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Abstract

Inflammatory response and oxidative stress are considered to be important mecha-

nisms of lung injury induced by lunar dust. However, the pulmonary toxicological

mechanism remains unclear. In the present study, Wistar rats were exposed to

CLDS-i 7 days/week, 4 h/day, for 4 weeks in the mouth and nose. Lung tissue sam-

ples were collected for histopathological analysis and ultra-performance liquid

chromatography–mass spectrometry analysis. Enzyme activities and expression levels

of key metabolic enzymes were detected by biochemical analysis and real-time PCR.

The pathological features of lung tissue showed that CLDS-i caused congestion and

inflammation in the lungs, and the lung structure was severely damaged. Metabolo-

mics analysis showed that 141 metabolites were significantly changed in the lung tis-

sue of the CLDS-i group compared with the control group. Combined with Kegg

pathway analysis, it was found that the changes of amino acid metabolites were

involved in these pathways, indicating that the simulated lunar dust exposure had the

most obvious effect on amino acid metabolism in the lung tissue of rats. Real-time

PCR analysis showed that the mRNA expression of six key enzymes related to amino

acid metabolism was changed, and the enzyme activities of these key enzymes were

also changed, which were consistent with the results of qPCR. These results suggest

that changes in amino acid metabolism may be closely related to the pathogenesis of

lung injury induced by lunar dust, and amino acid metabolism may be a potential bio-

marker of lung diseases related to lunar dust exposure.
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1 | INTRODUCTION

Lunar dust particles are the tiny particles covered on the lunar surface.

Due to the charged nature of the lunar dust particles and the effect of

the electric field around them. They easily suspend in the air. When

the astronauts probe the lunar surface, these dust particles will stick

to the helmets, space suits, and boots, making the astronauts' vision

unclear and inconvenient to move. In addition, such particles with

irregular shape and extremely complex structure will also cause wear

and tear on space suits and detection equipment, posing a huge chal-

lenge to human landing on the moon. Studies have shown that expo-

sure to lunar dust can cause a variety of adverse health effects, such

as chronic bronchitis, chronic fibrosis of lung tissue, cardiovascular

disease, skin inflammation, and conjunctivitis.

Due to the scarcity of real lunar dust samples, simulated lunar

dust samples are currently used to study the toxicity of lunar dust
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particles. Studies have shown that exposure of lunar dust simulated

samples to the lungs caused local and systemic inflammatory

responses in rats, significantly increased parasympathetic nerve activ-

ity, aggravated myocardial fibrosis, and ultimately led to myocardial

dysfunction and cardiovascular damage.1 The mechanism of cardio-

toxic damage involves inflammatory mechanism, considering that

NOX4 may be a potential therapeutic target of lunar dust simulant

(LDS) induced myocardial injury.1 Lam et al. studied the pulmonary

acute toxicological effects of lunar dust simulants in mice and found

that lunar dust was more toxic than titanium dioxide, but less toxic

than silica-containing quartz dust.2 Compared with the low-dose lunar

dust group, the lung tissue of mice in the high-dose lunar dust simu-

lant group showed mild to moderate alveolitis, as well as perivascular

and peribronchiolar inflammation; after 90 days of exposure, the lung

tissue showed mild Chronic lung inflammation, septal thickening, and

some signs of fibrosis.3 Stained sections of rat lung tissue exposed to

simulated lunar dust showed different degrees of inflammatory lesions

and fibrosis under microscope.4 These results suggest that with pro-

longed exposure to simulated lunar dust and increasing doses, acute

inflammatory responses in animals' lungs can be transformed into

chronic inflammatory lesions in a dose-time-dependent manner. Sun

et al. exposed rats to two doses of lunar dust simulant by tracheal

instillation, and measured related immune and oxidative indicators in

bronchoalveolar lavage fluid (BALF) of rats. The results confirmed that

under the effect of simulated lunar dust, inflammation, oxidative

stress and immune response promote each other, causing pulmonary

vascular endothelial cell damage and lung inflammation, and inducing

lung injury.4–6 However, the pathogenesis of lung injury induced by

simulated lunar dust has not been clearly elucidated. Therefore, more

in-depth studies are needed to better understand the pathogenic pro-

cess of lunar dust simulants exposure leading to pulmonary toxicity.

