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Abstract
Lunar dust is one of the biggest risk factors in the future manned exploration mission. Much is

not known about the pulmonary toxicity of lunar dust. The aim of this study was to evaluate the

lung inflammation and oxidative stress induced by subacute exposure to lunar dust stimulant

(LDS) in rats. Wistar rats were intratracheally administered LDS, twice a week for 3 weeks.

Inflammatory cell counting and cytokine assays using bronchoalveolar lavage fluid (BALF) were

performed. Lung tissues were processed for histopathological examination and immunohisto-

chemical staining. Biomarkers of oxidative stress and genes and proteins related to inflammation

and fibrosis in lung tissue were also determined. The neutrophil count in the BALF of LDS-

exposed groups was higher than that in controls (P < .05). LDS caused a significant increase in

some of biochemical indicators and proinflammatory factors levels in BALF compared with con-

trol group. The normal balance between oxidation and antioxidation was broken by LDS. Patho-

logical characteristics of lung tissue and immunohistochemical results for α-smooth muscle actin

(α-SMA) indicated that inflammatory response was an extremely important passage to pulmo-

nary fibrosis. Real-time PCR analysis showed elevated levels of nitric oxide synthase (NOS) and

nicotinamide adenine dinucleotide phosphate oxidase (NOX) mRNA in the lungs (P < .05). West-

ern blotting results were consistent with immunohistochemistry and qPCR results. These results

indicate that inhalation of lunar dust may cause inflammatory pulmonary fibrosis. NOX4 may be

a key potential therapeutic target for inflammatory injury and fibrosis in the lung.
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1 | INTRODUCTION

The Apollo lunar exploration has shown that diffusion of lunar dust

particles can cause visual obstruction, dust pollution, adhesion, inhala-

tion, physiological effects, and so on.1,2 The projected duration of

future lunar inhabitation is longer than that of the Apollo astronauts,

and presence of lunar dust poses one of the biggest challenges for

such kind of future missions. The living quarters could be

contaminated with dust present on spacesuits or hardware. Dust

exposure and inhalation could have a wide range of toxic effects on

lunar explorers. Thus, there is a need for assessing the health risks of

human exposure to lunar dust. The present study was carried out to

acquire such information on toxicity of airborne lunar dust.

In general, lunar regolith contains about 20% dust particles with

diameter less than 20 μm, and 1%-2% fine dust particles with diame-

ter less than 3 μm.3 Lunar dust is mainly composed of glass (≥50%),
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plagioclase, pyroxene, olivine, ilmenite, nanophase Fe0, and so on.4 As

a unique component of the lunar dust, nanometallic iron is formed by

striking the moon resulting in vaporizing and deposition of dust parti-

cles.5 Cosmic and solar radiations charge the lunar surface compo-

nents6 (NASA, 2009); charges build up to levels which are high

enough to repel submicron particles (0.1 mm) as high as 100 km

(62 miles or ~330 000 ft) and could remain above the low gravity and

airless lunar surface for long periods.7 In amicro-/hypo-gravity envi-

ronment, the risk of inhalation of dust is increased due to reduced

gravity-induced sedimentation.8

The formation, composition, and physical properties of lunar dust

are not yet characterized with respect to human health. While the

physical and chemical determinants of dust toxicity for materials such

as asbestos, quartz, volcanic ashes, and urban particulate matter have

been the focus of substantial research, lunar dust toxicity may differ

significantly due to its unique properties. NASA scientists implemen-

ted a series of studies to study the effects of lunar dust exposure. Cel-

lular and biochemical markers of toxicity and lung histopathology

were assayed in bronchoalveolar lavage fluid (BALF).The results

showed that exposure to lunar dust induced lung inflammation.9,10

We obtained a similar conclusion in a previous study.11 Lunar dust

was moderately toxic. It was more toxic than TiO2 but less toxic than

quartz.12,13 Although the above studies have provided useful insights

on induction of pulmonary toxicity by lunar dust, there are major

knowledge gaps that prevent an accurate assessment of lunar dust

toxicity, especially with respect to the mechanism of lung toxicity.

To obtain new insights on the mechanism of lung toxicity caused

by lunar dust, we investigated the effects of CLDS-i (a standard lunar

dust simulant) exposure on the rats for 3 weeks. The lung inflamma-

tory effects, oxidative stress response, and the key factors in pulmo-

nary fibrosis were assessed. The results showed that inflammation

and oxidative stress are important mechanisms of lung injury caused

by LDS and lead to pulmonary fibrosis. Nicotinamide adenine dinucle-

otide phosphate oxidase 4 (NOX4) may be a potential therapeutic tar-

get in this respect.

