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Abstract

Background and Objective: Lunar dust is a kind of fine particles exists on the surface of the moon and it has become one of the
most important challenges in future space missions. Lunar dust is toxic but the understanding of lunar dust toxicity is very poor.
The aim of this study was to investigate the acute lung injury induced by lunar soil simulant and the mechanism of toxicity.
Materials and Methods: Wistar rats were randomly divided into four groups including saline control group (tracheal perfusionina 1 mL
volume), two Chinese Academy of Sciences-1(CAS-1) lunar soil simulant groups (tracheal perfusion with 7 and 0.7 mg, respectively in
a 1 mLvolume) and PM,; group (tracheal perfusion with 0.7 mg in a 1 mL volume). The levels of tumor necrosis factor alpha,
interleukin 6, immunoglobulin A and immunoglobulin G in the bronchoalveolar lavage fluid were examined and the changes of
malondialdehyde, glutathione peroxidase and superoxide dismutase in the lung tissue were later measured after 4 and 24 h. Results: The
determination of the cytokines, immunoglobulin and the oxidative stress index in lung tissue showed that the significantimmune and
oxidative stress response in the respiratory system were caused by lunar soil simulant and the immune and oxidative stress response
promoted each other, resulting in toxic effect on pulmonary parenchymal cells and membrane of rats. Conclusion: The overall results
showed that the immune response and oxidative stress reaction induced by lunar soil simulant were significantin the respiratory system.
They promote each other, so as to cause the toxic effects on the lung parenchyma cells and membrane tissues of rats.
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INTRODUCTION

In recent years, with the view of "return to the moon",
how to ensure the health and safety of astronauts is an
important problem plaguing us, in the lunar missions. Lunar
dust is one of the main challenges facing various problems in
future space missions. Due to the lunar gravity environment
and the near vacuum conditions, it is easily disturbed by
human activity and asunder’.

So far, the main risk of lunar dust comes from inhalable
particles. Lunar dust contains a large number of respirable
particles (<10 um) and about 10% of the dust particles are
inhalable particles. Lunar dust contains soluble and insoluble
particles. When the dust enters the body, the insoluble
particles would be removed by macrophages, mucociliary or
lymphatic system, while soluble particles still remained in the
pulmonary interstitial cells?. Even if the astronauts wear
protective clothing, attached dust can easily be brought back
to their living and working places. The super fine dust with
sharp edges will lead to a large number of health problems
when they are inhaled into the lungs. They affect respiratory
and cardiovascular systems and there is elevated risk of airway
inflammation transforming into cancer. NASA and Russia had
carried on some preliminary research on the biological toxicity
of the dust especially pulmonary toxicity. Researches showed
that lunar dust can cause animal lung fibrosis and other
symptoms of pneumonia. With the extension of exposure time
in the lunar dust, acute inflammation of the mice lung may
turn into chronic inflammation®®. /n vitro A549, alveolar
epithelial cells were tested for cytokine production after
exposure to culture medium containing ground JSC-1A-vf. The
results showed thatground lunar simulant has been shown to
promote the production of IL-6 and IL-8, pro-inflammatory
cytokines, by alveolar epithelial cells®.

Although these researches had made a preliminary
exploration on lunar dust toxicity, especially on pulmonary
toxicity, but due to the limitation of experimental conditions,
the researches are very superficial, especially to understand
the specific mechanism.

In the previous study, it was measured biochemical
indicators, cell classifications and cell counts in
Bronchoalveolar Lavage Fluid (BALF) of the rats lunar soil
simulant (LSS) exposed and the MPO activity was also
measured in lung tissue and the pathological changes were
observed. The results showed that LSS can induce lung injury
and inflammatory lesions. The changes of the biomarkers in
the BALF were consistent with the results of the
histopathological observations'.
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This experiment further discussed the lunar dust toxicity
mechanism from two aspects, immune injury and oxidative
stress. This study filled the gaps in the study of biological
toxicity mechanism of lunar dust. At present, oxidative stress
reaction in lunar dust pulmonary toxicity and the relationship
between immune injury and oxidative stress has not been
reported.