Metabolomics reveals the dynamic changes of various metabo-

lites caused by the pathological state of the living system by analyzing

the changes of metabolites after the biological system is stimulated by

external factors, describing the phenotype of the organism and study-

ing the pathological mechanism of the occurrence and development

of diseases.7 In the PM2.5 exposure study, some scientists found that

the lung metabolome of rats exposed to PM2.5 for a long time chan-

ged significantly. Combined with the results of oxidative stress,

PM2.5 can induce pulmonary toxicity by disturbing the pro-oxidative/

anti-oxidative balance.8 Metabolomics analysis showed that its differ-

ential metabolites were mainly involved in the citric acid cycle, glyoxy-

late and dicarboxylic acid metabolism, pyruvate metabolism, purine

and pyrimidine metabolism, and valine, leucine and isoleucine

metabolism and other pathways.7 When nuclear magnetic resonance

(NMR)-based metabolic methods were used to study the changes in

the metabolic components of A549 cells treated with PM2.5,

12 metabolites were significantly changed, and the related metabolic

pathways involved are similar to the results of Li et al., mainly involv-

ing amino acid metabolism, lipid metabolism, nucleotide metabolism,

and the tricarboxylic acid cycle.9 In addition, in experiments with preg-

nant mice, the mRNA levels of the inflammatory mediator Pla2g2d

and its metabolites lysophosphatidylcholines (LysoPCs) and

arachidonic acid (AA) were up-regulated in the lung tissue of PM2.5

group, by contrast, these inflammatory changes were recovered after

treatment with mogrosides (MGs) during pregnancy; Pla2g2d was sug-

gested to be a potential target of MGs to ameliorate PM2.5-induced

lung injury.10 These studies all confirm that metabolomic approaches

are effective tools to characterize metabolic changes in air pollution-

induced lung injury.11 Lunar dust, as the fine dust particles existing on

the lunar surface, has a lung toxicity far greater than that of PM2.5

due to its special physical and chemical properties. In the past, studies

on lung injury induced by lunar dust simulant did not focus on the

metabolomics study of lung tissue, and the relationship between lunar

dust simulant exposure and metabolites in lung tissue was unclear.

Therefore, this study was based on metabolomic analysis of metabo-

lite changes in the lung tissue of simulated lunar dust-exposed rats to

search for potential biomarkers to reveal its underlying pathogenesis.

2 | MATERIALS AND METHODS

2.1 | Preparation of simulated lunar dust
suspension

The simulated lunar dust sample CLDS-i used in this study was devel-

oped by the Institute of Geochemistry, Chinese Academy of Sciences.

The researchers further processed the simulated lunar dust sample

CLRS-1 developed earlier, and obtained CLDS-i, which is very similar

to the real lunar dust in terms of mineral composition, physicochemi-

cal properties, grain size and nano-metal iron properties. Most of the

particles in CLDS-i are less than 1 μm in diameter.6 After autoclaving,

vacuum freeze-drying, and store at �80�C. Preparing simulated lunar

dust suspension with normal saline for use.

2.2 | Animal protocol

Twenty-eight healthy SPF grade male Wistar rats, weighing 190–

220 g were obtained from Beijing Huafukang Biotechnology Co. Ltd.

(Animals License number: SCXK [Jing] 2019–0008). They were placed

in polycarbonate cages (equipped with HEPA air filters), 2 animals/

cage, 12 h-12 h light/dark cycle, room temperature: 24�C ± 2�C, rela-

tive humidity: 50% ± 5%, with free access to food and water, and

were reared for 1 week to observe their activities and feeding. Then

they were weighed and randomly divided into two groups: simulated

lunar dust group and normal saline control group, with 14 animals in

each group.

The Wistar rats in the experimental group were placed in the oral

and nasal exposure chamber (Beijing Huironghe Technology Co., Ltd.)

to be exposed to dust at a concentration of 7 mg/m3 CLDS-i for 4 h/

d, 7 d/week for 4 weeks, and the control group was exposed to nor-

mal saline under the same conditions. In accordance with the require-

ments of inhalation toxicity Testing guidelines issued by the

Organization for Economic Co-operation and Development (OECD),

The system Settings are as follows: aerosol flow rate: 2 L/min, dilution
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flow rate: 43 L/min, extraction flow rate: 44 L/min, preset concentra-

tion: 7 mg/m3, upper temperature limit: 25�C, lower temperature

limit: 19�C, upper humidity limit: 70%, Lower humidity limit: 30%,

upper concentration of O2: 25%, lower limit of O2 concentration:

19%, upper limit of CO2 concentration: 1.0%, lower limit of CO2 con-

centration: 0.0%.12 Rats were sacrificed 1 week after the last expo-

sure for the next step of the experiment. Animal experiments were

performed in accordance with the guidelines of the Animal Experi-

ment Center of Shenyang Medical College, and all animal studies were

approved by the institution's animal research ethics committee.

2.3 | Histopathological examination

Partial bilateral lung tissue (unwashed) of each group of rats was taken

and stored in containers with 10% paraformaldehyde solution for at

least 7 days, then dehydrate in ethanol gradients, xylene transparent

treatment, paraffin-embed tissue and section at 5 μm, followed by

optical staining with hematoxylin and eosin (H&E) Microscope

observation.

We performed a semi-quantitative analysis of alveolar inflamma-

tion in each group of rats. The scoring method is based on Szapiel

et al., 0 score: no alveolar inflammation; 1 score: No widening of alve-

olar septum, monocyte infiltration, complete alveolar structure, lesions

<20%; 2 scores: the inflammation was more extensive, and the lesions

reached 20%–50%; 3 scores: Lesions >50%, occasional consolidation

and vesicles, monocyte infiltration and bleeding areas in alveolar cavi-

ties or alveolar Spaces.13

2.4 | Pulmonary metabolome analysis

Lung tissue samples of rats in the normal saline control group (n = 6)

and the CLDS-i group (n = 6) were collected and homogenized

respectively, and 400 μL of pre-cooled methanol/acetonitrile/water

solution (4:4:2, v/v) was added. Vortex mixing, let stand at �20�C for

60 min, centrifuge at 14000�g for 20 min at 4�C, take the superna-

tant and vacuum dry, add 100 μL of acetonitrile aqueous solution

(acetonitrile: water = 1:1, v/v) for reconstitution during mass spec-

trometry analysis, Vortex, centrifuge at 14000�g at 4�C for 15 min,

and take 2 μL of the supernatant for ultra-high performance liquid

chromatography-mass spectrometry (UPLC-MS, Thermo Fisher Scien-

tific, USA) analysis.