2 | MATERIALS AND METHODS

2.1 | Animal protocol

Male Wistar rats (190-220 g) were purchased from Liaoning Chang-

sheng Biotechnology Co. Ltd (Animals License number: SCXK [Liao]

2010-0001). They were kept in polycarbonate cages (equipped with

HEPA air filter) for 1 week. Next, all the rats were equally divided into

four groups: normal saline group (control), LDS low-dose group, LDS

middle-dose group, and LDS high-dose group. Each animal group had

six rats.

All rats were exposed to LDS twice per week for 3 weeks. The

intratracheal instillation method was used for the administration of

the dust samples. The high-dose, middle-dose, and low-dose groups

were injected with 3.15, 1.05, and 0.35 mg of LDS, in a 1 mL perfu-

sion volume, respectively. Simultaneously, the control groups were

injected with the same amount of normal saline. After intratracheal

instillation of the preheated dust suspension (saline solution), the rats

were rotated several times to evenly distribute the liquid. The rats

were anesthetized with chloral hydrate (320 mg/kg, i.p.) before instil-

lation of LDS or saline. Then the rats were killed after 24 hours of the

last intratracheal instillation for the next step of the experiment. All

the animal studies were approved by the Ethics Committee of Animal

Care and Experimentation of the National Institute for Environmental

Studies, China.

2.2 | Lunar dust simulant

CLDS-i with smaller particle size is one of series of simulated lunar

dust samples just like CAS-1 simulants which we used.11 It has the

similar chemical composition, mineral composition, grain size, grain

shape, and nanophase metal iron composition like real lunar dust. The

CLDS-i with a median particle size about 500 nm contains approxi-

mately 75% v/v glass and a little amount of nanophase iron (np-Fe0).

Detailed description and comparison have been described by Tang

et al.14 The CLDS-i particles also have complicated shapes and sharp

edges.14 CLDS-i are obtained by ball milling, magnetic screening under

a high intensity magnetic field, star milling, ultrasonic breaking, and

bombardment. Most of CLDS-i particles with diameter size under 1μm

could be obtained using this protocol.

2.3 | Cell differential counts and biochemical
analysis

After administering the dust suspension, the rats were anesthetized

with chloral hydrate (320 mg/kg, i.p.) and then laid on their backs on a

platform. Immediately they were exsanguinated by the abdominal

aorta. After that, the left main bronchus was temporarily closed with a

hemostatic clamp and 3 mL of cold sterile saline was instilled to lavage

their lungs three times.15 BALF was collected in 5 mL sterile centri-

fuge tubes and placed on ice. The samples were centrifuged

(1500 rpm for 10 minutes at 4�C), and cells were collected for cell

counts and differentiation by a hemocytometer. The supernatants

were stored at −80�C for further analysis of biochemical indicators.

The cell samples collected from the centrifuge were mixed with

200 μL of saline. Next, 20 μL of this suspension was dropped onto a

clean glass slide. After the drop dried, 100 cells were stained with

Giemsa for analysis of cellular differentiation of macrophages, neutro-

phils, and lymphocytes. The biochemical parameters, including lactate

dehydrogenase (LDH), alkaline phosphatase (AKP), albumin (ALB), and

total protein (TP) in the supernatant, were detected by the automatic

biochemical analyzer (P800, Roche, Shanghai, China) in the clinical lab-

oratory of the Affiliated Center Hospital of Shengyang Medical Col-

lege. Interleukin-6 (IL-6) and tumor necrosis factor alpha (TNF-α) were

analyzed using ELISA kits (ABclonal Technology, Wuhan, China). All

the biomarkers were analyzed three times to obtain an average value.

2.4 | Histopathological examination and
immunohistochemical test

Some parts of the left lungs of rats were used as samples (unwashed),

and were placed in 10% paraformaldehyde solution. After fixation,

ethanol gradient dehydration, xylene transparent treatment,
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sectioning of the paraffin-embedded tissues at 5 μm, and staining with

Hematoxylin and Eosin (H&E) and Masson’s trichrome was done.

Immunohistochemical analysis was also performed to determine

levels of Nox4 and α-smooth muscle actin (α-SMA). The pathological

changes in lung tissues were observed using a DM750 pathological

microscope (Leica, Germany). Image J software (National Institutes of

Health, Bethesda, MD, USA) was used to evaluate the percentage of

blue-colored trichrome-positive stained and the positive immunos-

tained lung tissue area.