MATERIALS AND METHODS

Experimental groups:Forty eight healthy male SPF Wistar rats
purchased from the animal house, Liaoning Changsheng
Biotechnology Co., Ltd. (Animals License number: SCXK (Liao)
2010-0001), weighing (190-210 g) had been selected for the
present study. They were kept in polycarbonate cages,
artificial fed, with free access to water and food. The
experimental rats were grouped into 8 groups of 6 rats each.
The groups were designated as follows: 4 and 24 h control
saline groups, 4 and 24 h PM,s groups, low-dose 4 and 24 h
LSS groups and high-dose 4 and 24 h LSS groups.

Intratrachealinstillation of dust samples: Prior to instillation,
each rat was anesthetized with ether. The anesthetized rats
were secured on a framed platform. After the secretions in
throat being removed by swabs and the rima glottidis
exposed, each rat was instilled with a 1 mL aliquot of a freshly
suspended and ultrasonicated dustin normal saline. Then the
rats were rotated several times to evenly distribute the liquid.
Lunar dust groups received 0.7 mg (low dose) or 7 mg (high
dose) lunar dust; PM,s group rats received 0.7 mg PM,; air
particles; controls received only saline. The animals were
returned to their cages where they had free access to food and
water. After 4 and 24 h, animals were killed for the next step of
the experiment.

PM,; sampling: During November, 2016-February, 2017,
PM,s samples were collected on cross-site of Guangrong
Street atypical urban setting of Shenyang, using TE-6070 high
volume air sampler (Tisch Environmental Inc., Miami, FL,
USA) at a flow rate of 6-8 L min~'. The PM,; air particles
composition analyses were described by Ma et a/'. After
sampling, the sampled filter paper was cutintoa 1X 1 cmssize,
put into distilled water and sonicated for 20 min with a
sonicator (Model JL-180H, China). The PM,; air particles
suspension was treated through multilayer gauze for
filtration. And then the centrifuged (1000 rpm at 4°C) was
dried by vacuum-freeze machine (Labconco, USA) and stored
at-80°C.
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CAS-1 lunar soil simulant: Chinese Academy of Sciences-
1(CAS-1) lunar soil (Chinese standard LSS) was obtained
from National Astronomical Observatories. The mineral,
chemical compositions and physical properties were very
similar to the lunar sample from Apollo 142, As described by
Sun et al'° the CAS-1 simulated lunar dust with a diameter
size under 5 pm was obtained by screening with 5 um
aperture sieving.

Serum preparations and determination of cytokines and
immunoglobulin: At 4 and 24 h post-exposure, the rats were
anesthetized with ether and fixed on the platform. The rats
were sacrificed by drawing blood from the descending
abdominal aortic bifurcation to a sterile test tube with sterile
disposable syringe. The blood was static cooled down for 1 h
and centrifuged (1000 rpm at 4°C) for 10 min, then serum was
put in -80°C until analyses. Tumor Necrosis Factor alpha
(TNF-a), Interleukin 6 (IL-6), Immunoglobulin A (IgA) and
Immunoglobulin G (IgG) in the serum were measured using
the ELISA Kits Biosource International, Camarillo, USA. The
specific steps in strict accordance with the kit manual.

BALF collections and determination of cytokines and
immunoglobulin: After taking blood, neck tracheas of rats
were exposed and the lung lavage needle was inserted into
the tracheas, ligated and fixed. Then the left main bronchus
was closed by hemostat. The lungs were lavaged 3 times with
3 mL Phosphate-Buffered Saline (PBS, pH 7.2) to get BALF.
BALF was collected in 5 mL-sized sterile centrifuge tubes and
centrifuged (1500 rpm at 4°C) for 10 min to separate the cells
from the supernatant. The supernatant was collected and
stored at -80°C until assay of TNF-a, IL-6, IgA and IgG.
Determination method is the same as above.