UPLC-MS raw data was imported into Compound Discoverer 3.2

(Thermo Fisher Scientific, USA) software for processing, and obtained

a table containing metabolic features (m/z-retention time pairs) and

peak intensities. Peak detection, retention time correction and align-

ment were performed using the following parameters: mass range

70–1050 m/z, peaks finding method centWave, mass tolerance

10 ppm, and retention time (RT) width threshold 40s. All extracted

features were normalized to total intensities to eliminate systematic

bias. The features with missing values in >50% of the samples were

excluded. Corresponding to the missing values, select fill gap in the

software to fill the missing values. Unit variance scaling was per-

formed on the processed tables, and then imported to SIMCA-P 14.1

software (Umetrics, Umea, Sweden) for univariate and multivariate

statistical analysis. Univariate analysis methods, including Student's t-

test and fold-of-variation analysis, were used to visually display the

difference between the two groups of samples. Multivariate statistical

analysis was then performed, including unsupervised principal compo-

nent analysis (PCA), supervised partial least squares discriminant anal-

ysis (PLS-DA) and orthogonal partial least squares discriminant

analysis (OPLS-DA). According to the variable importance for the pro-

jection (VIP) obtained by the OPLS-DA model, p-value < .05 and

VIP > 1 were used as the screening criteria to mine biologically signifi-

cant differential metabolites. Volcano, column, and heat maps were

constructed to visualize differences in metabolite levels for each com-

parison.10 Subsequently, the Kyoto Encyclopedia of Genes and

Genomes (KEGG) pathway enrichment analysis and correlation net-

work analysis were performed for the significantly differential

metabolites.

2.5 | RNA isolate and quantitative real-time PCR
analysis

According to the manufacturer's instructions, from the remaining fro-

zen lung tissue, total RNA was extracted with TRIzol reagent (Vazyme,

China), and the isolated RNA was converted into cDNA using HiScript

IIQRT SuperMix for qPCR(+gDNA wiper) reverse transcription

reagent (Vazyme, China), qPCR reactions were performed in an ABI

PRISM 7500 system. The mRNA expression of glutathione sulfur

transferase (GST), glutamate decarboxylase (GAD), glutamate

dehydrogenase (GDH), α-ketoglutarate dehydrogenase (OGDH), glu-

taminase (GLS) and ornithine decarboxylase (ODC) was measured by

real-time quantitative polymerase chain reaction (qPCR) using SYBR

Green PCR Master Mix (Vazyme, China), with the housekeeping gene

β-actin as an internal PCR control. The forward primers and reverse

primers (Invitrogen, CA, USA) were summarized in Table 1. Data were

analyzed using the comparative threshold cycle (CT) method, per-

formed in triplicate for each set of samples. The reaction conditions

were as follows: an initial denaturation step at 95�C for 30 s; followed

by 40 cycles in a cycling reaction of 10 s at 95�C and 31 s at 60�C.

The fold changes of the tested genes were analyzed using the 2�ΔΔCT

method.

2.6 | Biochemical analysis

Enzymatic activities of GST, GDH and GAD in the two groups of sam-

ples were detected using the biochemical assay kit (Jiangsu Addison

Biotechnology Co., Ltd., Jiangsu, China). Elisa Kit (Shanghai Yuanju

Biotechnology Center, Shanghai, China) detects GLS, ODC and

OGDH. The specific experimental procedure is as follows. The specific
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experimental procedure should be operated according to the kit

instruction.

2.7 | Statistical analysis

All data were analyzed by SPSS 20.0 statistical software and

expressed as mean ± SD. Statistically significant differences were

assessed using t-test and one-way analysis of variance (ANOVA) for

multiple comparisons between groups. p < .05 was defined as a statis-

tically significant difference.

3 | RESULTS

3.1 | Pathological changes in rat lung tissues

H&E staining was used to observe the pathological changes of lung

tissue after CLDS-i exposure. Results of H&E staining showed that in

the control group, the lung structure was basically normal. The alveo-

lar size was basically normal, and the alveolar wall was mildly con-

gested (Figure 1A). In the CLDS-i group, more severe hyperemia was

observed, with numerous lymphocyte and neutrophil aggregates and

infiltrates accompanied by marked septal thickening. The alveolar

TABLE 1 The forward and reverse
primers used in this study.

Gene names Forward primers Reverse primers

GST CGAAAGCTTTGCAACAATCGC GCATTAGAAAACGTGTTGGCCT

GAD GCTGGAAGGATGGAAGGTTTTAA AATATCCCATCACCATCTTTATTTGACC

GDH ATCCTGCGGATCATCAAGCC GCACCTCCAAATGGCACATC

OGDH TACCCACCACCACTTTCAT CCAGCAGGGTCCGCTTCTCC

GLS AATGCACTCCTGTGGCATGT AAGGAATGCCTTTGATCACCTC

ODC CCTGTGCTGTGAGGAGACAG ACACGGGGAAGAGCTTTCAG

β-Actin GCTCTCTTCCAGCCTTCCTT AATGCCTGGGTACATGGTGG

F IGURE 1 Hematoxylin–eosin-stained histopathological pictures of rat lungs. (A) saline group. (B) CLDS-i group. The lung structure of saline
group was basically normal. = the alveolar wall was slightly congested in the saline group. = a large number of the inflammatory cells in
CLDS-i group. = the obvious thickening pulmonary interstitial in CLDS-i group. = the hyperemia was more severe in CLDS-i group.
Original magnification � 100; scale bar = 200 μm left, original magnification � 200; scale bar =100 μm right.
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structure changed significantly, and the basic structure of some parts

of the lung was unclear (Figure 1B). Semi-quantitative analysis results

are shown in the Table 2 below. The score of alveolar inflammation in

CLDS-i group was significantly higher than that in saline control group

(p < .01), indicating that the lung inflammation in CLDS-i group was

aggravated.