2.5 | Preparation of lung homogenates and
biochemical analysis

The rest of the left lung, except for that used for histopathological

examination, was separated into two parts. One part was homoge-

nized in ice-cold saline with glass-homogenizer. The homogenate con-

centration was 10%. Then the homogenate was centrifuged

(3000 rpm for 10 minutes at 4�C). The supernatant was collected and

stored at −80�C for detection of biomarkers of oxidative stress. The

activities of glutathione peroxidase (GSH-Px), superoxide dismutase

(SOD), and malondialdehyde (MDA) were determined by the commer-

cial colorimetric assay kit (Nanjing Jiancheng Bioengineering Institute,

Jiangsu, China). The other part was snap frozen in liquid nitrogen, then

stored at −80�C for RNA analysis.

2.6 | RNA extraction and real-time PCR

The frozen lung samples were homogenized in TRIzol reagent

(Invitrogen, CA, USA), and total RNA was extracted according to the

manufacturer's instructions. Isolated RNA was converted to cDNA

using Promega reverse transcription reagent (Madison, Wisconsin,

USA) according to the manufacturer’s instructions. qPCR reactions

were performed in an ABI PRISM 7500 system. The amplification of

specific PCR products was detected using SYBR Green PCR Master

MixReagent (Applied Biosystems). Expression levels of endothelial

nitric oxide synthase (eNOS), inducible nitric oxide synthase (iNOS),

and nicotinamide adenine dinucleotide phosphate oxidase (NADPH

oxidase, NOX) 2 and 4 were measured using the following primers

(Invitrogen, CA, USA): iNOS forward, 50-AATGGTTTCCCCCAG

TTCCTCACT-30; iNOS anti-sense, 50-CTCTCCATTGCCCCAGTTTTTG

A-30; eNOS forward, 50-CGGTACTACTCTGTCAGCTCAGC-30 and

reverse, 50-CATCCTGGGTTCTGTATGCC-30; GAPDH forward,

50-CAAGTTCAACGGCACAGTCA-30 and reverse, 50-CACCCCATTTG

ATGTTAGCG-30;16 Nox2 forward, 50-CCCTTTGGTACAGCCAGTG

AAGAT-30 and reverse, 50-CAATCCCAGCTCCCACTAACATCA-30;

Nox4 forward, 50-GGATCACAGAAGGTCCCTAGCAG-30 and reverse,

50-GCAGCTACATGCACACCTGAGAA-30;17 β-actin forward, 50-CACT

ATCGGCAATGAGCGGTTCC-30 and reverse, 50-CTGTGTTGGCAT

AGAGGTCTTTACGG-30.16 For iNOS and eNOS, the data was normal-

ized to the housekeeping gene GAPDH. For NOX2 and NOX4, the

data was normalized to the housekeeping gene β-actin. Data were

analyzed using the comparative threshold cycle (CT) method and each

sample was analyzed in duplicate.

2.7 | Western blotting analysis

The frozen lung samples were homogenized in RIPA protein lysate

(containing 10% PMSF) (Wanleibio, Liaoning, China). Then, the

homogenate was centrifuged at 12 000g, at 4�C for 30 minutes and

supernatant was collected. Subsequently, protein levels were esti-

mated by Bradford protein assay (Bio-Rad Hercules, CA, USA). Total

proteins were electrophoresed in SDS-PAGE system and the gel

bands were electrophoretically transferred to polyvinylidene fluoride

(PVDF) membranes. The membranes were blocked with 5% skim milk

for 1 hour. Immunoblotting was performed using antibodies against

rat α-SMA (Wanleibio, Liaoning, China), NOX4 (Bio-Rad Hercules, CA,

USA) and β-actin (Santa Cruz Biotechnology, Santa Cruz, CA) at the

manufacturer’s recommended dilutions. Protein signals were finally

detected using enhanced chemiluminescence (ECL) reagent

(SuperSignal Western Pico Chemiluminescent Substrate, Pierce, USA).

2.8 | Statistical analysis

Results are represented as the mean � SEM. Statistical difference

between groups was analyzed using SigmaStat (SPSS Science, Chi-

cago) with parametric test one-way analysis of variance (ANOVA) fol-

lowed by Dunnett's test or by non-parametric test (Kruskal–Wallis).

P values less than .05 were considered statistically significant.

3 | RESULTS

3.1 | Elemental and ionic contents of fine particles

The size of the vast majority of CLDS-i particles is less than 1 μm, and

the average grain size is between 500 and 600 nm (Figure 1A). Lunar

dust particles have multifarious morphology, usually with sharp edges.