Homogenate and biochemical analysis of lung tissue: Non
lavaged right lung was quickly placed in liquid nitrogen and
then stored at -80°C. On the ice, the homogenate (the
concentration was 10%) was prepared with an electric

homogenate and centrifuged (3000 rpm at 4°C) for 10 min.
The supernatant was collected and stored at -80°C until
analyses. Malondialdehyde (MDA), glutathione peroxidase
(GSH-Px) and superoxide dismutase (SOD) in the supernatant
were measured using the ELISA Kits Nanjing Jiancheng
Bioengineering Institute, Nanjing, China. The specific steps in
strict accordance with the kit manual.

Statistical analysis: The experimental data were expressed as
the meanzstandard deviation (Mean*SEM). The analysis
among multiple groups was performed using statistical
software (SPSS16.0, Chicago, USA) with a one-way analysis
of variance (ANOVA). Correlation between cytokines and
biochemical indexes was performed using Pearson test. The
level of p<0.05 was defined as statistical significance.

RESULTS

Determination of the cytokines and immunoglobulinin the
serum: The changes of TNF-a, IL-6, IgA and IgG in serum
are provided in Table 1. The changes in TNF-q, IL-6, IgA and
IgG of all the groups treated with dust showed no significant
differences compared with those in the saline group after 4 h
(p>0.05). However, the changes in TNF- o, IL-6 and IgA of
the high-dose LSS group showed significant differences
compared with those in the saline group after 24 h (p<0.05).
The changes in IgG had an increasing trend, but did not reach
a significant level.

Determination of the cytokines and immunoglobulinin the
BALF: The changes of TNF-a, IL-6, IgA and IgG in BALF are
provided in Table 2. The changes in TNF- g, IL-6, IgA and IgG
of all the groups treated with dust showed no significant
differences compared with those in the saline group after 4 h
(p>0.05). The changes in TNF- o, IL-6 and IgA of the high-dose
LSS group increased significantly after 24 h (p<0.05). The
changes in IgG had an increasing trend, but did not reach a
significant level.

Table 1: Changes of cytokines and immunoglobulin in the serum after infection (n = 6)

Group Amount of dust (mg) Time (h) IgA (ug mL™") I9G (ug mL™") TNF-a (ng L) IL-6 (ng L")
NS 0.0 4 18.20+5.99 264.71£21.91 244.55+39.48 19.08+6.49
PM, 0.7 4 24.68+7.09 252.70£12.97 273.52+58.57 26.48+7.57
LSS (low-dose) 0.7 4 20.48+2.92 261.14+18.35 275.70£22.83 21.8912.04
LSS (high-dose) 7.0 4 25.58+4.97 273.13+74.52 284.80t18.65 27.07£5.35
NS 0.0 24 24.28+2.61 310.90+56.98 266.731£45.66 25.08+2.72
PM, 0.7 24 27.67%£1.01 301.60%£16.91 286.411£49.80 28.72£1.30
LSS (low-dose) 0.7 24 27.29%3.46 319.90+32.74 287.40%34.20 28.331£3.82
LSS (high-dose) 7.0 24 29.70£3.50% 323.10£16.90 338.90£39.53* 31.19£3.51%

Dataare presented as Mean £ SEM, compared with the saline control group, *p<0.05, NS:Normal saline, IgA: Immunoglobulin A, IgG: Immunoglobulin G, TNF-a:: Tumor

Necrosis Factor alpha and IL-6: Interleukin 6
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Table 2: Changes of cytokines and immunoglobulin in the BALF after infection (n = 6)

