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Abstract
Introduction. We have previously reported that Asian sand dust (ASD) induced acute and chronic inflammatory 
changes in the lung of mice. Zinc (Zn) is reported to influence inflammation and wound healing. The purpose 
of the study was to assess the effects of lowered serum Zn levels on the lung toxicity induced by ASD.
Material and methods. Mice that were fed diets containing normal (group 1) or low (group 2) content of Zn 
for 8 weeks were intratracheally instilled with 3.0 mg of ASD, followed by sacrifice at 24 hours, 2 weeks, and 1, 
2 and 3 months after instillation. Paraffin sections of lung tissues were stained by hematoxylin and eosin and by 
immunohistochemistry to detect tumor necrosis factor (TNF) and interleukin (IL)-1b as well as inflammasome 
(NALP3), autophagy (LC-3) and lysosome (LAMP-1) markers. Selected samples of lung tissue were examined 
by electron microscopy.
Results. Following histological examination of the lung, similar patterns of inflammatory changes were observed 
in mice with normal and low serum Zn concentrations; however, they were more prominent and persistent in mice 
with low serum Zn level. These changes were both purulent (acute) and pyogranulomatous (chronic) in nature. 
In the lung lesions of group 2 mice the changes within the cytoplasmic vacuoles of enlarged ASD-containing 
macrophages (Mo) were clearly visible. The macrophages expressed TNF and IL-1b, and semi-quantitative anal-
ysis revealed a larger number of TNF-positive Mo in mice with normal level of serum Zn and a larger number of 
IL-1b-positive Mo in mice with low level of serum Zn. Decreased positive LC-3 staining and dilated lysosomes 
containing ASD particles were observed in the cytoplasm of Mo in mice with low serum Zn concentration. 
Conclusions. These findings suggest that low serum zinc concentration may induce the modulation of cytokine 
expression and lysosomal malfunction by phagocytotic and/or autophagic mechanisms, and may result in intersti-
tial pyogranulomatous inflammation in the lungs of mice treated with ASD. (Folia Histochemica et Cytobiologica 
2018, Vol. 56, No. 1, 38–48)
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Introduction

Asian sand dust (ASD, also known as Kosa aerosol) 
originates from the arid deserts of Mongolia and Chi-
na and causes severe air pollution annually within the 
Asia-Pacific area [1]. Epidemiological studies of ASD 
in humans have shown that exposure to ambient ASD 
particles is associated with an increase in pulmonary 
[2–6] and cardiovascular problems [2, 3, 7, 8]. Because 
of recent environmental changes, such as desertifica-
tion and global warming, human and animals are at 
an increased risk of frequent exposure to ASD and 
the resultant adverse health effects of ASD on the 
respiratory system.

Previous studies investigating the pulmonary 
toxicity caused by intratracheally instilled high doses 
of ASD demonstrated that the mineralogical com-
ponents of ASD particles, free from chemical and 
biological pollutants, caused inflammatory changes in 
lung tissues of mice. The changes were characterized 
by acute purulent inflammation and ensuing chronic 
granulomatous inflammation [9–12]. The direct ef-
fects of the ASD particles, release of cytokines from 
macrophages, and oxidative stress generated in the 
lesions may be involved in the development of lung 
toxicity [10].

Lung is subjected to a wide range of insults in air. 
Alveolar macrophages are the primary innate immune 
phagocytic cells at the air tissue interface responsible 
for clearance of particulate matters [13, 14]. Inflam-
masome, an oligomer of intracellular proteins, is 
now believed to be the link between innate immune 
response to dust and lung inflammation; inorganic 
particulate matters including silica have been reported 
to trigger inflammasome activation with resultant 
cytokine production in alveolar macrophages [15–17].

Zinc (Zn) is essential for health and well-being. 
It has a structural and functional role in a large num-
ber of macromolecules, and is required for over 300 
enzymatic reactions in DNA synthesis, cell division, 
and protein synthesis — all necessary for tissue regen-
eration and repair [18]. In addition, Zn is an essential 
trace element that participates in wound healing, and 
Zn2+ binding constitutes an important factor for cell 
membrane repair [19]. Dynamic membrane repair is  
a fundamental process in maintaining cellular integ-
rity. Defective membrane repair is associated with 
compromised wound healing, muscular dystrophy, 
and cardiovascular disease onset [20]. Moreover, 
zinc has been reported to be important in airway 
homeostasis [21] and influence inflammation by the 
production and signaling of numerous inflammatory 
cytokines, including tumor necrosis factor (TNF) and 
interleukin (IL)-1b in a variety of cell types [22–25].