By scanning electron microscopy, it was observed that the CLDS-i

simulation particle was similar to lunar dust with respect to complex

morphology and sharp edges (Figure 1B).

3.2 | Effects of dust on cell differential counts

The percentage of macrophages, lymphocytes, and neutrophils in

BALF were evaluated. The results were shown in Table 1. The per-

centage of lymphocytes in the high-dose group was significantly

higher than that in the control group, and the percentage of neutro-

phils in the LDS-exposed groups was significantly increased. The per-

centage of macrophages in the LDS-exposed groups was significantly

decreased. There was dose-dependent relationship between the

major immune cells and LDS in different BALF samples.

3.3 | Effects of dust on cytological and biochemical
assessments in BALF

In order to examine lung injury, proinflammatory factors (IL-6, TNF-α),

cytotoxicity markers (LDH, AKP), and permeability markers (TP, ALB)

in BALF were evaluated (Table 2). The expression levels of IL-6 and

TNF-α were significantly increased in the LDS high-dose group com-

pared with those of the control group. The expression levels of LDH
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and TP in the LDS middle- and high-dose groups were significantly

higher than those of the control group. Moreover, the expression

levels of AKP were significantly higher in the LDS high-dose than

those in the control group. Exposure to LDS did not induce a signifi-

cant difference in ALB expression compared with that in the control

group, but a dose-dependent increase was observed. These results

suggested that LDS exposure led to a dose-dependent upregulation in

the levels of the biochemical markers in BALF. LDS exposure could

cause serious toxicity, inflammation, and lung epithelial permeability.

3.4 | Pathology changes in lung tissue

To elucidate morphological alterations in the lungs, lung samples were

examined by H&E and Masson's trichrome staining. The results of the

H&E staining showed that pathological changes were more prominent

with increasing doses of LDS (Figure 2A). Lung structures were almost

normal in the control group. Slight inflammatory cell infiltration, aggre-

gation of neutrophils, a small amount of macrophage distribution, and

partial thickening of the pulmonary septum were observed in the LDS

low-dose exposure group. More severe lesions were observed in the

middle-dose group. Increased thickening of the pulmonary septum,

aggregation of neutrophils, and the number of macrophages was

observed to greater extent compared with those in the low-dose

group. The most obvious lesions were observed after high-dose expo-

sure. High levels of aggregation and infiltration of lymphocytes and

neutrophils were obvious. The number of macrophages increased sig-

nificantly. Interstitial cell hyperplasia was found in some areas of the

lung. Alveolar structure changed significantly, even in some areas, the

basic structure of the lungs remained indistinguishable.

The results of Masson's trichrome staining showed that the

fibrotic lesions were enhanced along with increasing dosage of LDS

(Figure 2B).The histological analysis of lung tissue showed that the

treatment of the rats with LDS led to a dose-dependent increase in

collagen deposition (trichrome-positive blue-colored areas) com-

pared with that in the control group (Figure 2C). After Masson's tri-

chrome staining is performed, the percentage of trichrome-positive

tissue is calculated. There was a dose-dependent increase in

fibrosis area.

The results of immunohistochemical staining showed that the

positive staining for α-SMA and NOX4 in the dust-exposed groups

increased significantly compared with that in the control group as

shown in Figure 2D-G.

3.5 | Pulmonary oxidants and antioxidants

To explore the effects of oxidative stress on rat lung, the activities of

SOD and GSH-Px, and MDA levels in lung tissues were measured

(Table 3). SOD and GSH are the key antioxidant enzymes which regu-

late oxidative stress in cells. The activities of SOD were significantly

decreased in the LDS middle- and high-dose groups, along with

decreased GSH-PX expression in all LDS-exposed groups compared

with levels detected in the control group. The expression levels of

MDA were significantly increased in the middle- and high-dose groups

compared with those in the control group.

FIGURE 1 CLDS-i particle size and microscopic morphology. (A) Particle size distribution of CLDS-i. (B) Particle morphology for CLDS-i

TABLE 1 Major immune cells in the BALF after infection (n = 6)

Group Amount of dust (mg) Macrophages (%) Lymphocytes (%) Neutrophils (%)

NS 0 77.82 � 3.80 7.50 � 3.89 14.02 � 3.33

LDS low-dose 0.35 68.59 � 6.81** 9.28 � 3.41 25.61 � 4.83**

LDS middle-dose 1.05 61.07 � 6.11** 12.55 � 8.59 30.32 � 5.21**

LDS high-dose 3.15 44.82 � 3.81** 16.03 � 7.30* 42.21 � 4.02**

Note. Compared with the saline control group.
*P < .05; **P < .01.
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3.6 | Expression of inflammatory pulmonary fibrosis
related genes and proteins

There was a dose-dependent upregulation in iNOS gene expression,

and its mRNA levels were significantly higher in the LDS high-dose

group than those in the control group. The eNOS mRNA levels were

significantly higher in the LDS middle- and high-dose groups. In rats

that were exposed to LDS, there was a significant upregulation in

NOX4 gene expression, and the levels of NOX2 mRNA were signifi-

cantly higher in the high-dose group (Figure 3). These results also indi-

cate that NOX4 is the most sensitive indicator of LDS exposure

compared with eNOS, iNOS, and NOX2.

