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Abstract: Ozone pollution is a prominent public health issue, but there are few studies on the ef-
fect of ozone on the ultrastructure of respiratory system; we conducted this research. Exposed to
1.1 ppm O3 4 h per day, the mice lungs and bronchi were taken on the 15th or 30th day. The sections
stained with HE and immunohistochemical streptavidin—peroxidase methods for NQO1, Nrf2, and
Keap1 were observed and measured under the optical microscope. TEM was used for ultrastructure
observation. The animals’ serums were detected for CRP and IL-6 levels. The HE-stained sections
showed no obvious micromorphological changes in the O3 exposure, but the NQO1 average optical
density was higher than the control on the 15th day (p < 0.05). The ultrastructural changes were
found in the O3 exposure group, such as bulges and vacuoles in type I alveolar cells, the increased
evacuation of substance from lamellar bodies in the type II alveolar cells, the increased space around
the goblet nucleus, binuclear goblet, and columnar cells. CRP and IL-6 levels increased compared
with the control (p < 0.05). Although inhaling 1.1 ppm O3 had no significant effect on the micro-
morphology of the mice lungs and bronchi, it did affect the ultrastructure with oxidative stress and
inflammatory responses.

Keywords: ozone; lung; pathology; ultrastructure; NQO1; CRP; IL-6

1. Introduction

Air pollution is an important public health problem with annual costs of more than
USD 4 trillion per year due to health costs and millions of people dying early because of
illnesses associated with poor air quality [1]. The very intensive and powerful Chinese
Clean Air Action Plan launched in 2013 led to a rapid decline in the concentrations of
nitrogen dioxide (NO,), sulfur dioxide (SO;), and particulate matter (PM) [2—4]. At the
same time, ozone (O3) pollution has become more prominent with the concentrations
increased in major cities of China [5,6].

Despite being called “the umbrella of life on earth”, O3 is a strong oxidizing gas,
mainly distributed in the stratosphere of the atmosphere. Ground level Os is created by
a series of complex nonlinear photochemical reactions between O3 precursors, namely,
methane, carbon monoxide, volatile organic compounds (VOCs), and nitrogen oxides
(NOx) [7]-

As early as the 18th century, O3 was used to treat diseases because of its strong
oxidizing properties [8]. Up to now, many institutions use Oz in clinical treatment, but it is
a double-edged sword [9-11]. Among many life-related air pollutants, long-term exposure
to O3 has become increasingly important in resulting to diseases progression and increased
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mortality [12]. Indeed, more recent studies have linked long-term exposure to O3 to reduced
lung function and an increasing risk of developing emphysema irrespective of being a
cigarette smoker [13,14]. Even short-term changes in O3 levels have been associated with
increased mortality [15,16] and cause economic losses [17]. We also studied the correlation
between the air pollutant levels and the number of hospitalized patients with respiratory
diseases in Shenzhen City, which possesses a better air quality than that in most cities in
China, and found O3 concentration impacting the hospitalization in a short period [18].

Inhalation of O3 has been shown to cause pulmonary inflammation [19-22],
asthma [23-26], and chronic obstructive pulmonary disease (COPD) [27]; increase sus-
ceptibility to pathogen infection [28,29]; and exacerbate asthma and lung disease [23,25,30].

Most of these lesions are related to oxidative stress. The Kelch-like ECH-associated
protein 1 (KEAP1)-nuclear factor erythroid 2-related factor 2 (NRF 2)-antioxidant response
elements (ARE) pathway is one of the most important defense mechanisms against ox-
idative and electrophilic stresses, and it is closely associated with inflammatory diseases.
Under normal conditions, the dimer formed by NRF2 and KEAP1 binds to actin in the
cytoplasm and is anchored and ubiquitinated. When exposed to oxidative stress, NRF2 is
translocated to the nucleus and activates an ARE-dependent gene expression of a series
of antioxidative and cytoprotective proteins, such as NAD(P)H: quinone oxidoreductase
1 (NQO1). In addition, NRF2 can affect the expression of the proinflammatory factor
C-reactive protein (CRP) and interleukin 6 (IL-6) content [31-33].