A moderate deficiency of Zn is often observed in 
elderly patients, even in industrialized countries [26]. 
Zinc deficiency has been identified as a significant 
public health problem contributing to 800,000 deaths 
worldwide annually [27]. The purpose of the current 
study was to assess the effects of low serum Zn on 
the lung toxicity induced by ASD in an animal model. 

Materials and methods

Animals. A total of 80 male ICR mice (5 or 6 weeks old) were 
obtained from CLEA JAPAN Inc. (Tokyo, Japan). Animals 
were either fed a CE-2 standard diet (Zn = 35 μg/g, protein 
25.13%, fat 4.92%, fiber 4.42%, ash 6.86%, nitrogen free 
extracts 49.84%) or an A12551 low Zn diet (Zn < 1 μg/g, 
protein 25.13%, fat 4.92%, fiber 4.42%, ash 6.86%, nitrogen 
free extracts 49.84%) purchased from CLEA JAPAN Inc 
(Tokyo, Japan) for 8 weeks, a time sufficient to establish 
zinc deficiency. Water was provided ad libitum throughout 
the experiment. The mice were housed in cages at a tem-
perature of approximately 25°C with 55–70% humidity. All 
experiments were performed according to the guidelines of 
The Laboratory Animal Care Committee of Azabu Univer-
sity, Kanagawa, Japan. Body weight changes were recorded 
weekly to assess the general health of the mice. Plasma zinc 
concentrations were evaluated before the experiment to 
confirm that animals achieved a zinc-deficient state. Zinc 
analysis was carried out by measuring serum zinc concentra-
tions using the Zinc Assay kit (Metallogenics, Chiba, Japan), 
following the manufacturer’s protocol [21]. Absorbance was 
measured using an Epoch Microplate Spectrophotometer 
(BioTek, Tokyo, Japan).

Preparation of particle samples. CJ-2 particles, which are 
simulated ASD particles, were used in this study. The CJ-2 
particles were obtained from General Science Corporation 
(Tokyo, Japan). The particles were collected from surface 
soil in the southwest part of the Tengger desert in north-cen-
tral China where dust storms occur frequently [28]. The CJ-2 
particles contained 28.0% Si, 5.9% Al, 5.3% Ca, 3.0% Fe,  
1.7% K, and 1.6% Mg, and the mean diameter of the parti-
cles was approximately 0.03 mm ± 0.01 mm, according to the 
manufacturer’s data sheet. The CJ-2 particles were hot air 
sterilized at 300°C for 1 hour to remove toxic substances (mi-
crobiological substances and chemicals including nitrogen 
oxide and sulfur oxide) adhering to ASD. The sterilization 
temperature was determined in accordance with previous 
studies [9]. It has been reported that neither the chemical 
composition nor the shape of mineral particles changed, 
even when heated to 700°C [29].

Preparation of ASD suspensions. The sterilized particles 
were suspended in 0.05 ml of sterilized 0.9% NaCl solution 
for instillation. The suspensions were deflocculated via ul-
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trasonic disintegration for 30 min, resulting in homogeneous 
fine particles of less than 2.0 μm in diameter. A number of 
particles with a total mass of 3.0 mg were selected to deter-
mine dose effects on lung toxicity in mice. The maximum 
deposition of particles in the lung of a single mouse was 
calculated using tidal volume and breathing rate [9]. The 
maximum weekly deposition of suspended particulate mat-
ter (0.1 mg/m3), as measured by the Japanese national air 
quality standard, was approximately 0.03 mg. The instillation 
dose (3.0 mg) in the present study represents 99 times that 
amount, respectively [10]. Control mice were administered 
0.05 ml of sterilized 0.9% NaCl solution.