Group Amount of dust (mg) Time (h) IgA (ug mL™) 19G (ug mL™") TNF-a (ng L) IL-6 (ng L)
NS 0 4 38.74%+10.56 397.50+58.19 536.120+£110.57 40.33+17.53
PM,5 0.7 4 55.88+14.83 500.63%+109.92 749.370£137.27 58.57%15.14
LSS (low-dose) 0.7 4 52.66+15.73 424.75+£158.24 673.000+172.39 55.05+16.99
LSS (high-dose) 7 4 53.861+16.92 644.62+265.45 729.500£222.59 5547%11.49
NS 0 24 44.231+8.28 481.621+192.16 535.120+155.26 45.941+8.41
PM,5 0.7 24 67.861+18.01 658.12+244.40 805.870+204.31 64.44+13.74
LSS (low-dose) 0.7 24 60.851+4.30 565.25+£174.33 677.125+202.91 60.68+4.95
LSS (high-dose) 7 24 79.28+16.32** 757.12£197.97 1277.500£252.59* 76.25+16.32**

Data are presented as Mean+SEM, compared with the saline control group, *p<0.05 **p<0.01, NS: Normal saline, IgA: Immunoglobulin A, IgG: Immunoglobulin G,

TNF-a: Tumor Necrosis Factor alpha and IL-6: Interleukin 6

Table 3: Changes of SOD, GSH-Px and MDA in lung tissue (n = 6)

Group Amount of dust (mg) Time (h) SOD (IU mg™) GSH-Px (IU mg™) MDA (nmol mg™")
NS 0.0 4 28.49+7.44 561.60+94.91 0.85+0.31
PM, 0.7 4 19.82+7.96 513.39%64.33 0.80£0.41

LSS (low-dose) 0.7 4 20.61%+4.32 490.21+104.77 0.96£0.45

LSS (high-dose) 7.0 4 18.06+4.40 403.19+110.21 1.14£0.44

NS 0.0 24 25.33+7.93 459.90+82.21 0.98+0.40
PM, s 0.7 24 16.371+4.94 317.59+£76.41 1.25£0.52
LSS (low-dose) 0.7 24 13.36%5.90% 325.80+82.10 1.35+0.69
LSS (high-dose) 7.0 24 8.4513.33** 246.99194.08** 2.18+0.83*

Data are presented as Mean£SEM, compared with the saline control group, *p<0.05 **p<0.01, NS: Normal saline, SOD: Superoxide dismutase, GSH-Px: Glutathione

peroxidase and MDA: Malondialdehyde

Determination of the oxidative stress index in lung tissue:
The SOD, GSH-Px activity and MDA content were measured in
lung tissue. SOD and GSH-Px are two important antioxidant
enzymes. MDA is the most important product of membrane
lipid peroxidation, which reflects the degree of oxidative
damage of membrane system.

The changes in SOD, GSH-Px and MDA are provided in
Table 3. The changes in SOD, GSH-Px and MDA of all the
groups treated with dust showed no significant differences
compared with those in the saline group after 4 h (p>0.05).
After 24 h, it was found that the SOD of the LSS groups
(low-dose and high-dose) decreased significantly and the
GSH-Px of the high-dose LSS group decreased significantly. It
was also found that compared with the saline control group,
the MDA of the high-dose LSS group increased significantly.

Correlations between TNF-c, IL-6 in BALF and SOD, GSH-PX,
MDA in lung tissue: There were significant negative
correlations between TNF-a and SOD (r = -0.50), TNF-a and
GSH-Px (r = -0.53), IL-6 and SOD (r = -0.58), IL-6 and
GSH-Px (r = -0.64) and there were significant positive
correlations between TNF-a and MDA (r=0.67), IL-6 and MDA
(r=0.50). It was indicated that in the lung tissue, there was a
significant correlation between oxidative stress and
inflammatory reaction caused by particulate matter exposure.

