332 
333 
334 
335 

3

mitochon

.3 Mitochon
The obse
mitochon
MitoSOX
reaction w
organelles
and LHS-
5AB). Mi
And once
antioxidan
dust-treat
simulants

drial DNA, 

ndrial Functio
rved rapid d
drial functio

X Red, whic
with superox
s [Kowaltow
-1 caused sig
itotoxicity w
e again, th
nt suppleme
ed cells are 
 can rapid

manuscript su

and NAC s

on after Exp
damage to m

on was affect
ch enters m
xide, the ini
wski et al., 2
gnificant mi

was enhanced
e mitotoxic

entation. Som
shown in Fig

dly damage 

ubmitted to Ge

 

supplementa

posure to LM
mitochondri
ted. To prob

mitochondria
tial product 

2009]. As se
itochondrial 
d for the redu
city was in 
me examples
g. 5C. These

mitochond

eoHealth 

ation gave a 

MS-1 and LH
ial DNA po
be this questi
a and forms

of disrupte
een for the o
disruption w

uced compar
all cases 

s of increase
e results sho
drial DNA 

a consistent 

HS-1 
oses the que
ion, we used
s a fluoresc
d respiratory
other measu
within the 1-
red to non-re
significantly
ed MitoSOX

ow that expo
and disrup

protective e

estion of wh
d the cationi
cent signal 
y chains in 

ures, both LM
-h exposure 
educed mate
y diminishe
X Red staini
sure to lunar
pt mitochon

effect.

 

hether 
c dye 
after 
these 
MS-1 
(Fig. 

erials. 
ed by 
ing in 
r dust 
ndrial 



336 

337 

338 

339 
340 
341 
342 
343 
344 
345 
346 
347 
348 
349 
350 
351 
352 
353 
354 
355 
356 
357 
358 
359 
360 

3

function.

.4 Real-time
Mitochon
consumpt
mitochon
monitorin
continuou
experimen
10-fold lo
during th
present in
that incre
cells mult
dampened
Higher le
12 h after
of 0.15 m
the respir
LMS-1 pr
effect and
reduced 
consumpt
of ROS b
that this a

e Oxygen Co
ndria genera
tion of oxyg
drial functio

ng the activi
usly in multip
nts establish
ower than n
e first ~12 h

n the incubat
eased over th
tiplied to fill
d O2 metab
vels of non-

r exposure an
mg/cm2 as pro
ratory chain 
roved much 
d little to no
materials a

tion, but that
by the partic
approach allo

manuscript su

onsumption i
ate energy 
gen [Kowalt
on in dust-ex
ity of the or
ple samples 

hed that we w
needed for 
h are due to
tion chambe
he first 48 h
l the test wel
olism and p
-reduced LM
nd prevented
ofound as th
immediatel
more mitoto
o recovery 

all produced
t appears to 
cles, thus le
ows dust tox

ubmitted to Ge

 

in Cells Afte
in the form
towski et al
xposed cells
rganelle. Th
over severa

would detect
the other a

o the time n
er. Untreated
h as cell pro
ll area. Even
partly suppr

MS-1 suppre
d any signifi
hat of the po
ly before th
oxic than the
at even the 
d an early 
be an artifa
ading to oxy

xicity to be r

eoHealth 

er Exposure 
m of ATP,
l., 2009]. G
s, we tested 
his approach
al days (see M
t mitotoxicit

assays. Fluct
needed for eq
d cells contin
oliferation c
n the lowest 
ressed the i
essed all O2
icant recover
sitive contro

he O2-consum
e non-reduce
lowest leve
and transi

act which po
ygen consum
revealed with

to LMS-1  
 largely de
iven the rap
a more dire

h monitored 
Materials and
ty caused by
tuations of 
quilibration 
nued to cons
ontinued, le
level of non
ncrease ove
consumption
ry out to 72 
ol antimycin
ming step (F
ed materials
el of exposu
ient spike 

ossibly reflec
mption. It is
h greater sen

ependent on
pid disruptio
ect techniqu
O2 consum

d Methods).
y amounts of

O2 consum
with the ox

sume O2 at a
eveling off a
n-reduced LM
er 72 h (Fig
n during the
h, with the e

n A, which b
Fig. 6). Red
s, with imme
ure (Fig. 6)
in apparen

cts the gener
s clear, how
nsitivity and

 

n the 
on of 
ue for 

mption 
 Pilot 
f dust 

mption 
xygen 
a rate 
as the 
MS-1 
g. 6). 
e first 
effect 

blocks 
duced 
ediate 
. The 

nt O2 
ration 

wever, 
d over 



361 

362 

363 

364 
365 
366 
367 
368 
369 

370 
371 
372 
373 

3

a 

.5 Nuclear D
In a prio
exposure 
However,
segment f
hundreds 
DNA brea
(examples
damage c
treatment 
somewhat

