DE GRUYTER

Open Life Sciences 2025; 20: 20251094

Research Article

Ran Zhu, Quan Zou, Hanbing Wei, Jintuo Zhu, Xinjian He*

Influencing of coal industry related airborne
particulate matter on ocular surface tear film
injury and inflammatory factor expression

in Sprague-Dawley rats

https://doi.org/10.1515/biol-2025-1094
received October 23, 2024; accepted March 11, 2025

Abstract: To investigate the effect of coal industry-related
airborne particulate matter (PM) on ocular surface tear film
injury and inflammatory factor expression. Male Sprague-
Dawley (SD) rats were randomly divided into the treatment
group and the normal control group, with five rats in each
group. A dust chamber was used to simulate the air contam-
ination conditions associated with the coal industry. Tear
secretion, tear-film breakup time (BUT), conjunctival conges-
tion score, and relative expression levels of tear inflamma-
tory factors, including interleukin (IL)-6, IL-17, and tumor
necrosis factor (TNF)-a, were compared between the treat-
ment group and the normal control group. After 4 weeks’
exposure, tear secretion (2.64 £ 0.57 mm vs 542 + 0.28 mm),
BUT (4.23 £ 0.47 s vs 6.15 £ 0.36 s), and conjunctival congestion
score [2 (2, 3) vs 0 (0, 1)] were significantly different between
the treatment group and the control group (all P < 0.05), and
hematoxylin-eosin stain showed that the number of goblet
cells decreased in the treatment group. In addition, the rela-
tive expression levels of IL-6, IL-17, and TNF-a in tears of the
treatment group were significantly different from those of the
normal control group (all P < 0.05). Coal industry-related air-
borne PM exposure can damage tear film function and
increase relative expression levels of tear inflammatory fac-
tors in SD rats.
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1 Introduction

Coal has been the main fossil fuel for a long time, and the
proportion of coal in the structure of primary energy produc-
tion and consumption exceeds 70% in China [1]. According
to the “adhering to the energy strategy of taking coal as the
main body, electric power as the center, oil and gas and new
energy for comprehensive development,” the coal industry
will remain China’s predominant energy industry for a long
time to come [2]. However, different degrees of air pollution
can result from the process of coal mining, drilling, blasting,
trucking and transportation, rubble dumping, and/or other
operations, which has become an important public health
problem affecting human health [3].

Therein, particulate matter (PM) causes damage not
only to the respiratory system but also to the ocular sur-
face. Ambient PM increased the rate of ophthalmology visits
due to ocular surface irritation and allergies, and this associa-
tion increased in magnitude with higher ambient PM concen-
trations [4]. PM has been primarily observed to induce
allergic reactions, inflammatory responses, oxidative stress,
mitochondrial impairment, DNA damage, and inhibit the pro-
liferation and migration of ocular surface cells [5-7]. These
effects ultimately result in impaired wound healing and
ocular surface damage. Recent study data supported the asso-
ciation between exposure to PM and the development of
ocular pathologies such as retinal atherosclerosis, dry eye
(DED) syndrome, and glaucoma [8,9]. DED is a multifactorial
disease of the ocular surface characterized by a loss of home-
ostasis of the tear film and accompanied by ocular symptoms
[10]. Also, PM can alter tear composition that may contribute
to ocular diseases such as DED, blepharitis, keratitis, conjunc-
tivitis, pterygium, and limbal stem cell deficiency [5].
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Dang et al. [11] found that air pollution during the operation,
such as PM pollution, changes tear film function, including
eye redness index and noninvasive tear film break-up times.
Nevertheless, the exact effect of air pollution related to the
coal industry, especially PM exposure, on tear film function is
not clear.

Since such a series of issues cannot be ignored, the poten-
tial mechanism that PM affecting ocular surface tear film
injury needs to be revealed. Hence, in this study, a “dust
chamber” was utilized to simulate air contamination condi-
tions to investigate the effects of PM on ocular surface tear
film and different inflammatory factors in tear in Sprague-
Dawley (SD) rats, and provide some basic information for the
understanding of the interaction between air contamination
associated with coal and the health status.

2 Methods

2.1 Animals

Healthy male SD rats (weighting 250350 g) were randomly
divided into the treatment group and the normal control
group according to the random number table, with five
rats in each group. The rats were purchased from the
Vitonglihua (Beijing) Biotechnology Co., Ltd., and raised
in the Animal Experimental Center of Xvzhou Medical
University. Before the experiment, slit-lamp microscopy
was used to exclude rats with conjunctivitis, keratitis,
and other ocular surface-related diseases. The SD rats
were raised uniformly in a standard environment during
the experiment. The handling and treatment of laboratory
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animals were carried out in accordance with the guidelines
of the Animal Experimental Center of Xuzhou Medical
University.