We can easily find articles on the effects of ozone on respiratory pathology and patho-
physiology, but few in combination with ultrastructural studies. Therefore, in this paper,
based on the study of pathology and pathophysiology, we focused on ultrastructural
research using transmission electron microscopy (TEM), hoping to make new discoveries.

2. Materials and Methods
2.1. Experimental Animal Exposures

A total of 48 specific pathogen-free (SPF) C57BL/6 mice, 8-10 weeks, 18.0-22.0 g, 50%
and 50% for male and female, provided by Guang Dong Medical Laboratory Animal Center
(GDMLAC), were nourished and tested in a standard animal laboratory. Animals were
fasted and water-free during the period of exposure, ate, and drank freely during the rest of
the time. The mice were randomized into 4 groups after passing the quarantine. The model
groups were exposed to O (1.1 ppm, 2.14 mg/m?, equivalent to 150 times the second-level
daily standard of the National Ambient Air Quality Standard in China) induced by the
whole-body inhalation poison control instrument (HOPE-MED 8050F /54, Tianjin Hope
Industry & Trade Co., Ltd., Tianjin, China) in a closed 60 L box for 4 h a day. The control
groups were placed in the same closed air box. Samples were taken for testing on 15th and
30th days.

2.2. Histopathological Observation

The left lungs and bronchi were collected, fixed in 10% formaldehyde solution for
48 h, routinely dehydrated (LEICA® automatic dehydration machine ASP300S), transparent,
soaked in wax, embedded (LEICA® biological tissue embedding machine, EG1150), and
cut into 5 um paraffin sections (LEICA® Rotary Microtome, RM2235), they were stained
with hematoxylin—eosin (HE) (LEICA® automatic dyeing machine, Auto Stainer-XL) and
observed for pathological changes under a microscope (OLYMPUS® biomicroscope-BX43
with OLYMPUS® Micrographic software, CellSens Dimension).

2.3. TEM Specimen Processing and Observation

Operating at 4 °C, the lung tissue was made into the specimens with a size of 1-2 mm?,
and the alveolar tissue and bronchiole were sure to be cut from each slice simultaneously.

Fixation: The specimens were added into 3% glutaraldehyde within 1 min, and were
rinsed twice with 0.1 mol/L PBS for 10 min 2 to 4 h later. 1% osmium acid for 2 h,
0.1 mol/L PBS rinsed twice for 5 min.
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Dehydration: The specimens were dehydrated by 50% and 70% ethanol step by step
(each step was 10 min) and dehydrated by 80%, 90%, and 100% acetone step by step (each
step was 10 min X 2 times).

Replacement: 100% acetone: an epoxy resin (Epon 812) embedding agent was mixed
1:1 and replaced for 40 min.

Soaking: epoxy resin (Epon 812) embedding agent at 37 °C soaked through the night.

Embedding: The samples were embed with Epon 812 embedding agent in the embed-
ding mold and polymerized at 60 °C for 48 h.

The tissue block was trimmed and smoothed under a dissecting microscope. The
tissue was exposed and trimmed into a trapezoid, square, or rectangle according to the
shape of the tissue surface.

HE stained, positioned under a dissecting microscope and an ordinary microscope,
the cut surface after positioning is 0.09 mm?.

The tissue was cut into 40-60 nm ultrathin sections with a LEICA® ultrathin sectioning
machine, and the sections were fished with a copper mesh.

Electronic dyeing: The sections were dyed with saturated uranyl acetate prepared in
70% ethanol for 3 min, rinsed with double distilled water, dyed with lead dye solution for
3 min, and rinsed with double distilled water.

The sections were observed with a Hitachi H-7650 transmission electron microscope
(TEM) after drying.

2.4. Immunohistochemistry

The left lungs’ tissue slices were detected by the immunohistochemical SP (streptavidin—
peroxidase) method for NQO1, NRF2, and KEAP1, according to the kit (Abcam <Shanghai>
Trading Co., Ltd., Shanghai, China) instructions. The slices were observed, and the op-
tical density was detected with a microscope (OLYMPUS® biomicroscope, BX43, with
OLYMPUS® Micrographic software, CellSens Dimension).