Study protocol. A total of 40 mice with normal levels of 
serum Zn (93.46 µg/dL ± 11.39, mean ± SD) and 40 mice 
with low levels of serum Zn (less than 40 µg/dL ± 8.30) were 
randomly divided into five control (n = 3 each) and five 
exposure (n = 5 each) groups. The mice were anesthetized 
using an i.p. injection of sodium pentobarbital (5 mg/100 g 
body weight) (Wako, Osaka, Japan). The suspensions were 
agitated immediately prior to intratracheal instillation, and 
0.05 ml of the suspension was instilled in each mouse using 
an intratracheal cannula. Each intratracheal instillation 
procedure took 3 seconds.

The mice in each of the five groups were euthanized 
by exsanguination under deep anesthesia induced by i.p. 
injection of sodium pentobarbital at 24 hours, 2 weeks, and 
1, 2, and 3 months after instillation, respectively. Mice with 
low levels of serum Zn were fed a low level of Zn diet during 
the experiment.

Pathological examination. Three mice from each control 
group and five mice from each exposure group were used 
for pathological examination and immunohistochemistry. 
The lung lobes were separated, and longitudinal sections 
from each lobe were prepared. Half of these sections were 
placed into embedding cassettes and fixed by immersion in 
10% neutral-buffered formalin. The other half of the lon-
gitudinal sections from each mouse in the groups sacrificed 
24 h after treatment was used for electron microscopy. The 
formalin-fixed lung tissues were routinely processed and 
embedded in paraffin for histopathological and immuno-
histochemical examination. Sections of lung (approximately  
3 μm thick) were cut and stained with hematoxylin and 
eosin (H&E).

Immunohistochemistry: polymer method. Paraffin-embed-
ded sections of the lungs treated with saline or with 3.0 mg 
of ASD particles were used for the immunohistochemical 
detection of cytokines (TNF, IL-1b), an inflammasome 
component (NALP3), an autophagy marker (LC-3), and 
a lysosome marker (LAMP-1). For antigen retrieval, the 
sections were placed in citrate buffer solution (pH 5.4) and 

microwaved for 20 min. Endogenous peroxidase activity was 
quenched with 3% H2O2 for 30 min at room temperature 
(RT). The slides were then blocked using 10% normal goat 
serum for 1 h at RT. Thereafter, the sections were incubated 
with primary antibodies overnight at 4°C (anti-TNF, 1:200 
dilution; anti-IL-1b, 1:200 dilution; anti-NALP3 inflammas-
ome,1:200 dilution; anti-LC-3, 1:400 dilution; anti-LAMP-1, 
1:400 dilution; all from Bioss, Boston, MA, USA). The 
primary antibodies were replaced with phosphate-buffered 
saline (PBS) in negative controls. After incubation with 
primary antibodies, the sections were placed in a solution 
containing a peroxidase-labeled polymer conjugated to  
a secondary anti-rabbit antibody [EnVision + kit/HRP, 
Dako, Glostrup, Denmark)] for 30 min at RT. Positive 
regions were stained brown with the chromogen 3,3’-diam-
inobenzidine tetrahydrochloride (DAB, Wako). Following 
this, sections were counterstained with hematoxylin. 

Semiquantitative analysis. A semiquantitative evaluation 
of the microscopic lesions (numbers of neutrophils and 
enlarged macrophages with cytoplasmic vacuoles and ASD, 
alveolar thickening) and immunohistochemical reactions 
(TNF, IL-1b, NALP3 inflammasome) in the lung was con-
ducted in mice treated with Asian sand dust (ASD). Num-
bers of neutrophils, enlarged macrophages with cytoplasmic 
vacuoles and ASD particles, and positively immunolabeled 
cells were counted in 10 microscopic fields at 400× in mice 
sacrificed at 24 hours and 2 months after treatment. Alveolar 
thickening was scored 1 = 1–3 cell thickness; 2 = 4–6 cell 
thickness; 3 = >7 cell thickness in 10 microscopic fields at 
400× in mice sacrificed at 1, 2 and 3 months after treatment. 
This was performed ten times and the mean values were 
calculated and recorded.