Ethical approval: The research related to animal use has
been complied with all the relevant national regulations
and institutional policies for the care and use of animals
and has been approved by the Animal Ethics Committee of
Xuzhou Medical University (No. 200403T004).

2.2 Experimental design

A dust chamber (L-RD0600B) was used to simulate the air
contamination condition to treat the SD rats, which was
purchased from Jiufang Electronics Co., Ltd (Guangzhou,
China). The experimental anthracite powder is used to
produce PMs and was ground into PMs with different grain
sizes, including PM 2.5 and PM 10. The dust accumulation in
the cutting disk, drill bit, and chamber has been cleaned
ahead of the experiment to reduce its interference to the
dust production detector. Then, we opened the fan and
adjusted the air volume to form a continuous and stable
clean airflow inside the chamber. According to the gui-
dance of the Coal Mine Safety Regulations on coalface ven-
tilation, the ventilation speed was set at 0.3 m/s. The expo-
sure concentration maintained dynamic stability. The coal
body was cut and drilled through a roller and drill bit
controlled by the dust-producing unit, and the monitoring
started when the PM concentration became stable, with the
monitoring point arranged on the side of the roller and
drill bit, and the monitoring time is 1 min (Figure 1). Based
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Figure 1: The schematic diagram of dust chamber used to simulate the air contamination condition.
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on the pre-experiment that showed the PM concentration
tended to be stable after 2 min of cutting and drilling, and
therefore, time for monitoring was set at 2 min after the
coal body cut and drilled. In addition, the control variate
method was used for parameters setting, and the experi-
ment was repeated three times under the same combina-
tion condition to reduce the deviation, with the experiment
order being completely random.

2.3 Tear secretion measurement

The phenol red cotton thread test was used to accurately
evaluate tear secretion in SD rats, in which the filament
cotton thread soaked by phenol red solution was initially
yellow and turned to red after touching tear. The volume of
tear secretion was quantified through measuring the length
of the red part on the cotton thread. To track the change in
tear secretion after dust exposure, the measurement was
performed 1 day before exposure and 4 weeks after exposure.

In the experimental procedure, we first fixed the head
of SD rats and lightly spread the palpebra inferior to fully
reveal the conjunctival sac. Next, the phenol red cotton
thread pre-bent to 2 mm was placed one-third of the pal-
pebra inferior conjunctival sac, and it was removed after
remaining for 20 s. The length of the red part on the cotton
thread (in mm) was then accurately measured. Operations
with slit-lamp were carried out by the same researcher
person in the constant darkroom environment during the
whole process to ensure the accuracy of the results. Three
repeated measurements were taken for each eye, and the
average value was taken as the final data.

2.4 Breakup time (BUT) determination and
conjunctival congestion assessment

The 1% sodium fluorescein solution was accurately dropped
into the conjunctival sac of SD rats using a pipette, and after
three times artificially assisted blinking, keeping the eyelids
open. The filter of slitlamp was adjusted to cobalt-blue
light mode to observe changes in the tear film of SD rats.
Timekeeping started at the last blink, and the first time point
of tear-film breakup was recorded, namely, the time of the
first dark spots appear. Measurements were repeated three
times and the mean value was used as the BUT. In addition,
the conjunctival congestion was assessed according to the
study conducted by Efron [12], which was divided into four
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grades with scores of 0 (normal) to 4 (severe). Specifically,
score 0 represents white bulbar conjunctiva, a major blood
vessel, clear and clear cornea, and absence of congestion;
score 1 represents slight congestive conjunctival, major blood
vessels, marginal corneal limbus congestion, but no signifi-
cant conjunctival congestion; score 2 represents that the con-
junctival congestion is red, the corneal limbus is slightly con-
gested, the ciliary is slightly congested, and there was mild
congestion in the conjunctiva and limbus; score 3 represents
increased conjunctival congestion, moderate corneal limbus
congestion, and moderate ciliary congestion, and the conjunc-
tiva and limbus of cornea showed obvious congestion, but it
was not severe; and score 4 represents severe conjunctival
hyperemia, severe limbal hyperemia, and major blood vessels
clear, and the conjunctiva is extensively congested, affecting
the transparency of the cornea.