2.5. Assays for CRP and IL-6 Levels

An amount of 3 mL of blood was taken from the carotid artery of the every mouse
into the blood collection tubes immediately before sacrifice. The blood was centrifuged at
1500 rpm for 5 min to isolate serum, which was used for measuring CRP and IL-6 with
ELISA kits (Wuhan Huamei, Wuhan, China) according to the manufacturer instructions.

2.6. Statistical Analysis

Two independent samples t-tests were performed on the significance of the difference
between the experimental group and the control group’s detection values with SPSS
software (IBM SPSS Statistics 19.0, Armonk, NY, USA), and the results were considered
statistically significant at p-values < 0.05.

3. Results
3.1. Micromorphological Observation under the Optical Microscope with HE Staining

In contrast to the control group, the lung and bronchi of the O3 exposed group did not
show any significant micromorphological changes that could be observed under optical

microscopy, regardless of whether they were exposed to 1.1 ppm O3 4 h per day for 15 or
30 days (Figures 1 and 2).
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Figure 1. The effect of 1.1 ppm O3 exposure 4 h/day for 15 or 30 days on the micromorphological
changes of lungs in experimental mice. (al) Control, 15 days, HE, x100; (a2) O3, 15 days, HE, x100.
(b1) Control, 15 days, HE, x400; (b2) O3, 15 days, HE, x400. (c1) Control, 30 days, HE, x100;
(c2) O3, 30 days, HE, x100. (d1) Control, 30 days, HE, x400; (d2) O3, 30 days, HE, x400. Compared
with the controls, there was no obvious abnormality to be observed in the O3 exposure groups in the
structures of the bronchial tubes at all levels in the lung seemed normal, and there were no expansion
or contraction of the alveolar cavity, no inflammatory cells, no expansion or stenosis of the interstitial
blood vessels, and no inflammatory cell infiltration.
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Figure 2. The effect of 1.1 ppm O3 exposure 4 h/day for 15 or 30 days on the micromorphological
changes of bronchi in experimental mice. (al) Control, 15 days, HE, x100; (a2) O3, 15 days, HE,
%100. (b1): Control, 15 days, HE, x400; (b2) O3, 15 days, HE, x400. (c1) Control, 30 days, HE, x100;
(c2) O3, 30 days, HE, x100. (d1) Control, 30 days, HE, x400; (d2) O3, 30 days, HE, x400. Compared
with the controls, there was no obvious abnormality to be observed in the O3 exposure groups, and
there were no damaged or shed epithelial cells, no vasodilation in the interstitium, and no infiltration

of inflammatory cells.
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3.2. TEM Observation

Alveolus of the normal control group (Figure 3): Type I alveolar epithelial cells are
smooth and flat, and the basement membrane is intact. Type II alveolar epithelial cells have
no obvious emptying of lamellar bodies, and capillaries are normal.

Figure 3. The mouse alveolus of the control (x10,000). Type I alveolar epithelial cells (1) are smooth
and flat, and the basement membrane is intact. Type II alveolar epithelial cells (2) have no obvious
emptying of lamellar bodies, and capillaries (3) are normal. There is no epithelial shed.

Bronchus of the normal control group (Figure 4): goblet cells and columnar cells have
no abnormalities, and tight junctions are intact.

Exposed to 1.1 ppm O3 4 h per day for 15 days, the mouse type I alveolar epithelial
cells swell with irregular edges, and many small vacuoles can be seen in the cytoplasm
(Figures 5 and 6). Type Il alveolar epithelial cells are obviously emptying of lamellar bodies
(Figure 6). Telangiectasia and congestion can be observed (Figure 7). Bronchus in the O3
model group: The goblet cell nuclear space is slightly widened, and binuclear columnar
cells can be seen (Figure 8). Binuclear goblet cells can be seen, and damaged tight junctions
between cells were observed (Figure 9).
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Figure 4. The mouse bronchus of the control (x10,000). Goblet cells (1) and columnar cells (2) have
no abnormalities, and tight junctions (3) between the cells are intact.

Figure 5. Mouse alveoli exposure to 1.1 ppm O3 4 h/day for 15 days (x15,000). Type I alveolar
epithelial cells (1) swell with irregular edges, and many small vacuoles can be seen in the cytoplasm.
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Figure 6. Mouse alveoli exposure to 1.1 ppm O3, 4 h/day for 15 days (x10,000). Type II alveolar
epithelial cells are obviously emptying of lamellar bodies (1). Type I alveolar epithelial cells have
irregular edges and vacuoles in the cytoplasm (2).