more 

DNA Damag
r study [Ca
to other lun

, the assay 
for the assay
of copies p

aks by the m
s in Fig. 7A

caused by bo
of the mat

t more geno

manuscript su

extende

ge from Expo
aston et al., 
nar regolith 
for nuclear 

y, is rather n
per cell).  W
mobilization 
A; see Mate
oth simulants
terials (Fig. 
otoxic than 

ubmitted to Ge

 

ed 

osure to Lun
2018], we 
simulants c
DNA, with

noisy compar
We therefore

of the DNA
erials and M
s, which wa
7B). In the
LHS-1 (Fig

eoHealth 

period 

nar Dust Sim
showed usi

caused dama
h just two c
red to that f

e used the “c
A from the nu
Methods). Th

s substantial
ese experime
g. 7B). As s

after 

mulants 
ing a PCR-
age to DNA
copies per c
for mitochon
comet assay
ucleus durin
hat approac
lly enhanced
ents, LMS-1
seen for mit

expo

-based assay
A in the nuc
cell of the t
ndrial DNA 
y”, which de
ng electropho
h revealed 
d by the redu
1 appeared 
tochondrial D

osure.

 

y that 
cleus. 
target 
(with 
etects 
oresis 
DNA 
ucing 
to be 
DNA 



374 

375 

376 

377 

378 
379 
380 
381 
382 
383 
384 
385 
386 

4 Discus

4

damage (

sion 

.1 Summary
Our new 
regolith s
previous s
wind enh
correlatio
significan
monitorin
reduced s
recovery 

(Fig. 3), nu

y of Findings
findings ca

simulants bo
studies [Cas

hanced all a
n of toxicity

nt componen
ng of cellul
simulants at 
from the lo

manuscript su

uclear DNA

s 
an be summ
oth appear to
ston et al., 2
spects of to
y with the ir
nts of all 
lar O2 cons
levels 10-fo
west level o

ubmitted to Ge

 

A is harmed

marized as fo
o be more c
018]; 2) arti

oxicity for b
ron content o
aspects of 
sumption re
old lower th
of nonreduc

eoHealth 

d as an ear

ollows: 1) th
cytotoxic tha
ificial space 
both simulan
of olivine du
toxicity for

evealed an 
han did the o
ed LMS-1, 

rly effect of

he LHS-1 a
an the simul
weathering 

nts; 3) there
ust; 4) free 
r both simu
immediate 

other assays
and none at

f dust expo

and LMS-1 
lants used in
to simulate 

e is a signif
radicals/RO
ulants; 5) d
toxic impa
; there was 
t all from h

osure.

 

lunar 
n our 
solar 

ficant 
OS are 

direct 
act of 
some 

higher 



manuscript submitted to GeoHealth 

 

nonreduced dust levels or from any level of reduced LMS-1, indicating irreversible 387 
mitochondrial damage. 388 

4.2 Enhanced Toxicity of Lunar Dust Simulants with Artificial Space Weathering 389 

The consistent and strong increase in toxicity by simulating the space weathering 390 
effects of solar wind indicates that it is likely to be an important aspect of lunar 391 
regolith toxicity.  Certainly, this observation underscores the need to investigate 392 
freshly-collected samples of lunar regolith to test this hypothesis with actual lunar 393 
materials. Electron microscopy showed that the reducing treatment produces surface 394 
deposits of iron on the particles [Allen et al., 1994], possibly accounting for at least 395 
some of the increased toxicity of the reduced materials. Additional studies should 396 
address this issue more closely.  397 

4.3 ROS: a Key Component of the Toxicity of Lunar Dust Simulants 398 

While the reducing treatment enhances the ability of simulants to produce •OH 399 
radicals in an aqueous environment (Hendrix et al., manuscript submitted), the role of 400 
this oxidative activity in cellular damage is uncertain. The broad protective effects of 401 
antioxidant supplementation support the view that ROS is an important component of 402 
simulant toxicity. However, the amount of direct radical production by the dust 403 
appears to be modest [Hendrix et al., 2019], and •OH production by various simulant 404 
dusts showed no correlation with toxicity in the lungs of rats [Lam et al., 2022].  405 