2.5 Tissue extraction and fixation

After the rats were Kkilled, skin and musculature were scis-
sors along the orbital margin, the eyeball and appendages
were separated close to the orbital bone, and the optic
nerve was cut to completely obtain eyeball and eyelid
skin with appendages, with the conjunctival sac main-
tained intact. The tissues were washed in pre-cooling phos-
phate-buffered solution (PBS) buffer to scour off the blood;
after trimming the excess muscle and fat tissue under a
microscope, the tissues were fixed overnight in 4% paraf-
ormaldehyde solution. The fixed tissue was rinsed with
running water for several hours and cut along the optic
nerve by a micro scissor, and posterior scleral tissue was
trimmed. After peeling the crystalline lens, the tissue was
washed in PBS buffer again. The trimmed eyeball and
appendages were placed in a dehydration box, and then
the dehydration box was placed in an automatic dehy-
drator for gradient alcohol dehydration.

Before preparing the wax-impregnated tissue blocks
for embedding, we first preheat the fixed splint in an
oven at 65°C. A small amount of wax was poured into the
mold, and the wax-impregnated tissue blocks were gently
placed into the mold using tweezers, ensuring that the axis
of the eyeball was parallel to the long side of the embedding
frame. Then cover the preheated fixed splint and pour the
remaining wax liquid, so that the fixed plate could be comple-
tely immersed in the wax liquid. After that, the whole mold
was moved to a frozen table at —20°C. After the wax liquid was
cooled and solidified, the wax blocks were removed from the
mold for preparation of paraffin sections.
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2.6 HE staining

Paraffin sections were rinsed with 1x PBS buffer for three
times, 5min each time, and put into the hematoxylin
staining solution for 3 min. After staining, the floating color
was washed with running water after, and the sections
were differentiated by 1% hydrochloric alcohol for 2s.
Then the sections were rinsed with water for 10-20 min
to return to blue, and after washing with distilled water
for a few seconds, they were stained in the Eosin staining
solution for 1min. The slides were, respectively, dehy-
drated in 85, 95, and 100% ethanol for 2 min in turn, and
sealed with neutral gum. After drying at room tempera-
ture, the slides were observed and photographed by a light
microscope, where the nuclei were in blue and the cyto-
plasm was in red.

2.7 Expression of inflammatory factors

Tear of SD rats were absorbed by the capillary glass tube, and
the supernatant solution was collected after centrifugation.
Enzyme-linked immunosorbent assay was utilized to evaluate
the relative expression levels of interleukin (IL)-6, IL-17, and
tumor necrosis factor (TNF)-a. Samples, standards, and biotin-
labeled antibody horseradish peroxidase (HRP) conjugate
were added into microwell plate precoated with rat IL-trap-
ping antibodies in sequence. After incubation and washing,
the TMB substrate was used for color reaction, in which the
TMB was converted to blue under the catalysis of HRP and
transformed into the final yellow color under the action of
acid. The depth of the color was positively correlated with the
rat IL in the sample. Absorbance (with the unit of optical
density value) was measured by the enzyme-labeled instru-
ment at 450 nm wavelength, and the expression levels of
inflammatory factors between the normal control group
and the treatment group were calculated.

2.8 Image processing and statistical analysis

SPSS 26.0 software was used for statistical analyses. Measurement
data were expressed in the form of mean + standard devia-
tion (SD) to ensure the accuracy and intuitiveness. The
GraphPad Prism 10 software was employed for analyses
and plotting. One-way analysis of variance test was used for
comparison between the treatment group and the normal
control group, and two-sided P < 0.05 represented the differ-
ence was statistically significant.
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3 Results

3.1 Ocular surface tear film injury in SD rats

After 4 weeks of dust exposure, tear secretions of SD rats in
the treatment group and the normal control group were,
respectively, 2.64 £ 0.57 mm and 5.42 + 0.28 mm. Compared
with the normal control, SD rats exposed to the simulative
airborne PM had significantly higher levels of tear secre-
tion (F = 5.251, P < 0.001). The BUT of rats was also signifi-
cantly shorter in the treatment group (4.23 + 0.47 s) than
that in the normal control group (6.15 + 0.36 s), with F =
6.351 and P < 0.001. Also, the conjunctival congestion scores
in the treatment group and the normal control group were
2 (2, 3) and 0 (0, 1), respectively.

3.2 Ocular surface tissue morphology and
expression of inflammatory factors

Figure 2 shows that HE staining showed that the nucleus of
goblet cells of ocular surface tissues in rats in the normal
control group was plump, normal in shape and neatly
arranged (a and b). Differently, the structure of some goblet
cells was obviously destroyed, the density decreased, the
number of goblet cells decreased, and the arrangement was
chaotic in the treatment group (c and d). In addition, Figure 3
shows protein expression levels of IL-6, IL-17, and TNF-a in tear
of rats between the treatment group and the normal control
group. The results suggested that relative expression levels of
IL-6, IL-17, and TNF-a in tear were all significantly higher in
rats exposed to PMs than those in normal controls (all P < 0.05).