Transmission electron microscopy. Of the mice in each 
group that was sacrificed 24 hours after treatment, half 
of the longitudinal sections of each lung lobe were used 
for transmission electron microscopy. Cubes of 1–2 mm3 
were prepared from each section. They were fixed in 2.5% 
glutaraldehyde for 3 h at 4°C, rinsed in 0.1 M phosphate 
buffer (pH = 7.4), post fixed for 1 h in 1% osmium tetrox-
ide, dehydrated in alcohol, and embedded in epoxy resin. 
Semi-thin (1 μm) sections were stained using 1% toluidine 
blue. Ultra-thin sections stained with uranyl acetate and 
lead citrate were then examined under a Hitachi H-500H 
electron microscope (Hitachi, Tokyo, Japan).

Statistical analysis. Statistical analysis of semiquantitative 
histology and immunohistochemistry was performed using 
a Student’s t-test for two-group comparisons. P values less 
than 1% (p < 0.01) and 5% (p < 0.05) were considered 
statistically significant in semiquantitative histology and 
immunohistochemistry, respectively.
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Results

Morphological changes in lungs of mice  
with low and normal Zn serum levels that  
were instilled with ASD
Lungs from control mice with normal and low lev-
els of serum Zn showed no pathological changes  
(Fig. 1A, B). Histological examination of lung sections 
revealed similar patterns in the lesions of mice fed 
normal- and low-level Zn diets following treatment 
with ASD particles (Fig. 2A–J). Interstitial inflam-
mation characterized by neutrophil infiltration and 
macrophage accumulation was observed throughout 
the experimental time course; the inflammatory 
changes were more prominent and persistent in mice 
fed on a low Zn diet (Fig. 2A–J). Neutrophil infil-
tration was most prominently observed at 24 hours 
after the treatment (Fig. 3A). Thereafter, thickening 
of the alveolar wall with an increase in the number of 
macrophages at the alveolar septa was observed over 
time; the change was prominent in the low serum Zn 
mice (Fig. 2A–J, 3C). Cytoplasmic vacuolar changes of 
enlarged macrophages containing fine ASD particles 
were observed in the lesions; the changes were most 
obvious in mice fed on a low Zn diet (Fig. 3B, 8A–D).

The expression of cytokines as well as  
inflammasome, autophagic and lysosomal markers
The cytoplasm of macrophages in the inflammatory le-
sions showed positive immunolabeling for TNF (Fig. 4),  
IL-1b (Fig. 5), and inflammasome marker (NALP3) 
(Fig. 6) throughout the examined time period. Semi- 
-quantitative analysis revealed a larger number of 
TNF-positive macrophages in mice with normal level 
of serum Zn and a larger number of IL-1b-positive mac-
rophages in mice with low level of serum Zn (Fig. 7).  
In addition, positive immunolabeling for LC-3 

(an autophagy marker) (Fig. 8E–H) and LAMP-1  
(a lysosome marker) (Fig. 8I–L) was also displayed in 
the cytoplasm of macrophages containing fine ASD 
particles; LC-3 labeling was less prominent in mice 
with lower serum Zn concentration(Fig. 8E–H). 

Ultrastructural changes in the lungs of mice  
after 24 hours of ASD installation
Transmission electron microscopy revealed swollen 
mitochondria and dilated vacuolar structures contain-
ing fine ASD particles in the cytoplasm of alveolar ma
crophages in mice with low serum level Zn (Fig. 9A);  
closely attached vacuoles of various dilations were 
frequently observed (Fig. 9B). These changes were 
not visible in mice with normal serum level Zn. 

Discussion

Quartz (crystalline silica) is known to generate cy-
totoxic and genotoxic effects in pneumocytes [30]. 
Amorphous and crystalline silica (SiO2) [31–36], as 
well as ASD [9, 10, 37–40] have been reported to cause 
inflammatory responses and damage with the release 
of inflammatory cytokines including IL-6 and TNF 
and with the generation of reactive oxygen species 
(ROS) in the lungs of experimental animals. Si was 
the major inorganic chemical element in the ASD 
tested in this study, which was derived from quartz 
and feldspar [28]. A previous report suggested that the 
concentration of SiO2 contributed to the majority of 
the inflammatory responses induced by ASD [37]; Si 
may be responsible for these inflammatory changes.

This study examined pulmonary toxicity induced 
by intratracheal instillation of a high dose (3.0 mg) of 
the mineral component of ASD particles, free from 
chemical and biological substances. A lung histo-
logical examination revealed similar patterns in the 

Figure 1. Lung of control mice with normal (A) and low (B) levels of serum Zn, showing no pathological changes. Hema-
toxylin and eosin (H&E) staining. Bar = 100 µm. 