DISCUSSION

The purpose of this study was to investigate the
mechanism of acute lung injury exposed to lunar dust. So far,
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to be sure, lunar dust can cause lung injury indeed, but the
mechanism reports are still few. Although intratracheal
instillation of collected and extracted samples has limitations,
this method is very useful when the material to be studied is
in very limited supply and extremely precious, as is the case
with lunar soil simulant. The doses for intratracheal instillation
in this study were chosen on the basis of information from
Henderson et a/>. It was reported that in rats exposed by
inhalation to 10 mg m~3 of quartz or TiO, for 1 week, the lung
contained 0.76 mg quartz or 0.44 mg TiO,. If it is assumed that
dust deposition in the lung is roughly proportional to the
minute respiratory volume (MRV) of the exposed animals, then
the dust burden of the rat lung used would have also been
about 0.76 mg quartz or 0.44 mg TiO,. In the present study, a
single dose of 0.7 mg/rat was chosen as a low dose and
7 mg as a high dose. This study explored the mechanism of
immunity and oxidative stress for respiratory damage caused
by lunar dust simulant through intratracheal instillationin rats
and it was a useful complement to lunar dust biological
toxicological studies.

The inflammatory response is the defense and repair of
the body's stimulation and damage caused by various
endogenous and exogenous substances, but it can also
cause damage to normal tissues. IL-6 and TNF-a are
pro-inflammatory cytokines™. Some studies reported that
the synthesis increase and combined effects of some
pro-inflammatory regulatory factors could cause systemic
inflammation'>6,

TNF-a is an endothelial activation factor, which can
promote the neutrophile granulocyte and eosinophils
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granulocyte adhere to endothelial cells, in order to facilitate
their migration to inflammatory sites and enhance their toxic
effects. After being activated by the particles, macrophages,
epithelium and lymphocytes can produce IL-6 through the
induction of TNF-a. Some studies showed that TNF-a could be
enhanced by PM, s inhalation in pulmonary artery. It can also
lead to fibroblast proliferation and collagen synthesis',
Therefore, it was believed that the increased TNF-a in BALF
might be an sensitive early marker for diagnosis of pulmonary
fibrosis™2. IL-6 is one of the main signs of acute inflammation,
which has the function of immune regulation, participating in
inflammation and anti-infection. Inappropriate expression of
IL-6 is one of sensitive indicators of early inflammatory
response in the body?'. The results showed that after 24 h in
the high dose LSS group, the level of TNF- a and IL-6 in the
serum and BALF increased significantly compared with the
normal saline group. It is suggested that LSS can produce
inflammatory stimulation effect on lung tissue, which is
consistent with the previous research results.

IgGisthe main antibodyin serum. It can easily spread into
the organization, playing a passive immune function, which
participates in immune defense?. IgA is one of the major
antibody that plays an important immunological effect in
serum and extracellular fluid, mainly produced by
mucosa-associated lymphoid tissue. IgAin the secretionis the
most important factor in the local mucosal immunity. It can
inhibit the pathogenic microorganisms from adhering to
mucosal target cells and neutralizing toxins so, IgA is the
main antibody that participates in the local mucosalimmunity
and plays an important role in the local anti-infection?*%, In
this study, the main immunoglobulins in the serum and lung
lavage fluid were detected and the results showed that the
IgA and IgG increased after LSS exposed. But due to the short
exposure time, IgG content had an increasing trend, without
reaching the significantlevel. These results reflect the effect of
LSS on the production of immunoglobulins, suggesting that
after particulate entering the body, the body's humoral
immunity and local mucosalimmune response are stimulated.