Figure 7. Mouse alveolus exposure to 1.1 ppm O3 4 h/day for 15 days (x10,000). Telangiectasia
and congestion.
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Figure 8. Mouse bronchus exposure to 1.1 ppm O3 4 h/day for 15 days (x10,000). The goblet cell
nuclear space is slightly widened (1), and binuclear columnar cells can be seen (2).

Figure 9. Mouse bronchus exposure to 1.1 ppm O3 4 h/day for 15 days (x10,000). Binuclear goblet
cells can be seen (1). Damaged tight junctions between cells were observed (2).

Exposed to 1.1 ppm Os 4 h per day for 30 days, shed endothelial cells were observed
from the alveolar capillaries of mouse. Red blood cell was found in the alveolar space,
suggesting possible bleeding (Figure 10).
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Figure 10. Mouse alveolus exposure to 1.1 ppm O3 4 h/day for 30 days (x10,000). Capillary shed
endothelial cells (1). Red blood cells (2) were found in the alveolar cavity, possibly bleeding.

3.3. The Optical Density of NQO1, NRF2, and KEAP1 Immunohistochemistry Staining

With the 1.1 ppm Oj inhalation 4 h per day for 15 days, the exposure group’s NQO1
optical density (3.46 & 1.80) x 102 increased significantly (p < 0.05), but the 30 days’
exposure group’s optical density (2.83 4 1.09) x 1072 did not increase (p > 0.05) com-
pared with their respective control (1.36 &= 1.14) x 1073 and (2.77 + 1.26) x 1073 (Table 1,
Figure 11). No meaningful changes in NRF2 and KEAP1 immunohistochemistry staining
optical density were detected (Figure 11).

Table 1. The optical density of NQO1, NRF2, KEAP1 immunohistochemistry staining in each group
of the mouse lungs’ slices under a light microscope (x + s, n = 6).

Exposure Days Groups NQO1 NRF2 KEAP1
15 control 1.36 £1.14 1.12 £ 0.40 1.84 +£1.29
O3 346 £1.80* 249 £2.25 241 £0.98
30 control 2.83 £1.09 2.27 +0.80 1.96 £ 0.46
O3 2.77 £1.26 1.74 £1.26 1.73 £1.17

Note. * p < 0.05, compared with the control.

3.4. Effect of O3 Exposure on the Serum CRP and IL-6 Levels in Mice

The serum CRP and IL-6 levels were detected. The results showed that CRP and IL-6
levels increased in the exposed group (p < 0.05), both male and female, compared with the
respective control group (Table 2).
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Figure 11. The effect of 1.1 ppm O3 exposure 4 h/day for 15 or 30 days on the micromorphological
changes of lung in experimental mice (NQO1 immunohistochemistry staining, x400). (al) The
control, 15 days; (a2) the model, 15 days; (b1) the control, 30 days; (b2) the model, 30 days.

Table 2. Effect of O3 exposure on serum CRP, TNF-«, and IL-6 levels (X & s, n = 6) (pg/mL) in mice.

Group 15 Days 30 Days
CRP IL-6 CRP IL-6
Control
Female 421.48 +43.18 32.49 + 3.57 425.68 + 45.75 33.28 & 3.69
Male 419.24 + 39.28 32.49 + 3.57 435.76 £42.71 33.28 +3.23
O3
Female 569.51 + 41.23 * 67.57 £ 6.51* 651.37 4+ 46.27 * 53.24 £ 7.54*
Male 567.47 +40.21 * 6291 +5.79* 629.69 +45.15* 69.38 £ 6.67 *

Note. * p < 0.05, compared with the control.