4 Discussion

This study used a dust chamber to simulate the air con-
tamination condition at the mine site to treat SD rats, and
the results showed that SD rats in the exposure group have
significantly higher levels of tear secretion, shorter BUT,
and higher conjunctival congestion scores, compared to
normal controls. The structure of some goblet cells was
obviously destroyed, the density decreased, the number
of goblet cells decreased, and the arrangement was chaotic
in the treatment group. Also, the relative expression levels
of IL-6, IL-17, and TNF-a in tear were all significantly higher
in rats exposed to PMs than those in normal controls.
Due to the strong diffusivity and volatility of PM, the
mechanical damage of PM particles to human health has
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Figure 2: HE staining of ocular surface tissues in rats. (a) and (b) normal control group, and (c) and (d) treatment group.

attracted widespread attention, but the impact on ocular
surface diseases has been rarely reported. In recent years,
taking China as an example, studies included the eye data
of 387 patients from 11 hospitals in 5 provinces (namely,
Beijing, Hebei, Heilongjiang, Anhui, and Inner Mongolia)
and found that increased PM exposure could cause eye dis-
comfort and tear film instability damage [13,14]. A follow-up
study was conducted on 50 healthy adults living in Chiang
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Mai, Thailand, and the results showed that exposure to PM 2.5
significantly raised the likelihood of ocular redness, watering,
and dryness; and lymphocyte counts were also positively
correlated with redness, watering, and dryness during high
PM 2.5 exposure [15]. Another study in an experimental
allergic eye disease mouse model demonstrated that expo-
sure to PM significantly exacerbates ocular allergy, evidenced
by increased eyelid edema, mast cell degranulation,
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Figure 3: Protein expression levels of IL-6, IL-17, and TNF-a in tear of rats between the treatment group and the normal control group.
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inflammatory cytokines, cell proliferation, and serum IgE,
polymorphonuclear leukocytes, and apoptosis and reduced
goblet cells [6]. As mentioned earlier, animal models resulted
in phenotypes reminiscent of that of DED, presenting with
reduced tear volumes and ocular surface damage [9]. The
prevalence of PM-induced ocular surface injury and DED is
5-50% over the world, and 21-30% in China [16]. Hao et al.
[17] conducted a prospective multicenter cohort study, and
387 DED participants were recruited from five provinces in
China and suggested that increased PM 2.5 and PM 10 expo-
sures caused ocular discomfort and damage with tear film
instability. Air pollution, including airborne PMs, can result
from the process of coal operations, as well as PM in different
concentrations and particle sizes, and multiple micro-physical
and chemical parameters have different effects on the ocular
surface. Therefore, the current study used anthracite particles
to investigate the effect of airborne PMs with different par-
ticle sizes on ocular tear film, which may provide some infor-
mation for the prevention of DED in coal miners and resi-
dents in coal industrial areas.

In recent years, due to changes in work and lifestyle,
aggravation of environmental pollution, and other factors,
the prevalence of DED has further increased [18,19]. Dif-
fering from other tissues or organs, the ocular surface is
isolated from the pollutants in the environment by a thin
layer of tear film. Long-term exposure to the polluted
environment makes the ocular surface more susceptible
to the pollution than other organs or tissues, and DED
has also become the most common eye disease for a long
time. The ocular surface microenvironment is composed of
different tissues, cells, extracellular matrix, and other com-
plex components at multiple levels, including eyelid, cornea,
conjunctiva, meibomian gland, lacrimal gland, tear film,
immune system, innervation system, endocrine regulation
system, blood vessel and lymphatic system, and microbial
community. These components are interrelated and influence
each other to maintain a stable and healthy ocular surface.
Therefore, the maintenance of microenvironment homeos-
tasis of ocular surface requires the comprehensive action of
many factors to achieve a balanced state. Different patho-
genic factors, such as abnormal quality and quantity of tear
or dynamics, may not only lead to tear film instability but also
affect the larger scope of the ocular surface tissue microen-
vironment. When one or more tissues, cells, extracellular
matrix, and other components change, it often causes a chain
reaction, resulting in other microenvironment components to
change; if the degree of change exceeds the compensatory
ability of the body, it will eventually lead to the imbalance
of the homeostasis of the ocular surface microenvironment.
Tear film covering the outer layer of the ocular surface is an
important part of maintaining the health of the ocular surface
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and optical characteristics and preventing microbial invasion.
Tear film, cornea, and intraocular dioptric media are also
important links affecting retinal imaging, among which tear
film is the first dioptric media on the ocular surface [20].
Therefore, the stability of tear film is a crucial adjective to
ensure the quality of retinal imaging.