3.2 | Pulmonary metabolomics analysis

Rat lung samples were detected by UPLC-MS analytical method, and

PCA analysis (Figure 2) and PLS-DA analysis (Figure 3) were per-

formed to describe the overall metabolomics differences of rat lung

tissue samples in each group. PCA is one of the earliest and widely

used multivariate pattern recognition methods for preliminary analysis

of MS datasets. Figure 2 is a graph of the scores of PCA in positive

and negative ion mode. The x-axis and y-axis in the figure represent

the first principal component and the second principal component

after dimension reduction of the PCA algorithm, respectively. Icons in

different colors represent experimental and control groups. Among

them, the red dots represent 6 CLDS-i-treated rat lung samples, and

the blue triangles represent 6 saline-treated lung samples. Figure 3 is

a graph of the scores of PLS-DA in positive and negative ion mode.

PLS-DA is a supervised pattern recognition method, which can

achieve better classification results compared with PCA. After

TABLE 2 Comparison of scores of alveolar inflammation in each
group (n = 5, x ± s).

Group n Scores

NS 5 1.4 ± 0.55

CLDS-i 5 3.0 ± 0.0**

Note: Compared with the saline control group.

**p < .01.

F IGURE 2 The PCA score map of the metabolic profile of rat lung tissue was drawn in the positive ion mode (A) and negative ion mode (B).

F IGURE 3 Analysis of metabolite profiles using PLS-DA model. Multivariate statistical analysis of different rat lung tissue metabolites from
the saline group (▲) and CLDS-i group (●). PLS-DA score plot from the ESI positive ion mode (A) and negative ion mode (B).
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calculation by PCA and PLS-DA algorithm, sample points within each

group showed obvious aggregation, while CLDS-i group was signifi-

cantly separated from the saline group. It indicated that CLDS-i expo-

sure induced disturbance of lung metabolites.

In order to obtain a more significant effect of metabolite separa-

tion between groups, we used the OPLS-DA model for analysis. A and

B in Figure 4 are the score of the OPLS-DA in the positive and nega-

tive ion mode of the two groups of lung tissues, respectively. As a

result, after calculation by the OPLS-DA algorithm, the sample points

of each group were clustered obviously, and the CLDS-i group and

the control group were scattered in two different areas, and the sepa-

ration effect was good, which further confirmed that CLDS-i caused

the disorder of metabolites in lung tissue of rats.

Figure 4C, D show the permutation test plots performed by the

OPLS-DA model based on positive and negative ion mode data.

The permutation test was used to evaluate the fitting ability and pre-

diction ability of the model established by OPLS-DA. The principle of

permutation test is to rearrange the samples and rebuild a new model.

Each permutation test presents a set of model-dependent parameters

R2 and Q2. The green dots (R2) represent the fitting ability of the

model, and the blue boxes (Q2) assess the predictive ability of the

model. The current criterion for model validity is that the regression

line at Q2 intersects the vertical line below zero.14 In our study, the

values of R2 and Q2 were ≥0.5, and the results met the above criteria,

indicating that the fitting ability of the model was in good agreement

with the predictive ability.

We used the fold change (FC) of metabolite expression difference

between the two groups of samples and the p-value obtained by the

t-test to draw the volcano plot to show the significant difference

between the two groups of sample data. The abscissa is the fold dif-

ference log2FC, which represents the log2 of the fold change of

metabolites between the two groups. The ordinate is the significance

of the difference �log10P, representing the �log10 of the p-value of

the t-test for the metabolites between the two groups). We used the

“q-value” package in the R platform (http://www.r-project.org) to

map the p-value of each t-test to the q-value of Storey Tibshirani

to estimate the false discovery rate (FDR) of the test when it's called

significant. The following criteria are used for preliminary screening of

differential metabolites: fold change ≥2 or ≤0.5; p-value < .05; false

discovery rate (FDR) ≤0.2.15 The red dots in the figure are significantly

up-regulated metabolites, the blue dots are significantly down-

regulated metabolites, and the gray dots are metabolites with no

F IGURE 4 OPLS-DA score plots and permutation tests between two groups in rat lung tissue. (A) OPLS-DA score plots of control and
experimental groups (ESI (+)). (B) OPLS-DA score plots of control and experimental groups (ESI (�)). (C) The result of the permutation test made
of OPLS-DA (ESI (+)). (D) The result of the permutation test made of OPLS-DA (ESI (�)).
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significant difference. It can be seen from Figure 5 that there are a

large number of significantly different metabolites in the lung tissue

of the CLDS-i group and the control group.

In order to screen out more significant differential metabolites,

variable importance in projection (VIP) obtained by the OPLS-DA

model was used to measure the impact strength and explanatory

power of the expression pattern of each metabolite on the classifica-

tion and discrimination of each group of samples. Using p-value < .05,

false discovery rate (FDR) ≤ 0.2 and VIP > 1 as the screening criteria.