A B
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lesions of normal- and low-serum levels of Zn in mice 
treated with ASD; these changes were both purulent 
(acute) and pyogranulomatous (chronic) in nature. 
These findings are largely in agreement with previous 
reports of pulmonary toxicity in mice induced by the 
same dose of intratracheally instilled ASD particles; 
this is relevant for both the acute purulent inflam-
mation and following chronic granulomatous inflam-
mation [9–12]. However, the inflammatory changes 

appeared to be more prominent and persistent in mice 
with low levels of serum Zn. Increased inflammation 
and organ damage under zinc deficient condition 
were also reported in a murine polymicrobial sepsis 
model [41]. Zn was previously reported to influence 
inflammation by the production and signaling of 
numerous inflammatory cytokines including TNF 
and IL-1b in a variety of cell types [23–25, 42]. Im-
munohistochemistry demonstrated a larger number of 

Figure 2. Lung lesions of mice with normal (A–E) and low (F–J) serum zinc concentration mice sampled at 24 hours (A, F), 
2 weeks (B, G), 1 month (C, H), 2 months (D, I), and 3 months (E, J) after Asian sand dust (ASD) instillation as described 
in Methods. Interstitial inflammation characterized by neutrophil infiltration and macrophage accumulation (arrowheads) 
was observed throughout the experimental time course; the inflammatory changes were more prominent and persistent in 
mice with a low serum Zn level (A–J). Neutrophil infiltration dominated at 24 hours after the treatment (A, F). Thereafter, 
an increase in the number of macrophages at the alveolar septa was observed over time (A–J). H&E staining. Bar = 100 µm.
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TNF and IL-1b-positive macrophages in normal- and 
low-level serum Zn mice, respectively, suggesting that 
a decreased serum Zn level may induce modulation of 

cytokine expression, resulting in prolonged purulent 
inflammation associated with increased IL-1b expres-
sion in mice with low levels of serum Zn. 

Figure 3. Semiquantitative analysis of the lung lesions in mice with normal (open bars) and low (filled bars) serum zinc levels 
sacrificed after ASD instillation. A larger number of neutrophils (A) and enlarged macrophages with cytoplasmic vacuoles 
and ASD particles (B) were observed in mice with low serum Zn sampled at 24 hours and 2 months (2 m) after treatment 
with ASD. Thickening of the alveolar wall was also evident in mice with low serum Zn after 1 and 3 months from ASD 
instillation (C). Abbreviations as in the legend to Figure 2. **p < 0.01.

A B C

Figure 4. Tumor necrosis factor (TNF) immunohistochemistry in the lung lesions of mice with normal (A, B) and low (C, D) 
serum zinc levels at 24 hours (A, C) and 2 months (B, D) after ASD instillation. Macrophages (arrowheads) in the inflam-
matory lesions show positive immunolabeling for TNF. The immunohistochemical staining was performed as described in 
Methods. Bar = 50 µm. Abbreviations as in the legend to Figure 2.
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Cytoplasmic vacuolar changes of enlarged mac-
rophages containing fine ASD particles were observed 
in lung lesions in this study; the changes appeared to 
be more prominent in mice with low levels of serum 
Zn. Although the overall appearance of vacuoles 
appeared similar under light microscopy, cytoplasmic 
vacuolization may occur by a wide variety of stimuli. 
The vacuoles in question may be derived from dis-
tinct membrane sources including the endosome, 
lysosome, autolysosome, Golgi apparatus, and endo-
plasmic reticulum, suggesting that almost all cellular 
compartments can be dilated and vacuolated [43]. 
Immunohistochemistry involving LAMP-1 has been 
previously used to colocalize dilated vacuoles with lys-
osomes and phagolysosomal complexes [44]. Positive 
LAMP-1 staining and the presence of sequestrated 
ASD fine particles in the membranous structure of 
lung macrophages imply that observed vacuoles were 
lysosomes and/or autolysosomes. Lysosomes become 
enlarged (vacuolated) due to the influx of water, 
resulting from an increase in lysosomal membrane 

permeability induced by sequestrated particles [43]. 
Silica has been reported to increase lysosomal mem-
brane permeability with disruption of the normal 
internalization process leading to cytokine/enzyme 
release and cell death [14, 45]. Numerous studies 
have shown that Zn deficiency alters the composition 
of the plasma membrane [46]. Decreased Zn concen-
tration in the erythrocyte membrane is associated 
with increased osmotic fragility of erythrocytes in rat 
[47] and pig [48]. This increase in the fragility of the 
lysosomal membrane, and resultant water influx into 
the cytoplasm, could be involved in the development 
of the vacuolar dilation that was frequently observed 
in the macrophages of lung lesions in mice with low 
serum Zn concentration. 