The stability of the tear film must be guaranteed by the
normal composition of the tear and the normal movement
and inextricable nerves of the eyelid. Evidences have
shown that eye injury can be manifested as conscious
symptoms such as eye friction, pain, photophobia, tearing,
and blurred vision. High concentrations and prolonged
exposure to air pollution can lead to acute keratitis, peeling
of large sections of corneal epithelium, and irreparable
corneal epithelium within 24 h [21,22]. Also, experts agreed
that chronic ocular surface diseases are the instability of
tear film or the imbalance of ocular surface microenvironment
caused by abnormal tear quality, quantity, and dynamics,
which may be accompanied by ocular surface inflammatory
response, tissue damage, and nerve abnormalities, resulting in
a variety of ocular discomfort symptoms and/or visual dysfunc-
tion [23,24].

Researchers have found that the underground miners
have lower tear secretion and shorter BUT than that of
other workers who are not exposed to PM [25]. Therefore,
PM exposure plays an important role in the occurrence
and development of DED. The harm caused by PM to the
human body varies due to different diameters, particle-size
distribution, chemical composition, sources, and formation
conditions. Among them, PM 10 and PM 2.5 have especially
raised the most concern. In the present study, PM in the
dust chamber was recorded according to their aerody-
namic size, including (1) the total suspended PM with grain
diameter <100 um; (2) inhalable particle (generally known
as PM 10) with grain diameter <10 um, which can enter the
human respiratory, circulation and other systems; (3) fine
particles (generally known as PM 2.5) with grain diameter
<2.5 um; and (4) ultrafine PM (generally known as PM 0.1)
with grain diameter <0.1 pm. At present, PM as the main
component of haze is mainly emitted from anthropogenic
combustion, which may have a negative impact on human
health [26]. Long-term exposure to PM pollution is more
likely to affect ocular surface than the respiratory mucosa
[27,28]. In addition to the mechanical damage of PM, the
cause of DED may be also associated with the toxicity of
PM, and however, the specific mechanism remains to be
further clarified (Figure 4). Our results suggested that after
4 weeks of exposure to the dust chamber, the expression
level of IL-6 in the conjunctival tissue of rats continued to
increase, inducing an inflammatory response in the ocular
surface environment.
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DED is an inflammatory disease that shares many fea-
tures with autoimmune diseases. The stress response of the
ocular surface to environmental factors, infection, endo-
genous stress, antigen, and so on is considered to be the
trigger mechanism of DED. We observed that compared
with the normal control group, the BUT of SD rats in the
dust group was significantly decreased, and the expression
levels of tear inflammatory factors (including IL-6, IL-17,
and TNF-a) were significantly increased. In both meibo-
mian gland and meibomian gland dysfunction rat models
of DED patients, elevated levels of pro-inflammatory cyto-
kines (TNF-a), which are immunomodulators secreted by
different types of cells and play an important role in cell
signaling, such as pro-inflammatory or anti-inflammatory
effects, were similarly detected [29]. TNF-a is a pleiotropic
cytokine with a wide range of biological activities, and as
an important pro-inflammatory factor, it can activate and
affect a variety of cell types, including immune cells,
endothelial cells, and fibroblasts, triggering a series of bio-
logical responses. The powerful pro-inflammatory and co-
stimulatory effects make these inflammatory factors play
pivotal roles in inflammatory response and immune regu-
lation. They also play a key role in the defense against
pathogen invasion, and when the body is attacked by
external pathogens, they can respond quickly and coordi-
nate immune cells and other related cells to jointly resist
the invasion of pathogens.
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Inflammation is a common feature, and both a cause
and a consequence of different types of DED. Pro-inflam-
matory cytokines, chemokines, and matrix metalloprotei-
nases lead to the expansion of autoreactive T cells, thus
infiltrating the ocular surface and lacrimal gland, causing
an increase in the number of eyelid blink, invasion of a
large number of lymphocytes in the lacrimal gland and
ocular surface tissue, and the release of inflammatory fac-
tors leading to immune-related inflammation, which can
impair nerve conduction of normal tear secretion, and
thus affect the quality and quantity of tear secretion, and
form a vicious cycle. Our findings indicated a possible
pathway that anti-inflammation could be a possible mea-
sure to prevent PM from causing damage to ocular surface
tear film from the root and cut off the cascade reaction of
subsequent tear inflammatory factor expression leading to
DED. Based on the results of the current study and pre-
vious studies, it was speculated that PM exposure may
damage the tear film function by damaging epithelial cells,
destroying conjunctival goblet cells, inducing oxidative
damage of ocular surface tissues, or activating inflamma-
tory response [30,31]. Inflammation is an important factor
that leads not only to the vicious cycle of DED but also to
the chronic DED, and therefore, controlling inflammation
is the basis for the prevention and treatment of chronic
DED. There is evidence that chronic inflammation in DED
causes changes in epithelial cell morphology and function,
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Figure 4: Potential mechanism that influencing of PM on DED.
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and in the case of prolonged stimulation, the expression of
other molecules (such as intercellular adhesion molecule-1)
may trigger the activation of adaptive immune pathways,
allowing lymphocytes to migrate to the conjunctiva, and trig-
gering chronic immune-mediated inflammatory responses.
Controlling and reducing ocular surface inflammation, which
can result from epithelial damage and environmental stres-
sors, may be a key component of all treatment options.