Significant differences in compounds with biological significance were

mined. A total of 141 differential metabolites were identified between

the CLDS-i group and the control group, and the fold change

(FC) heat map was drawn according to the metabolite type, and it was

found that these metabolites were involved in the metabolism of

lipids, amino acids, carbohydrates and nucleotides (Figure 6). Its

results were consistent with those of the network analysis (Figure 7)

constructed between the significantly different metabolites. It was

shown that the simulated lunar dust particles-CLDS-i led to the

change of the whole metabolic profile of the rat lung tissue, and meta-

bolic changes were not singly occurred, and the differential metabo-

lites interacted and connected with each other. Compared with the

control group, the CLDS-i group had decreased levels of most metab-

olites, including D-(�)-aspartic acid, L-glutamic acid, asparagine, gluta-

mine, L-(+)-Proline, L-Histidine, L-Valine, L-leucine, Tryptophan,

lysine, Taurine, arginine, D-pantothenic acid, spermidine, putrescine,

glutathione, PG(18:1(11Z)/18:2(9Z,12Z)), choline, docosahexaenoic

acid, xanthine, uric acid, cytosine, uracil, and so on.

To comprehensively and intuitively display the relationship

between samples and the differences in the expression patterns of

metabolites in different samples, we performed hierarchical clustering

of each group of samples using qualitatively significant differential

metabolite expression levels. Figure 8 is a hierarchical clustering heat

map analysis between the experimental group and the control group.

The right and top of the figure are the names of the differential

metabolites and the classification of the samples, respectively, each

column represents the amount of different metabolites in the same

sample, and each row represents the relative amount of the

same metabolite in different samples. The more metabolites, the

closer the color is to red; the less metabolites, the closer to blue. The

dendrogram on the left represents different cluster analysis results for

different samples. Two substances linked by cluster analysis were

highly correlated. The hierarchical clustering analysis shown in the fig-

ure is statistically significant, therefore, we believe that the amount of

expression of these metabolites is different between the two groups

of samples, the color distribution within each group is similar, but the

difference between groups is large, indicating CLDS-i affected

the metabolomic characteristics of rat lung tissue.

To further analyze the metabolic pathways associated with the

significantly differential metabolites, the differential metabolites

were entered into the Kyoto Encyclopedia of Genes and Genomes

(KEGG) database to construct and analyze the metabolic pathways.

As showed in Figure 9, the top 10 metabolic pathways with the

greatest impact were screened, namely protein digestion and

absorption, central carbon metabolism in cancer, aminoacyl-tRNA

biosynthesis, ABC transporters, biosynthesis of amino acids, alanine,

aspartate and glutamate metabolism, mineral absorption, beta-

alanine metabolism, Arachidonic acid metabolism and neuroactive

ligand–receptor interaction. We further analyzed these metabolic

pathways and observed that amino acid metabolite changes were

involved in these pathways, indicating that simulated lunar dust

exposure caused the most obvious changes in amino acid metabo-

lism in rat lung tissue.

F IGURE 5 Differential changes of metabolites in lung tissue of two groups of rats are shown by volcano plots. (A) The results in the ESI
positive ion mode. (B) The results in the ESI negative ion mode.
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3.3 | Gene expression differences of key enzymes
related to amino acid metabolism in lung tissue

In order to further confirm the effect of simulated lunar dust parti-

cles CLDS-i on amino acid metabolism in rat lung tissue, we used

qRT-PCR to detect the gene expression of key enzymes related to

amino acid metabolism. The results are shown in Figure 10. Com-

pared with the control group, the mRNA levels of GST, ODC,

OGDH, GLS, and GDH in the CLDS-i group increased, while the

mRNA level of GAD decreased (p < .05). These results indicate that

the simulated lunar dust exposure disrupted amino acid metabolic

homeostasis in rat lung tissue.

3.4 | Enzyme activity of key enzymes related to
amino acid metabolism

In addition, we detected the enzymatic activities of GST, ODC,

OGDH, GLS, GAD, and GDH, as showed in Table 3. Compared with

the saline group, the enzymatic activities of GST, ODC, OGDH, GLS,

F IGURE 6 Differential fold heat map based on participating differential metabolite types.
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and GDH were significantly up-regulated in the CLDS-i group, while

the enzymatic activity of GAD was down-regulated. The data indi-

cated that CLDS-i exposure disrupted amino acid metabolic homeo-

stasis in rat lung tissue.

4 | DISCUSSION

A growing number of studies have shown that exposure to lunar dust

particles can adversely affect human health, which can increase the

incidence of various diseases, especially lung diseases. It is generally

believed that inflammatory response and oxidative stress are the main

modes of action of lunar dust-induced lung injury.6 However, the

mechanism of lunar dust-induced lung injury is still unclear, and there

are few studies on the interference of the fine particles on

metabolites and metabolic pathways in lung tissue. This study aimed

to elucidate the molecular toxicity mechanism of simulated lunar dust-

induced lung injury in rats using UPLC-MS metabolomics approach. In

the previous study, we mostly used the tracheal instillation method to

create the model, but during the experiment, we found that this

method is easy to cause mechanical damage to the tracheal mucosa of

rats, bleeding, lung infection, and high mortality. Due to the non-

physiological route of administration, this results in the deposition of

particles of various sizes with the same spatial distribution, making

the method limited.6 Compared with the tracheal instillation method,

the animal mortality rate of the inhalation method is lower, and it can

reflect the pathological process more realistically. Therefore, in this

study, we established a rat lung injury model through the oronasal

exposure system.