4. Discussion

The U.S. Environmental Protection Agency considered O3 to be harmful to human
health at concentrations of 0.25-0.4 ppm (average over an 8 h period), but no airway
responses or inflammation were observed when mice received 0.4 ppm or less [34]. Differ-
ences in responses between mice and humans have been attributed to lung O3 deposition,
which is approximately fourfold lower in resting rodents than in exercising humans [35],
and higher levels of antioxidants in the mouse airway, which would have a neutralizing
effect on O3 [36]. We set the O3 exposure level at 1.1 ppm (2.14 mg/m?), which is equiva-
lent to 150 times the second-level daily standard of China’s National Ambient Air Quality
Standard and almost four times the concentration that is harmful to humans considered by
the U.S. Environmental Protection Agency.

Exposed to 1.1 ppm O3 4 h per day for 15 days or 30 days, the bronchus and lung in
each animal had no obvious changes to be observed under an optical microscope compared
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with the control in our research. In Gross and White’s research [37], the rat lung after
exposure to 0.5 ppm O3 for 6 months showed no evidence of classic emphysema. However,
in a portion of the alveolar duct, there is alveolar thickening, which consists of loose
collagen connective tissue. Many of these areas contain mononuclear chronic inflammatory
cells, but no polymorphonuclear leukocytes were observed. In rat lung after 12 months’
exposure to 0.5 ppm O3, followed by a 6 month recovery in clean air, little inflammation or
thickening of septa was seen. We had not seen the alveolar duct and alveolar thickening,
perhaps due to the much shorter exposure time in our research than theirs. We also did
not find the obvious alveolar inflammatory cell infiltrating. However, O3 does have a
damaging effect on human lung cells. The IMR-90 cell line, which is more sensitive than
primary cells exposed to 0.3 ppm O3 for 8 days, showed no measurable growth inhibition
and no distinguishable morphologic characteristic changes. After exposure to 0.5 ppm
O3 for 7 days, morphologic changes were observed, but there was no growth inhibition.
Fifty percent growth inhibition was measured in the cells exposed to 0.8 ppm Os for 8 days.
Vacuole formation, a typical morphologic change, was observed in these cells [38]. In
Coen H. Wiegman’s research [21], C57BL/6 mice were exposed to 3 ppm O3 for 3 h a day
twice a week for a period of 1, 3, or 6 weeks. Bronchoalveolar lavage total cell counts
were increased in all Oz-exposed groups (2.7-fold-3.4-fold) due to increased numbers of
neutrophils and macrophages. The inflammation scores increased 4.7-fold after 6 weeks’
exposure, and the chronic inflammation was associated with emphysematous changes in
the lung. We did not find the same changes, probably because the O3 concentration was
only 1.1 PPM in our research, lower than their 3 ppm.

Although we did not observe obvious differences between the ozone group and
the control group under light microscopy, we did see significant changes under TEM
(Figures 5-7 and 10 compared with Figures 3, 8 and 9 compared with Figure 4). Type I
alveolar epithelial cells swell with irregular edges, and more small vacuoles can be seen
in the cytoplasm. Stephens et al. [39] also found that type I alveolar epithelium in rat
showed marked swelling with irregular edges after 2 hours’ exposure to 0.5 ppm O3, but
no vacuoles were found in the cytoplasm, perhaps due to the lower O3 density and much
more shorter exposure time than that in our research.

We also found the damaged tight junctions between cells in the mouse bronchus
exposure to O3 (Figure 9), prompting that the bronchus was injured. The slightly widened
goblet cell nuclear space and binuclear columnar cells and goblet cells prompted the active
cell proliferation to repair damaged bronchi.

Boatman and Frank [40] observed an alveolar area of rabbit exposed to 1.0 ppm O3
for 3 h per day. On day 2, the type 1 epithelium was found to show focal swelling and the
capillary endothelium was disrupted. Type 2 cells showed cytoplasmic changes similar to
our finding (in Figure 7, type II alveolar epithelial cells are apparently emptying of lamellar
bodies). We also found telangiectasia and congestion (Figure 7), and the capillary shed
endothelial cells and red blood cells in the alveolar cavity, prompting that there may be
bleeding (Figure 10).