Furthermore, the damage of ocular tear film and its pos-
sible mechanism were detected in rats exposed to coal dust
particles in a simulated dust chamber in this research, which
may provide information for the prevention of ocular surface
diseases such as DED under the exposure of air particles
related to the coal industry to a certain extent. However, since
the dust chamber that simulated the air contamination con-
dition could only hold five rats at one time, the sample size
was constant, and such a small sample size may raise con-
cerns about statistical power. Drug intervention after the
establishment of the DED eye model is planned in the next
research plan, and further, there is a need to improve the
clinical studies on both animals and DED patients.

5 Conclusion

PM not only causes damage to the respiratory system but
also causes tear film injury on the ocular surface, changes
in the expression of inflammatory factors, and may further
induce DED. With the increasingly serious air pollution,
anti-inflammation could be applied to prevent PM from
causing damage to the ocular surface tear film and cut
off the cascade of subsequent tear inflammatory factor
expression, which may become a new way to prevent DED.

Funding information: This work was supported in part by
the Provincial Subsidy for “Double First-class” construction
of colleges and universities (0206-141822200).

Author contributions: RZ designed and operated experi-
ments; collected, analyzed, and interpreted the data; and
wrote and reviewed the manuscript. QZ and HBW designed
and operated experiments. JTZ: designed, guided, and super-
vised experiments. XJH critically reviewed, edited, and
approved the manuscript.

Conflict of interest: Authors state no conflict of interest.
Data availability statement: The datasets generated during

and/or analyzed during the current study are available from
the corresponding author on reasonable request.

DE GRUYTER

References

[11 Chen}, Liu G, Kang Y, Wu B, Sun R, Zhou C, et al. Coal utilization in
China: environmental impacts and human health. Environ
Geochem Health. 2014;36(4):735-53. doi: 10.1007/510653-013-
9592-1.

[21  Zhou H, Bhattarai R, Li Y, Si B, Dong X, Wang T, et al. Towards
sustainable coal industry: Turning coal bottom ash into wealth. Sci
Total Environ. 2022;804:149985. doi: 10.1016/j.scitotenv.2021.149985.

[31 Hendryx M, Zullig K], Luo J. Impacts of coal use on health. Annu Rev
Public Health. 2020;41:397-415. doi: 10.1146/annurev-publhealth-
040119-094104.

[4] Patnaik JL, Dye-Robinson A, James KA, Kahook MY. Association
between particulate matter pollutants and ophthalmology visits for
ocular surface irritation and allergy. Clin Ophthalmol.
2024;18:3263-70. doi: 10.2147/0PTH.5485199.

[5] Upaphong P, Thonusin C, Wanichthanaolan O, Chattipakorn N,
Chattipakorn SC. Consequences of exposure to particulate matter
on the ocular surface: Mechanistic insights from cellular
mechanisms to epidemiological findings. Environ Pollut.
2024;345:123488. doi: 10.1016/j.envpol.2024.123488.

[6] Bhujel B, Oh S, Hur W, Lee S, Chung HS, Lee H, et al. Effect of
exposure to particulate matter on the ocular surface in an
experimental allergic eye disease mouse model. Bioengineering
(Basel). 2024;11(5):498. doi: 10.3390/bioengineering11050498.

[71 YuD, Cai W, Shen T, Wu Y, Ren C, Li T, et al. PM(2.5) exposure
increases dry eye disease risks through corneal epithelial
inflammation and mitochondrial dysfunctions. Cell Biol Toxicol.
2023;39(6):2615-30. doi: 10.1007/510565-023-09791-z.

[8] Han JH, Amri C, Lee H, Hur J. Pathological mechanisms of
particulate matter-mediated ocular disorders: a review. Int ] Mol
Sci. 2024,25(22):12107. doi: 10.3390/ijms252212107.

[9]1 1Igbal S, Ramini A, Kaja S. Impact of particulate matter and air

pollution on ocular surface disease: A systematic review of

preclinical and clinical evidence. Ocul Surf. 2025 Jan;35:100-16. doi:
10.1016/j.jtos.2024.12.003.