Activation of autophagy was demonstrated in the 
alveolar macrophages of silicosis mouse model [49] 
and in the cultured alveolar macrophages exposed 
to silica [50–53] in response to silicon toxicity; au-
tophagy is an important pro-survival mechanism for 
maintaining metabolic homeostasis under stress [54, 

C

D

A

B

Figure 5. Interleukin (IL)-1b immunohistochemistry in the lung lesions of mice with normal (A, B) and low (C, D) serum 
zinc levels at 24 hours (A, C) and 2 months (B, D) after ASD instillation. Macrophages (arrowheads) in the inflammatory 
lesions show positive immunolabeling for IL-1b. Bar = 50 µm.
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Figure 6. Inflammasome (NALP3) immunohistochemistry in the lung lesions of mice with normal (A, B) and low (C, D) 
serum zinc levels treated at 24 hours (A, C) and 2 months (B, D) after ASD instillation. Macrophages (arrowheads) in the 
inflammatory lesions show positive immunolabeling for NALP3. Bar = 50 µm.

C

D

A
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Figure 7. Semiquantitative analysis of the immunorectivity of TNF (A), IL-1b (B) and NALP3 component inflammasome 
(C) in the lungs of mice with normal (open bars) and low (filled bars) serum zinc levels at 24 hours and 2 months after 
ASD instillation. A larger number of TNF-positive macrophages in mice with normal serum Zn level and a larger number 
of IL-1b-positive macrophages in mice with low serum Zn level were observed. Abbreviations as in the legends to Figure 2 
and Figure 3. **p < 0.05.

A B C
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55]. Although the mechanisms by which Zn modulates 
autophagy are yet to be defined, Zn is reported to 
be a positive regulator of autophagy; in vitro studies 

have consistently shown that Zn is critical for basal 
and induced autophagy [56]. Positive immunolabeling 
for LC-3 (an marker of autophagy) and LAMP-1  

Figure 9. Transmission electron microscopy (TEM) images of the macrophages in the lung lesions of mice with low serum 
zinc level at 24 hours after ASD instillation. A. Lysosomes (L), swollen mitochondria (black arrowheads) and dilated vacuolar 
structures (V) containing fine particles (white arrowheads) of ASD are present in the cytoplasm. B. Closely attached dilated 
vacuoles (V) containing fine particles (white arrowheads) of ASD showing fusion of the membranes (black arrowheads). 
Tissues were prepared for TEM as described in Methods. Bars = 1 µm. 

Figure 8. Cytoplasmic vacuolar changes (arrowheads) of enlarged macrophages containing fine particles of Asian sand dust 
were observed in lung lesions of mice (A–L). The changes were most prominent in mice with low serum zinc level (C, D, 
G, H, K, L). Positive immunolabeling for LC-3 (an autophagy marker, E–H) and LAMP-1 (a lysosome marker, I–L) were 
observed in the cytoplasm of macrophages; LC-3 positive staining was less prominent in mice with low serum zinc level (G, 
H). Bars = 20 µm. A–D, H&E staining; E–H, LC-3 immunohistochemistry; I–L, LAMP-1 immunohistochemistry (I–L).
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(a lysosome marker) was also observed in the cyto-
plasm of enlarged macrophages containing fine ASD 
particles; positive LC-3 staining was less prominent in 
low level serum Zn mice, suggesting that autophagy 
was being blocked as a result of Zn deficiency.

Conclusions

Results of this study suggest that low serum Zn con-
centration may induce the modulation of cytokine 
expression and lysosomal malfunction by phagocytotic 
and/or autophagic mechanisms, as well as the result-
ant interstitial pyogranulomatous inflammation, in the 
lungs of mice treated with ASD particles.
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