The expression levels of eNOS, iNOS, NOX2, NOX4, and α-SMA

proteins were analyzed by western blotting (Figure 4). The expression

of α-SMA protein as well as the levels of immunohistochemical stain-

ing for α-SMA were significantly higher in the LDS-exposed groups

than in the control group (Figure 2E). The expression levels of eNOS,

iNOS, NOX2, and NOX4 proteins were consistent with the levels of

genes.

4 | DISCUSSION

In an effort to thoroughly investigate the pulmonary toxicity caused

by lunar dust, the subacute toxicity studies are reported here. Intratra-

cheal instillation of collected and extracted samples has limitations,

including the non-physiological route of administration, which results

in deposition of particle of all sizes with the same spatial distribution.

However, this method is very useful if material to be studied is in very

limited supply and extremely precious.18

It was reported that in rats exposed by inhalation to 10 mg/m3 of

either α-quartz or TiO2 for 1 week, the lung burdens of particles were

0.72 mg quartz or 0.42 mg TiO2. The minute respiratory volume

(MRV) of a 300 g rat was 0.210 L/min.19 Because the weight of rats

(220-250 g) used in this study was similar that of rats aged

11-13 weeks,20 if it is assumed that dust deposition in the lung is

roughly proportional to the MRV of the exposed animals, the dust

burden of the rat lung would also have been about 0.72 mg quartz or

0.42 mg TiO2. Considering relative toxicity assessment and potential

biological mechanisms for lunar dust, it was reasonable that a single

dose of 0.35 mg per rat was chosen as a low dose, 1.05 mg as a mid-

dle dose, and 3.15 mg as a high dose in the present study. That is 0.7,

2.1, and 6.3 mg per rat for 1 week.

Another research reported that the lung burdens (determined at

the end of the last exposure) of mice exposed to TiO2 at 10, 50, or

250 mg/m3 for 13 weeks (6 hours/day, 5 days/week) were 7.1, 45.1,

and 120.4 mg/g of dry lung tissue, respectively.21 The corresponding

values for lung burden of TiO2 per rat calculated by these authors

were approximately 2.9, 18.5, and 49.4 mg (personal communica-

tion).21 It is noteworthy that the low dose (0.35 mg/rat, 0.7 mg/week)

used in our study fell between the values for lung TiO2 burden of rats

exposed to 10 mg/m3 for 1 week (0.42 mg/rat, extrapolated above

according to [20]) and those exposed to 10 mg/m3 for 13 weeks

(2.9 mg/rat). The high dose in our study (3.15 mg/rat) was comparable

to the body burden of rats exposed to 50 mg/m3 for 13 weeks in

Everitt's study.21 At the same time, these doses were not expected to

cause an overdose.

An increase in neutrophils (expressed as percentage of total

lavaged cells) is a biomarker for pneumonia disease. Lymphocytes are

important cellular components in the immune response. The increased

number of neutrophils and lymphocytes associated with pulmonary

fibrosis is an indication of granulomatous and allergic reactions.22

Although an increase in neutrophils and decrease in macrophages

were also observed in all the dust-treated groups during an acute tox-

icity experiment,11 the results showed more obvious pathological

changes in the present report. These observations indicated that the

toxic effects were gradual; thus, it took some time for neutrophils to

be recruited into and accumulate significantly in the lung. In accor-

dance with the previous research, these results suggest that it is possi-

ble to reduce lung damage caused by LDS if we can interfere with

neutrophil infiltration at the early stage of lung inflammatory injury.