Craig JP, Nelson JD, Azar DT, Belmonte C, Bron AJ, Chauhan SK, et al.

TFOS DEWS II report executive summary. Ocul Surf.

2017;15(4):802-12. doi: 10.1016/j.jtos.2017.08.003.

[11] DangY, Zhang M, Wei Y, Duan N, Zhang L, Liu R, et al. Comparison
of the different operation room environmental exposures on tear
film function before and after operation. Heliyon.
2024;10(2):24530. doi: 10.1016/j.heliyon.2024.e24530.

[12] Efron N. Grading scales for contact lens complications. Ophthalmic
Physiol Opt. 1998;18(2):182-6. doi: 10.1016/50275-5408(97)00066-5.

[13] Fang C, Wang L, Li Z, Wang J. Spatial characteristics and regional
transmission analysis of PM(2.5) pollution in Northeast China, 2016-
2020. Int J Environ Res Public Health. 2021;18(23):12483.
doi: 10.3390/ijerph182312483.

[14] Huang X, Tang G, Zhang J, Liu B, Liu C, Zhang J, et al. Characteristics
of PM(2.5) pollution in Beijing after the improvement of air quality.
J Environ Sci. 2021;100:1-10. doi: 10.1016/j.jes.2020.06.004.

[15] Kausar S, Tongchai P, Yadoung S, Sabir S, Pata S, Khamduang W,
et al. Impact of fine particulate matter (PM(2.5)) on ocular health
among people living in Chiang Mai, Thailand. Sci Rep.
2024;14(1):26479. doi: 10.1038/541598-024-77288-8.

[16] Li X, Zhao H, Xue T, Geng G, Zheng Y, Li M, et al. Consumption-
based PM(2.5)-related premature mortality in the Beijing-Tianjin-
Hebei region. Sci Total Environ. 2021;800:149575. doi: 10.1016/j.
scitotenv.2021.149575.

(0]


https://doi.org/10.1007/s10653-013-9592-1
https://doi.org/10.1007/s10653-013-9592-1
https://doi.org/10.1016/j.scitotenv.2021.149985
https://doi.org/10.1146/annurev-publhealth-040119-094104
https://doi.org/10.1146/annurev-publhealth-040119-094104
https://doi.org/10.2147/OPTH.S485199
https://doi.org/10.1016/j.envpol.2024.123488
https://doi.org/10.3390/bioengineering11050498
https://doi.org/10.1007/s10565-023-09791-z
https://doi.org/10.3390/ijms252212107
https://doi.org/10.1016/j.jtos.2024.12.003
https://doi.org/10.1016/j.jtos.2017.08.003
https://doi.org/10.1016/j.heliyon.2024.e24530
https://doi.org/10.1016/s0275-5408(97)00066-5
https://doi.org/10.3390/ijerph182312483
https://doi.org/10.1016/j.jes.2020.06.004
https://doi.org/10.1038/s41598-024-77288-8
https://doi.org/10.1016/j.scitotenv.2021.149575
https://doi.org/10.1016/j.scitotenv.2021.149575

DE GRUYTER

(71

[18]

[19]

[20]

[21]

[22]

[23]

[24]

Hao R, Zhang M, Zhao L, Liu Y, Sun M, Dong J, et al. Impact of air
pollution on the ocular surface and tear cytokine levels: a
multicenter prospective cohort study. Front Med. 2022;9:909330.
doi: 10.3389/fmed.2022.909330.

Xu N, Zhang F, Xuan X. Impacts of industrial restructuring and
technological progress on PM(2.5) pollution: evidence from
prefecture-level cities in China. Int ] Environ Res Public Health.
2021;18(10):5283. doi: 10.3390/ijerph18105283.

Jing D, Jiang X, Zhou P, Ren X, Su J, Hao R, et al. Evidence of air
pollution-related ocular signs and altered inflammatory cytokine
profile of the ocular surface in Beijing. Sci Rep. 2022;12(1):18359.
doi: 10.1038/541598-022-23294-7.

El Barche FZ, Benyoussef AA, El Habib Daho M, Lamard A,
Quellec G, Cochener B, et al. Automated tear film break-up time
measurement for dry eye diagnosis using deep learning. Sci Rep.
2024;14(1):11723. doi: 10.1038/541598-024-62636-5.

Hao R, Wan Y, Zhao L, Liu Y, Sun M, Dong J, et al. The effects of
short-term and long-term air pollution exposure on meibomian
gland dysfunction. Sci Rep. 2022;12(1):6710. doi: 10.1038/541598-
022-10527-y.