The doses inhaled in rats in this study were determined based on

data published by Lam et al.16 No statistically significant differences in

biomarkers were reported between rats exposed to two concentra-

tions of lunar dust, 2.1 and 6.8 mg/m3. 6.8 mg/m3 was considered to

be the highest no apparent adverse effect level (NOAEL). Rats

exposed to 20 mg/m3 for 4 weeks showed some minor effects but

were larger than expected and produced mild to moderate pulmonary

toxicity in the 60 mg/m3 exposure group. Since the simulated lunar

dust suspension was used in this experiment instead of dust particles,

7 mg/m3 was chosen as the exposure concentration in this study, con-

sidering that it may have a greater impact on the lungs. And the

concentration is not expected to cause an overdose.

Our results showed that a total of 141 metabolites were signifi-

cantly altered in rat lung tissue exposed to simulated lunar dust, and

these metabolites were involved in the disturbance of amino acid,

lipid, and nucleotide metabolic balance. And we screened out the

most significant 10 metabolic pathways and further analyzed them,

and found that amino acid metabolism pathways have the greatest

impact, for example, protein digestion and absorption, central carbon

metabolism in cancer, aminoacyl-tRNA biosynthesis, ABC trans-

porters, biosynthesis of amino acids, alanine, aspartate and glutamate

F IGURE 7 Correlation network of identified differential metabolites (p < .05, r > .6) calculated by Cytoscape 3.4.0. Red lines between
differential metabolites indicate positive correlations, while green lines indicate negative correlations.
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metabolism, and mineral absorption. And these significantly changed

amino acid metabolites play an important role in the regulation of

immune function, the regulation of the body's oxidative-antioxidant

balance and the reduction of inflammatory responses.

Amino acids are the building blocks of proteins and polypeptides

in the human body and play important roles in energy generation,

nucleoside synthesis and maintenance of cellular redox balance, and

are involved in regulating key metabolic pathways necessary for

growth, reproduction and immunity.17 Amino acid metabolism

involved in this study is extensive. Among them, glutamine is an amino

acid that is abundant in animals, and its concentration in tissues and

plasma is more than 10 times that of other amino acids.18 In almost

every cell, glutamine can be used as a substrate for nucleotide synthe-

sis (purines, pyrimidines, and amino sugars), nicotinamide adenine

dinucleotide phosphate (NADPH), antioxidants, and many other bio-

synthetic pathways involved in the maintenance of cellular integrity

and function.19–21 A large numbers of studies have confirmed that

glutamine plays an important role in the body's anti-inflammatory. A

study by Raizel et al. showed that chronic oral glutamine therapy fol-

lowing progressive resistance exercise (RE) promoted cytoprotective

effects involving HSP70 responses. Thereby reducing muscle damage

and inflammation.22 In their study, Singleton et al.23 observed that

glutamine treatment can effectively inhibit the activation of NF-kBeta

and the expression of cytokines in septic mice, and the tumor necrosis

factor-alpha (TNF-α) and interleukin- 6 (IL-6) in lung tissue of mice

were significantly reduced. Zabot et al24 also found that glutamine

can inhibit the positive expression of nuclear factor kappaB (NF-κB)

and IL-6 in the intestinal ischemia/reperfusion (I/R) rat model, improve

the activity of antioxidant enzyme SOD, and prevent mucosal damage,

and improve intestinal and lung recovery after I/R injury in rats. This

fully shows that glutamine affects the NF-κB signaling pathway and

inhibits its activation, thereby inhibiting the expression of its down-

stream inflammation-related factors, so that the body's pneumonia

inflammation can be alleviated. In addition, studies have shown that

cells of the immune system, such as lymphocytes, neutrophils, and

macrophages utilize glutamine at high rates similar to or higher than

glucose under catabolic conditions such as sepsis, recovery from

burns or surgery, malnutrition, and high-intensity/high-volume physi-

cal activity.25,26 Therefore it considers to be “fuel for the immune sys-

tem”.27 In immune cells, glutamine is converted to glutamate,

aspartate, and alanine by partial oxidation to CO2, and this unique

conversion plays a key role in the efficient functioning of immune

F IGURE 8 Hierarchical
cluster heat map analysis of
differential metabolites between
control (Saline) and experimental
group (CLDS-i).
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system cells.20 The present study finds that glutamine levels are

reduced in the simulated lunar dust group compared with the control

group, which may lead to impaired immune cell function, greatly exac-

erbating disease and infection, prompting inflammatory responses,

and causing lung damage. Glutamine entering the cell is deaminated in

the mitochondria by GLS to form glutamate, which undergoes gluta-

mate dehydrogenase (GLUD) to form α-ketoglutarate (α-KG) and

NADH/NADPH, enter the TCA cycle and regulate intracellular redox

homeostasis.28 Decreased glutamate levels and altered GLS, GDH,

GAD, and OGDH activities and Abnormal mRNA expression levels

indicate that the TCA cycle is disturbed. It is well known that valine

and leucine are branched-chain amino acids that are mainly involved

in energy metabolism. In this experiment, the content of valine and

leucine decreased, and the disorder of branched-chain amino acid

metabolism further indicated that simulated lunar dust exposure

accelerated the TCA cycle and energy consumption process, indicating

that simulated lunar dust exposure interfered with energy

metabolism.