The results indicated that in the BALF samples, there was a dose-

dependent increase in AKP, ALB, TP, and LHD in the rats exposed to

LDS. It reflected the extent of damage to alveolar epithelial cells and

the capillary barrier. The contents of TP increased significantly in the

middle- and high-dose groups due to the increased permeability of

the respiratory tract mucosa, increased plasma protein contents, and

increase in the release of cytoplasmic proteins as a result of lung dam-

age. The levels of LDH increased significantly in the middle- and high-

dose groups indicating type I alveolar epithelial cell damage after par-

ticulate matter entry to the trachea.11 The inflammatory lesions in the

lungs were more prominent with the increase in LDS instillation dos-

age in the dust exposure groups. The results of H&E staining also

showed that LDS exposure could result in pathological changes in rat

lungs which were consistent with the cytochemical results. It

TABLE 2 Biochemical parameters in the BALF in lung tissue after infection (n = 6)

Group
Amount of
dust (mg) AKP (IU/L) LDH (IU/L) ALB(g/L) TP (g/L) IL-6(pg/mL) TNF-α(pg/mL)

NS 0 46.25 � 13.50 551.42 � 67.49 0.12 � 0.05 0.28 � 0.10 18.05 � 5.69 6.24 � 2.06

LDS low-dose 0.35 57.80 � 12.81 567.34 � 33.60 0.14 � 0.15 0.20 � 0.07 19.36 � 10.12 8.32 � 4.76

LDS
middle-dose

1.05 58.40 � 16.95 607.72 � 43.26** 0.28 � 0.16 0.36 � 0.11* 35.72 � 19.56 9.67 � 5.43

LDS high-dose 3.15 72.50 � 15.50* 652.12 � 22.11** 0.38 � 0.22 0.52 � 0.16** 121.16 � 52.11** 21.15 � 10.86**

Note. Compared with the saline control group.
*P < .05; **P < .01.
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indicated that rats exposed to LDS, to some extent, could suffer from

lung injury.

IL-6 and TNF-α are pro-inflammatory cytokines. The increase in

synthesis and combined effects of some pro-inflammatory regulatory

factors could cause systemic inflammation.23 TNF-α is an endothelial

activation factor, which can promote the neutrophil granulocytes and

eosinophil granulocytes adhered to endothelial cells, in order to facili-

tate their migration to inflammatory sites and enhance their toxic
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effects. After being activated by the particles, macrophages, epithe-

lium, and lymphocytes can produce IL-6 through the induction of

TNF-α. In other words, TNF-α can regulate the body's inflammatory

response by regulating the expression of other inflammatory factors

such as IL-6, IL-1, and IL-8, and these factors further promote the pro-

gression of inflammation via TNF-α.24 It has been shown that TNF-α

could be enhanced in pulmonary artery by inhaling such particles.25,26

TNF-α can also lead to fibroblast proliferation and collagen synthe-

sis.27 Therefore, it was believed that the increased TNF-α in BALF

may be a sensitive early biomarker for inflammation related to pulmo-

nary fibrosis.28 The present results showed that the levels of TNF-α

and IL-6 in the lung increased significantly in the high-dose group

compared with those in the control group. It is suggested that LDS

can produce inflammatory stimulation effect on lung tissue. The

results of Masson's trichrome staining also supported this hypothesis.

Masson's trichrome staining showed that fibrotic lesions were pro-

duced in the lungs of rats after 3 weeks of LDS exposure. Immunohis-

tochemical staining as well as the western blotting results showed a

significant increase in α-SMA expression. It indicated that fibroblasts

(principle effector cells in the pathogenesis of pulmonary fibrosis)

transformed to contractile myofibroblasts resulting in the formation

of fibrotic foci. The results also indicated that inflammatory response

was an extremely important mechanism leading to pulmonary fibrosis.

The reactive oxygen species (ROS) in the lungs can be increased

by inhaled particles. Oxidative stress often occurs along with tissue

inflammation, which induces the release of ROS to cause tissue injury.

The free radicals induced by PM2.5 can directly act on antioxidant

enzyme systems (eg, SOD, GSH, CAT) and reduce their activities.25

MDA is the most important product of membrane lipid peroxidation,

which reflects the degree of oxidative damage to the membrane sys-

tem.23 A reduction in activities of SOD and GSH-Px was found in the

LDS exposure groups, and a significant increase in MDA levels sug-

gests a large amount of ROS in the lungs. Therefore, these results indi-

cated that the normal balance between oxidation and antioxidation

was broken by LDS, which led to increased ROS levels. ROS can pro-

mote the expression of plasminogen activator inhibitor-1 (PAI-1), and

overexpression of PAI-1 can lead to excessive accumulation of colla-

gen in damaged lung tissue. Extracellular matrix (ECM) cannot degrade

and eventually leads to the formation of pulmonary fibrosis.29 At pre-

sent, normal antioxidants used in clinics are not effective in the treat-

ment of pulmonary fibrosis. Therapeutically, augmenting epithelial

lining fluid glutathione in cystic fibrosis patients by means of inhala-

tion or oral administration of the glutathione prodrug N-acetylcysteine

is not a novel approach, but has not been clinically successful to

date.30 Therefore it indicates that more “targeted” anti-oxidative ther-

apy should be explored for pneumonia and fibrosis.