SOD and GSH are key antioxidants to regulate oxidative
stress in cells. SOD can catalyze the transformation of
superoxide free ions into oxygen and hydrogen peroxide. It
plays a crucial role in the balance between oxidation and
antioxidation. This enzyme can clear the superoxide anion
radical and protect the cell from damage. Its activity is
inversely proportional to the antioxidant capacity of the body.
Therefore, the level of SOD activity is closely related to aging,
inflammation, tumor, autoimmune disease, kidney disease and
soon.
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GSH is a small three peptide molecule, which is widely
existed in the living body. Its antioxidant effect is mainly to
reduce peroxidation induced by free radicals based on redox
reaction, to keep the thiol containing enzymes (ATP enzyme)
from heavy metals and oxidant. It can antagonize oxidizing
poison, maintain intracellular calcium homeostasis and
regulate enzyme activity?. Some studies have indicated that
the imbalance of oxidized and antioxidant in rats lung could
be induced by endotracheal instillation of PM,s; and
accompanied with the decrease of GSH?. SOD and GSH are
oxide decomposing enzyme, can remove peroxide
metabolites, block lipid peroxidation chain reaction, protect
the cell membrane and the activity reflects the ability for
scavenging oxygen free radicals. The free radicals induced by
PM, s can directly act on antioxidant enzyme system(e.g. SOD,
GSH, CAT) and reduce their activity /n vivo and in vitro” .
MDA is a product of lipid peroxidation between oxygen free
radical and biological membrane polyunsaturated fatty acids.
The amount of MDA was positively correlated with the
amount of oxygen free radicals and the degree of lipid
peroxidation. In addition, MDA can trigger a chain reaction of
oxygen free radicals and enlarge the role of reactive oxygen
species. Therefore, the detection of MDA can reflect the
level of oxygen free radicals and the degree of oxygen free
radical damage in the body?®. In this study, it was found that
the activity of SOD and GSH in LSS groups decreased, while
the content of MAD increased, especially in the high dose
LSS group. These results suggested that LSS particles can
break the balance between oxidative and antioxidant and
reduce antioxidant capacity. The lipid peroxidation was
enhanced and the cells were subjected to a certain degree
of oxidative stress or oxidative damage, which changed
the permeability of the membrane. In order to explore the
intrinsic  relationship between LSS exposure and lung
toxicity, the correlation between inflammation and
oxidative stress response in lung tissue was analyzed. The
results showed that oxidative stress and inflammatory
reaction caused by LSS exposure were closely linked. There
may be two reasons: First, the LSS used in this experiment
contains Cr, Zn, Cu and other trace elements. These elements
can stimulate tissue to produce a large amount of oxygen free
radicals Reactive Oxygen Species (ROS). It can activate some
regulatory proteins and up regulate the expression of many
cytokines, causing immune disorders®*?' and second: The
inflammatory response promotes oxidative damage. Some
elements of PM,; can play roles of antigen and hapten and
induce the body's immune response, resulting in the
deposition of particulate matters in the lungs.
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The particles can be in contact with epithelial cells,
alveolar macrophages and lung cells after depositing in the
lungs. Such contact can stimulate or enhance the activity of
ROS formation, which can lead to the occurrence of
pulmonary interstitial and/or alveolar inflammation (This was
consistent with previous findings in lung pathology)®2. The
redox balance was broken and a large number of free radicals
were generated in the cells in a short time. The interaction
between oxidative stress andimmune response promoted the
formation of a positive cycle, which enhanced each other.
However, further investigations, it will conduct subacute
toxicity and long-term toxicity studies and conduct a
mechanism study on the toxicity of lunar dust components
and further examinations to explore the pathways ofimmune
and oxidative stress are indispensable. It is expected that the
research results will be useful for the accurate assessment of
lung toxicity induced by lunar dust and provide a reference for
the future lunar base construction and lunar manned landing
mission.

CONCLUSION AND FUTURE RECOMMENDATIONS

In this study, the mechanism of immunity and oxidative
stress in rats’ acute lung injury induced by LSS was studied.
The results showed that significant immune and oxidative
stress response in respiratory system were caused by LSS
acute exposure and theimmune and oxidative stress response
promoted each other, resulting in toxic effect on pulmonary
parenchymal cells and membrane of rats.
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and treatment of lunar dust poisoning may be arrived at.
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