4.4 Potential Impact of Long-term Exposure to Lunar Dust Simulants in Human Cells 406 

While the reducing treatment enhances the ability of simulants to produce •OH 407 
radicals in an aqueous environment (Hendrix et al., manuscript submitted), the role of 408 
this oxidative activity in cellular damage is uncertain. The broad protective effects of 409 
antioxidant supplementation support the view that ROS are an important component 410 
of simulant toxicity. However, the amount of direct radical production by the dust 411 
appears to be modest [Hendrix et al., 2019], and •OH production by various simulant 412 
dusts showed no correlation with toxicity in the lungs of rats [Lam et al., 2022]. 413 
Mammalian cells themselves actively produce toxic levels of ROS when suitably 414 
stimulated, for example by exposure to silica dust [Skuland et al., 2020], titanium 415 
oxide [Skocaj et al., 2011], or other fine metallic dust [Cambre et al., 2020], which 416 
can continue after the initial exposure [Lam et al., 2022; Pohlen et al., 2022]. 417 
Particles that enter deeply into the lungs and lodge in the alveoli can cause persistent 418 
local inflammation, which is associated with a strong cancer risk [Merget et al., 2002; 419 
Ovrevik et al., 2002; Saraf et al., 1999; Skuland et al., 2020; Xu et al., 2020]. If lunar 420 
dust similarly causes persistent local ROS generation in the lungs, which seems likely 421 
in view of what we know, that would constitute a significant long-term health risk for 422 
lunar explorers. Damage leading to long-term health consequences is also possible for 423 
other tissues (e.g., the eyes) [Braddock, 2021; Heiken et al., 1991; James and Kahn-424 
Mayberry, 2009; Lam et al., 2022]. 425 
Damage to mitochondria, which are vital organelles in the cell, and disruption of 426 
mitochondrial energy production, was documented in multiple ways in this study. In 427 
addition to acting as a source of persistent inflammatory ROS, mitochondria can 428 
trigger other cell signaling pathways, including those that activate cell death 429 
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mechanisms [Mittal et al., 2014; Ryter et al., 2007; Van Houten et al., 2016]. 430 
Consequently, tissue damage would be a significant short-term risk for lunar regolith 431 
exposure, via tissue loss or derangement in the exposed organs. Engineering should 432 
be able to mitigate much of the short-term risk by minimizing explorer exposure to 433 
Moon dust. However, incidental or accidental exposure is hard to prevent completely 434 
[Braddock, 2021; Cain, 2010; Winterhalter et al., 2020]. Assays at low exposure 435 
levels would be helpful in this regard in establishing levels where there is no 436 
detectable impact. We have made a step in that direction by showing that the 437 
RESIPHER device enables us to detect substantial disruption of mitochondria at dust 438 
exposure levels 10-fold lower than can be detected with other assays.  439 

4.5 Prospective Health Hazards for Artemis Astronauts 440 

The possible health hazards of lunar dust exposure may seem minor in comparison 441 
with other likely risks for Artemis explorers [Pohlen et al., 2022]. However, such 442 
materials may also have a longer-term impact [Lam et al., 2022], which should be 443 
offset in favor of astronaut health.  One way by which the research we present 444 
contributes is to point the way for the development of portable instruments to use for 445 
reporting dust toxicity during exploration of the Moon’s surface. For example, 446 
improvements to lung-on-a-chip approaches [Skuland et al., 2020; Xu et al., 2020; 447 
Zhang et al., 2018] should provide increasingly useful bioassay devices that lunar 448 
explorers can use for their own protection. 449 
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Table 1 569 
 570 
Forward and reverse primers used in the quantitative PCR assay 571 

Primers used Sequence (5’→3’) 
Human mitochondrial long, sense strand  TCTAAGCCTCCTTATTCGAGCCGA 
Human mitochondrial long, antisense strand  TTTCATCATGCGGAGATGTTGGATGG 
Human mitochondrial short, sense strand CCCCACAAACCCCATTACTAAACCCA 
Human mitochondrial short, antisense strand  TTTCATCATGCGGAGATGTTGGATGG 
  572 
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Table 2 
 
Cell-killing rates normalized to dust surface area 
 

Lunar dust 
simulant 

Cell-killing by  
0.5 mg/cm2 dust 

(% per h) 

Total dust 
surface area 

(cm2)

Cell killing rate 
(% per h per cm2 of surface) 

 No NAC NAC 
supplemented 

 
 

No NAC NAC 
supplemented 

 
LMS-1 48 25 430 0.11 0.06 

Reduced LMS-1 71 41 200 0.36 0.21 

LHS-1 60 48 280 0.21 0.17 

Reduced LHS-1 82 66 160 0.51 0.41 
  573 
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Table 3 574 
 575 
Composition of LHS-1 and LMS-1 (weight percent) 576 
 577 

LHS-1 LMS-1 
Plagioclase 74.4% Pyroxene 32.8% 

Glass 24.2% Glass 24.5% 
Basalt 0.5% Plagioclase 19.8% 

Ilmenite 0.4% Olivine 11.1% 
Pyroxene 0.3% Basalt 7.5% 
Olivine 0.2% Ilmenite 4.3% 

 578 