eNOS and iNOS are nitric oxide synthase (NOS) subtypes, both

expressed in vascular endothelial cells. The iNOS-derived nitric oxide

(NO) has a cytotoxic effect and causes lung injury. The eNOS-derived

NO has a physiological effect on healthy pulmonary functions.31 NO

is an important regulator to regulate the tension and inflammation of

airway and vascular smooth muscle. It is considered that a possible

mechanism of PM2.5 affecting the health is by changing nitric oxide

homeostasis.32 iNOS can be induced during the pathological state of

inflammation. Exposure to fine particles can stimulate release of cyto-

protective NO and upregulate iNOS messenger ribonucleic acid, while

downregulating endothelial NOS suggesting that exposure to fine par-

ticles altered the NO/NOS system.26

Increase in iNOS levels is considered as an early indicator of the

inflammatory process and abnormally expressed iNOS genes are con-

sidered as therapeutic targets for pulmonary diseases.33 The expres-

sion of iNOS can be induced by TNF-α.34 Our results showed that the

levels of iNOS mRNA were significantly increased in the high-dose

group similar to levels of TNF-α and IL-6 in lung tissue. Therefore, the

increase of iNOS expression induced by LDS may be caused by these

cytokines or by other mechanisms. A recent research has shown that

exposure to nanotitanium dioxide particle (nTiO2) causes decreased

eNOS expression and increased iNOS expression.35 The impact of fine

particles on eNOS levels is uncertain. Long-term exposure to PM con-

taminated air has been reported to increase the risk of developing

lung disease, such as chronic obstructive pulmonary disease,36 and

chronic hypoxia can significantly increase the expression ofeNOS.37 In

FIGURE 2 Pathology changes and Immunohistochemical staining in lung tissues. (A) Representative H&E-stained lung sections. In the figures,

ad = alveolar duct, b = bronchus, and v = vessel. Lung structures were almost normal in the saline group. ! = thickening of the pulmonary
interstitium and presence of few inflammatory cells in the LDS low-dose group. ! =significant thickening of the pulmonary interstitium and
increased presence of inflammatory cells in LDS middle-dose group. ! =significant thickening of the pulmonary interstitium and presence of a
large number of the inflammatory cells in LDS high-dose group. (B) representative Masson's trichrome staining of lung sections. ! = collagenous
fiber staining can be mainly observed in the alveolar septum. (C) Trichrome stain analysis. (D) Immunohistochemical staining for α-SMA in rat
lungs. (E) α-SMA immunohistochemical analysis. (F) Immunohistochemical staining for NOX4 in rat lungs. (G) NOX4 immunohistochemical
analysis. Scale bars: 100 μm. The percentage of blue-colored trichrome-positive staining and the percentage of positive expression area of the
lung tissues were measured with image J (12 images were taken from each group [n = 3]). The data are presented as the mean � SD. Compared
with the saline control group, *P < .05, **P < .01 [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 3 Levels of SOD, GSH-PX, and MDA in lung tissue after infection (n = 6)

Group Amount of dust (mg) SOD (U/mg) GSH-PX (U/mg) MDA (mmol/mL)

NS 0 21.69 � 2.75 102.91 � 25.35 93.56 � 9.09

LDS low-dose 0.35 20.22 � 2.92 74.87 � 15.31* 93.74 � 11.89

LDS middle-dose 1.05 18.63 � 2.17* 56.53 � 13.27** 105.30 � 23.31*

LDS high-dose 3.15 17.80 � 3.05** 50.12 � 19.40** 151.85 � 15.84**

Note. Compared with the saline control group.
*P < .05; **P < .01.
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FIGURE 4 Relative expression levels of eNOS, iNOS, NOX4, NOX2 and α-SMA protein in rat lungs (n = 3). (A) Western blotting for eNOS and

iNOS protein. (B) eNOS and iNOS protein analysis. (C) Western blotting for NOX4, NOX2 and α-SMA protein. (D) NOX4, NOX2 and α-SMA
protein analysis. The final results are summarized in the bar graphs. The data are presented as the mean � SD. β-actin and GAPDH were used as
the loading control respectively. Compared with the saline control group, *P < .05, **P < .01
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FIGURE 3 iNOS, eNOS, NOX4, and NOX2 mRNA expression in rat lungs (n = 6). (A) iNOS mRNA expression. (B) eNOS mRNA expression.