Numerous studies have shown that aspartic acid (Asp) has many

important biological metabolic effects. It not only acts as an excitatory

amino acid in the central and peripheral nervous systems and partici-

pates in the regulation of neural activity, but also is the precursor for

the synthesis of various amino acids such as arginine and threonine,

as well as purine and pyrimidine, it also participates in various meta-

bolic pathways such as the tricarboxylic acid cycle and urea cycle of

the body, and plays an important role in the proliferation of immune

cells and the regulation of the immune system.29 Asparagine (Asn) is a

neutral amino acid. In addition to participating in energy metabolism

and enhancing the body's metabolism under aerobic conditions, it also

plays an important role in regulating the body's immune function,

F IGURE 9 Analysis of relevant metabolic pathways for differential metabolites between exposing and control groups. KEGG analysis showed
the top 10 metabolic pathways with the most significant enrichment of differential metabolites in lung tissue.
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especially regulating the immune barrier function of the intestinal

mucosa.30,31 We found that the levels of aspartic acid and asparagine

in the lung tissue of the rats in the simulated lunar dust group were

decreased, which further indicated that the function of the immune

system of the rats was damaged, and the simulated lunar dust dis-

turbed the immune regulation process of the body. Other amino acids,

such as histidine and tryptophan, were down-regulated in the simu-

lated lunar dust group compared with the control group in this experi-

ment, while histidine and tryptophan have anti-inflammatory and

antioxidant effects and play an important role in inflammatory dis-

eases. Previous studies have shown that histidine supplementation

may exert an anti-inflammatory effect by inhibiting the expression of

pro-inflammatory factors in adipocytes through the NF-κB pathway.32

And tryptophan has been shown to be associated with inflammatory

bowel disease activity.33 In addition, lysine metabolism is not only

closely related to the function of animal monocyte–macrophage sys-

tem.34 It is also one of the important energy sources. Affects the syn-

thesis of bone collagen and regulates bone metabolism.35 In this

experiment, the lysine level in lung tissues of rats of the simulated

lunar dust group was reduced, further indicating that this fine particu-

late matter affected the body's energy metabolism pathway. In addi-

tion, the reduction of taurine levels in the lung tissue of rats in the

simulated lunar dust group confirmed that oxidative stress is the basic

biological effect of simulated lunar dust exposure. According to

reports, taurine, also known as β-aminoethanesulfonic acid, has strong

antioxidant activity, can effectively remove most of the oxygen free

F IGURE 10 GST, ODC,
OGDH, GLS, GAD and GDH
mRNA expression in rat lungs
(n = 6). (A) GST mRNA
expression. (B) ODC mRNA
expression. (C) OGDH mRNA
expression. (D) GLS mRNA
expression. (E) GAD mRNA
expression. (F) GDH mRNA

expression. The datum is
presented as the means ±
SD. Compared with the saline
control group, *p < .05;
**p < .01; ***p < .001.

TABLE 3 The levels of various biochemical indexes in the lung tissue of rats after infection (n = 4).

Group NADH-GDH (nmol/min/g) GST (nmol/min/g) GAD (mol/h/g) GLS (ng/mL) ODC (ng/mL) OGDH (g/mL)

NS 119.41 ± 12.56 12.42 ± 6.39 10.66 ± 1.22 32.21 ± 1.38 5.38 ± 0.22 42.66 ± 2.65

CLDS-i 136.88 ± 12.34* 20.46 ± 3.02** 4.41 ± 0.93 35.65 ± 1.53 6.00 ± 0.16 46.59 ± 1.11

Note: Compared with the saline control group.

*p < .05; **p < .01;***p < .001.
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radicals in the body, and has many effects such as inhibiting lipid per-

oxidation and reducing tissue oxygen consumption.36 Therefore, tau-

rine is widely regarded as a potent free radical scavenger. It has been

reported that taurine can inhibit the reactive oxygen species (ROS) by

ameliorating mitochondrial dysfunction, thereby attenuating ionizing

radiation-induced renal injury.37 Researchers also found that taurine

can improve blood sugar and blood lipid metabolism in diabetes,38 but

it has not been elucidated whether taurine improves glucose and lipid

metabolism by regulating oxidative stress.