Muruganandam N, Mahalingam S, Narayanan R, Rajadurai E.
Meandered and muddled: a systematic review on the impact of air
pollution on ocular health. Environ Sci Pollut Res Int. 2023
May;30(24):64872-90. doi: 10.1007/511356-023-27079-x.

Liu Z, Xie H, Li L, Jiang D, Qian Y, Zhu X, et al. Single-cell landscape
reveals the epithelial cell-centric pro-inflammatory immune
microenvironment in dry eye development. Mucosal Immunol.
2023;17:491-507. doi: 10.1016/j.mucimm.2023.11.008.

Zhou Z, Long H, Zhou L, Xu X, Zhang R, Tu N, et al. Visual analysis of
autoimmune dry eye studies based on bibliometrics. Medicine

[25]

[26]

[27]

[28]

[29]

[30]

31

Coal industry related airborne particulate matter on ocular surface tear film =— 9

(Baltimore). 2023;102(47):e36028. doi: 10.1097/MD.
0000000000036028.

Sun Z, Hong J, Yang D, Liu G. Effects of coal dust contiguity on
xerophthalmia development. Cutan Ocul Toxicol.
2007;26(3):257-63. doi: 10.1080/15569520701212316.

Huang L, Gao H, Wang Z, Zhong Y, Hao L, Du Z. Combination
nanotherapeutics for dry eye disease treatment in a rabbit model.
Int ] Nanomed. 2021;16:3613-31. doi: 10.2147/1JN.S301717.

Kim Y, Choi YH, Kim MK, Paik HJ, Kim DH. Different adverse effects
of air pollutants on dry eye disease: Ozone, PM(2.5), and PM(10).
Environ Pollut. 2020;265(Pt B):115039. doi: 10.1016/j.envpol.2020.
115039.

Carvalho H. New WHO global air quality guidelines: more pressure
on nations to reduce air pollution levels. Lancet Planet Health.
2021;5(11):760-1. doi: 10.1016/52542-5196(21)00287-4.

Zhao CS, Chen Y, Ying GS, Asbell PA, Dry Eye Assessment and
Management (DREAM) Study G. Association of tear cytokine ratios
with symptoms and signs of dry eye disease: biomarker data from
the dry eye assessment and management study. Curr Eye Res.
2024;49(1):16-24. doi: 10.1080/02713683.2023.2262168.

Hashemi MH, Ambrus Jr JL, Shukla AA, Zhu D, Ying GS, Asbell PA,
et al. Association of systemic markers of inflammation with signs
and symptoms of dry eye disease and sjogren’s syndrome in the
dry eye assessment and management (DREAM(c)) study. Curr Eye
Res. 2024;49(6):574-81. doi: 10.1080/02713683.2024.2312937.

Kai JY, Wu YB, Dong XX, Miao YF, Li DL, Hu DN, et al. Association
between ambient air pollution and dry eye symptoms among
Chinese individuals during the COVID-19 pandemic: A national-
based study. Sci Total Environ. 2024;935:173386. doi: 10.1016/j.
scitotenv.2024.173386.


https://doi.org/10.3389/fmed.2022.909330
https://doi.org/10.3390/ijerph18105283
https://doi.org/10.1038/s41598-022-23294-7
https://doi.org/10.1038/s41598-024-62636-5
https://doi.org/10.1038/s41598-022-10527-y
https://doi.org/10.1038/s41598-022-10527-y
https://doi.org/10.1007/s11356-023-27079-x
https://doi.org/10.1016/j.mucimm.2023.11.008
https://doi.org/10.1097/MD.0000000000036028
https://doi.org/10.1097/MD.0000000000036028
https://doi.org/10.1080/15569520701212316
https://doi.org/10.2147/IJN.S301717
https://doi.org/10.1016/j.envpol.2020.115039
https://doi.org/10.1016/j.envpol.2020.115039
https://doi.org/10.1016/S2542-5196(21)00287-4
https://doi.org/10.1080/02713683.2023.2262168
https://doi.org/10.1080/02713683.2024.2312937
https://doi.org/10.1016/j.scitotenv.2024.173386
https://doi.org/10.1016/j.scitotenv.2024.173386

	1 Introduction
	2 Methods
	2.1 Animals
	2.2 Experimental design
	2.3 Tear secretion measurement
	2.4 Breakup time (BUT) determination and conjunctival congestion assessment
	2.5 Tissue extraction and fixation
	2.6 HE staining
	2.7 Expression of inflammatory factors
	2.8 Image processing and statistical analysis

	3 Results
	3.1 Ocular surface tear film injury in SD rats
	3.2 Ocular surface tissue morphology and expression of inflammatory factors

	4 Discussion
	5 Conclusion
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