(C) NOX4 mRNA expression. (D) NOX2 mRNA expression. The data are presented as the mean � SD. Compared with the saline control group,
*P < .05, **P < .01 [Color figure can be viewed at wileyonlinelibrary.com]
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this study, we found that the expression of iNOS in the high-dose

group was significantly increased, whereas the expression of eNOS

mRNA in the middle- and high-dose exposure groups was significantly

increased. We speculate that it may be because LDS particles with

diameter size under 1 μm can easily cause blockage in the bronchioles

and alveoli, followed by reduction in pulmonary ventilation resulting

in hypoxia. Chronic hypoxia leads to increased expression of eNOS,

thereby generating more endothelium NO, which may play a protec-

tive role in lung toxicity caused by LDS. This effect outweighs the

negative feedback regulation of NO generated by iNOS.

NADPH oxidases are the main enzymes that produce ROS in the

blood vessel. It is the most important enzyme involved in the forma-

tion of intravascular ROS, and it is also an important oxygen receptor

in the body. Studies on lung inflammation using bacterial toxins, such

as lipopolysaccharide (LPS), show that NADPH oxidases (NOX) regu-

late key inflammatory signal transduction pathways involved in lung

inflammation.38,39 Recent evidence also implicates reactive oxygen

species-generating NADPH oxidase enzymes in pulmonary fibrosis,

and NOX isoforms that have been reported to contribute to tissue

fibrosis include NOX240 and NOX4.41 NOX2 has been reported to be

a major source of ROS with pulmonary inflammation. The anti-fibrotic

effect of triptolide on IR-induced pulmonary fibrosis was associated

with its inhibition on the axis of alveolar macrophages-NOXes-ROS-

myofibroblasts.29 NOX4 plays an important role in the pathological

process of acute lung injury to fibrosis.41 In NOX4-deficient rodent

disease model, ROS generation by the NOX4 is crucial for the induc-

tion of alveolar epithelial cell death and the subsequent development

of lung fibrosis.42 The results of this study showed that LDS exposure

could induce overexpression of NOX2 and NOX4 mRNA in lung tissue

of rats, suggesting that the body was in oxidative stress with time

after perfusion of LDS. Moreover, NOX4 is a more sensitive indicator

than NOX2, and the changes in NOX4 mRNA levels are in accordance

with the changes in the levels of NOX4 protein expression. Therefore,

it is hypothesized that strategies aimed at specifically blocking the

source of ROS (“targeted” anti-oxidative therapy) through inhibition of

NOX family NADPH oxidases, especially NOX4, may prove to be

more effective as anti-fibrotic therapies. The results in our study

showed that exposure to LDS significantly increased the mRNA levels

of NADPH oxidases indicating that subchronic exposure to LDS-

induced oxidative stress adversely affects health.

Our results come with some restrictions. Firstly, toxicity, clear-

ance, and translocation of dust in the pulmonary system are affected

by their composition. Although the presence of np-Fe0 is considered

as the main factor leading to the toxicity of lunar dust, but it is in

glassy rims of dust particles. It is uncertain whether this combination

will decompose after entering the lung and release np-Fe0 which

causes toxicity. Metabonomics analysis is required in future research.

Secondly, LDS resulted in a significant increase in eNOS levels.

Although it has been shown that chronic hypoxia leads to an increase

of eNOS,37 the specific mechanism is not yet clear. Future research is

needed to identify the relation between eNOS and NOX4 (a key indi-

cator in lung fibrosis) in the rat lungs and the underlying mechanism of

how they impact each other resulting in pulmonary fibrosis induced

by LDS.

In summary, the treatment of the rats with LDS for 3 weeks

resulted in lung lesions with significant changes in composition of

immune cells and biochemical markers in the BALF. The morphological

changes in lung tissue indicated that inflammatory lesions and fibrotic

lesions were increased with increasing LDS dosage. Moreover, the

abnormal changes in oxidative stress indicators and NADPH expres-

sion suggest that LDS may promote the development of interstitial

fibrosis of the lungs by increasing oxidative stress, which promotes

the inflammatory reaction. Furthermore, NOX4 is suggested to be a

possible key target enzyme during pulmonary fibrosis induced by LDS.

In addition, an abnormal increase in NOS suggests that LDS, which

causes lung inflammation, also activates pulmonary vascular endothe-

lial cells, impairing endothelial function. Our findings provide novel

insights into the mechanism of lunar dust toxicity, which will be help-

ful for protecting astronauts from such toxicity during future manned

lunar exploration.
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