The damage of ozone to lung tissue has also been shown in other studies. The
embryonic rats’ lung may be hurt with the mother’s exposure to 1 ppm Oj. Ultrastructural
analysis evidenced swollen mitochondria, cytoplasmic vacuolization of the epithelial cells,
and structural disorder caused by the oxidative stress [41]. High concentrations of Os
showed greater damage to the alveoli. Squirrel monkeys were exposed to 3 ppm O3 for 3 h
with intermittent exercise. The damage was obvious on the first day. Most of the damage
was sustained by the epithelial lining either degenerating or completely gone. In some
places of interstitial edema, the blood—air barrier was thickened. Fibrin was present in many
alveoli [42]. Importantly, combined exposure to both 0.1 ppm O3 and particulate matter
(PM) resulted in an increased number of particles penetrating the A549 cells (human lung
cancer adherent cells) and increased levels of lipid peroxidation markers 4-hydroxynonenal
(4HNE), compared with PM exposure alone in TEM research [43].
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We have some unique discoveries that have not been reported before. In mouse
bronchus exposure to 1.1 ppm O3 4 h per day for 15 days, the goblet cell nuclear space was
slightly widened, and binuclear columnar cells and binuclear goblet cells could be seen
(Figures 8 and 9). This suggests that cells are dividing more actively in response to injury.

Although micromorphology and ultrastructure were the focus of the study, we also
examined the optical density of NQO1, NRF2, and KEAP1 immunohistochemistry stained
mouse lung sections and the levels of the inflammatory cytokines CRP and IL-6 in plasma
to understand whether the effects of ozone on ultrastructural changes in mouse lung and
bronchus were accompanied by oxidative stress and inflammatory responses.

NQO1 is a major susceptibility gene for Os-induced pulmonary toxicity [44]. We
found that the NQO1 increased in the mouse lung exposed to 1.1 ppm O3 4 h per day for
15 days, but did not increase in the same exposure for 30 days significantly compared with
the controls (Table 1, Figure 11). Zhu et al. [45] found that NRF2 and NQO1 did not increase
in mouse lungs exposed to 1 ppm O3 for a week, but both of them increased in mouse
lungs with the same exposure for a week with vitamin E administration. Their results
suggested that vitamin E activated the NRF2 pathway in the oxidative stress. Although we
observed HE-stained mouse lung slices under an optical microscope and found no obvious
damage caused by exposure to O3 (Figures 1 and 2), and no meaningful changes in NRF2
and Keapl immunohistochemistry staining optical density were detected, the increased
optical density of NQO1 indicated that it did experience oxidative stress to a certain extent
(Figure 11, Table 1).

Wiegman et al. exposed mice to 3 ppm O3 for 3 h a day twice a week, and BALF
IL-6 levels increased 3.9-, 1.9-, and 2.0-fold in the 1-, 3-, and 6-week exposure groups,
respectively [21]. In our research, the serum inflammatory cytokines CRP and IL-6 levels
were increased in the O3 exposure group compared with the control (Table 2) (p < 0.05).
The results hint that the mice in the O3 exposure group suffered from inflammation in
their lungs.

O3 can cause damage to the respiratory system when it reaches a certain concentra-
tion, and bring diseases and economic burden. Some institutions still use O3 for clinical
treatment [46] and environmental disinfection [47]. Especially, ultraviolet disinfection
is widely used in wards, classrooms, and other places, and Oj is also generated during
disinfection [48]. The US FDA has warned that the agency has not cleared any devices
that use ozone gas or UV light to clean, sanitize, or disinfect continuous positive airway
pressure (CPAP) devices, and there are 11 reports from patients who developed breathing
discomfort or headache when they used ozone-gas-based products to clean, sanitize, or
disinfect their CPAP devices and accessories [49]. Sufficient attention should be paid to
this problem, and corresponding measures should be taken to protect personnel to prevent
ozone from harming the public and workers.

We focused our research on ultrastructural changes in this article. Using TEM for
research, changes in cell structure can be observed more intuitively and clearly. We mea-
sured the optical density of NQO1, NRF2, and KEAP1 histochemically stained sections by
light microscopy, a convenient method that has the limitation of being less sensitive than
genetic testing.

5. Conclusions

Although inhaling 1.1 ppm O3 4 h per day for 15 or 30 days had no significant effect
on the micromorphology of mice lungs and bronchi, it did have an effect on ultrastructural
changes in lungs and bronchi accompanied by oxidative stress and inflammatory responses.
The damage of ozone to the human body is easily overlooked. Sufficient attention should
be paid to this problem.
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