Oxidant/antioxidant imbalance is a major cause of cellular dam-

age and a hallmark of lung inflammation.28 Glutathione (GSH), a ubiq-

uitous tripeptide thiol, is an important intracellular and extracellular

antioxidant against oxidative stress and plays a key role in controlling

signaling and proinflammatory processes in the lung.39 The lungs are

one of the main sources of glutathione storage.39 Low levels of GSH

may lead to an imbalance between oxidants and antioxidants in lung

tissue, enhancing inflammatory responses and worsening lung dam-

age. Glutathione levels were elevated in this study, which is different

from our previous findings.5 We speculate that the pattern and dura-

tion of simulated lunar dust exposure may have been different in the

studies, causing this discrepancy. It is generally believed that depletion

of GSH in tissue cells in the initial stage of oxidative stress reduces

the level of GSH, and then due to the feedback regulation of GSH and

the stimulation of internal and external oxides, the expression of γ-

GCS gene in the airway wall and lung epithelial cells is enhanced, and

the synthesis of GSH is increased. And activation, resulting in

increased levels of GSH and increased antioxidant capacity in the

lungs to adapt to a sustained oxidative state.40 In addition, a large

body of literature indicates that GSH levels are different in different

inflammatory lung diseases. Its mechanism is unclear. For example,

GSH is reduced in idiopathic pulmonary fibrosis, ARDS, cystic fibrosis,

lung allograft patients, and HIV+ patients.41–45 In contrast, patients

with mild asthma have higher total GSH concentrations in the bron-

chial and alveolar fluids.46 Rahman et al suggested that differences in

glutathione in various inflammatory lung diseases may be due to

changes in the molecular regulation of GSH synthesis in lung cells.39

Afterwards, we detected the activity and mRNA level of GST, an

important antioxidant enzyme in animals. Compared with the control

group, the enzyme activity and mRNA expression of GST were signifi-

cantly increased. It is suggested that simulated lunar dust induces oxi-

dative stress in rat lung tissue and leads to the increase of GST

activity, and the increase of GST activity is the response of the body

to oxidative stress. In conclusion, the changes of GSH levels and GST

indicate that the oxidative/antioxidative state of the body is disor-

dered, which induces infection and inflammation, and makes the lung

disease gradually develop and worsen.

The UPLC-MS metabolomic approach in our study also revealed

changes in arginine and polyamine metabolism. We found that com-

pared with the control group, the level of arginine and spermidine in

the lung tissue of rats in the simulated lunar dust group was

decreased. Arginine is an essential nitrogen carrier for the synthesis of

urea, polyamines, proline and other proteins in healthy adults, has

immunomodulatory activity and can reduce inflammatory responses.47

In the body, L-arginine is the only precursor for endogenous nitric

oxide.48 Under the activation of the Arg-NO pathway, NO is catalyti-

cally generated. Some literature show that NO can inhibit the secre-

tion of TNF-α, and supplementation of L-arginine can increase the

secretion of glucagon-like peptide-1 (GLP-1), which in turn stimulates

the secretion of glucagon-like peptide-1 (GLP-1). NO production

increases and inhibits the nuclear factor (NF)-κB pathway, while indi-

rectly inhibiting the secretion of inflammatory cytokines such as TNF-

α to suppress the inflammatory response.49 Murakami et al. found

that arginine supplementation to sheep inhaled by burns and smoke

significantly improved gas exchange and lung function, and alleviated

lung damage in animals caused by burns and smoke.50 In experiments

examining the effects of arginine supplementation on septic mice, it

was found that arginine supplementation down-regulated the produc-

tion of inflammatory cytokines in lung tissue and reduced lung tissue

damage.47 Additionally, arginine was found to improve antioxidant

capacity in male rats.51 A large numbers of animal studies have shown

that arginine can effectively inhibit the body's oxidative stress and

induce endogenous antioxidant processes, and inhibit the expression

of inflammatory factors, thereby improving lung injury. Polyamines

are a class of aliphatic amines that are widely present in all living

organisms. Spermidine is a type of polyamine. Because polyamines

can interact with DNA, ATP, phospholipids, and certain kinds of

proteins,52 polyamines are essential for cellular metabolism, growth,

and tissue turnover.53 Ornithine decarboxylase catalyzes the decar-

boxylation of ornithine and is the first rate-limiting enzyme in poly-

amine synthesis and plays an important role in regulating cell

proliferation and apoptosis.54–56A large number of literature show

that the changes of ODC expression levels are closely related to the

occurrence of tumors. Therefore, ODC determination is of great sig-

nificance in the early diagnosis of tumors and is considered as a new

target for anti-tumor therapy. In this study, the polyamine levels in

the simulated lunar dust group were significantly decreased, and the

changes in ODC activity and its mRNA levels indicated that the expo-

sure of simulated lunar dust may affect many cellular biological pro-

cesses, such as cell growth, proliferation, division and differentiation

may be disordered.

There are still some limitations to our study. Since the study was

conducted on Earth, this is different from what astronauts are

exposed to the real environment. This difference is predicted to make

the lunar dust more toxic. In future studies, we need to pay more

attention to the metabolic effects caused by lunar dust exposure at

different times, identify the specific components of lunar dust in the

lunar surface environment that produce toxic effects, and determine

the specific role of these metabolic changes in the pathogenesis

caused by lunar dust exposure. The internal relationship between final

metabolites and related genes was elucidated by combining genomics

and transcriptomics. Multi-omics analysis can further reveal the effect

of lunar dust exposure on body metabolism.
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5 | CONCLUSION

In the present study, metabolite changes in the lung tissues of rats

treated with simulated lunar dust CLDS-i were analyzed by a meta-

bolic approach using UPLC-MS. The results of metabolic analysis

showed that 141 metabolites were significantly changed in CLDS-

i-treated lung tissue, mainly involving amino acid metabolism, lipid

metabolism and nucleotide metabolism, indicating that CLDS-i expo-

sure caused the metabolism of these substances to occur disorder.

Combined with metabolic pathway analysis, amino acid metabolism

had the greatest impact. Significant changes in the activities of six key

enzymes of amino acid metabolism were measured, as well as abnor-

mal mRNA expression of these key enzymes, which also indicated that

CLDS-i significantly disturbed the balance of amino acid metabolism

in lung tissue.
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