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ARTICLE INFO ABSTRACT

Keywords: Background: The harmful effect of aerial fine particulate matter ( PMy 5 ) has been a serious public health issue
PM2s and has attracted worldwide attention, especially in developing countries.
Mechanism

Ocular surface diseases
Air pollutuion

Main Text: Numerous previous clinical and experimental studies have demonstrated that PM, s has a clear
pathogenic effect on diseases related to the respiratory and cardiovascular systems. Recent researches have

pointed out that PMy 5 plays a pivotal role in the occurrence and progression of ocular surface diseases. The
current studies have shown that PM, 5 may promote the appearance of conjunctivitis, keratitis, blepharitis, dry
eye, meibomian gland dysfunction ( MGD ) and other ocular surface diseases through regulating a series of
mechanisms such as inflammation, immune reaction, oxidative stress, autophagy, cell migration, and epigenetics.
Conclusions: This review aims to summarize the current research progress on the pathogenic mechanism of PMy 5-

related ocular surface diseases.

A WHO’s air-quality guidelines in 2006 pointed out that aerial fine
particulate matter ( PMy 5 ) plays a vital role in health issues caused by
air pollution (especially in respiratory and cardiovascular diseases).?
PM, 5 is fine particulate matter with an aerodynamic diameter of less
than 2.5 pm, which can adsorb toxic polycyclic aromatic hydrocarbons
(PAHs), heavy metals, organic carbon and so on in the air and has a
biological effect that damages a series of systems of our body. For
instance, PMy s is involved in the occurrence and development of various
respiratory, cardiovascular, and ocular surface diseases through me-
chanical destruction, immune reaction, inflammation, oxidative stress
reaction, and epigenetic changes.®>!* Previous worldwide studies have
confirmed that short-term or long-term exposure to air pollution is
closely related to the increased mortality and morbidity in population
( the United States,'! Europe,'? China'® ) .

The ocular surface is the structure that protects our eyeball. Normally,
the ocular surface includes the eyelashes, eyelids, cornea, conjunctiva,
lacrimal glands and accessory lacrimal glands, meibomian glands, the
Moll and Zeis glands, nasolacrimal ducts and etc.'*'® Because the ocular
surface directly contacts with the outside world, external stimuli, espe-
cially PMj 5 in the air pollution, can easily damage the protective barrier of
the tear film, causing discomfort such as redness, itching, edema, foreign
body sensation, and irritation. The impact of air pollution on ocular sur-
face diseases is often overlooked by ophthalmologists during

consultations, and relative research is still rare.'® Though the direct con-
tact of the ocular surface structure with the outside environment improves
its susceptibility to external stimuli, it also facilitates ocular surface dis-
eases monitoring. For instance, intuitive ocular surface examinations such
as tear secretion test (Schirmer test), tear film break up time (BUT),
corneal staining experiment, slit lamp inspection, vision assessment and
etc, can be used as indicators to reflect the impact of PMs 5 on ocular
surface health.*7'® In recent years, various studies have explored the
pathogenic effect and mechanism of PM; 5 on single ocular surface dis-
ease. This review aims to summarize the current research progress of
PM; 5 on the pathogenic mechanisms of different ocular surface diseases.

1. The pathogenic effect of PMjy 5 on different ocular surface
diseases

1.1. Dry eye and meibomian gland dysfunction (MGD) induced by PMp 5

Dry eye is a disease that decreases the stability of the tear film and
damages the ocular surface function by multiple factors, which causes
ocular discomfort, foreign body sensation, visual dysfunction and other
symptoms, accompanied by increased tear osmotic pressure and ocular
surface inflammation. Dry eye symptom questionnaire, tear river width,
Schirmer test, BUT, fluorescein staining, lissamine green staining, tear
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osmotic pressure test are frequently used in clinic for screening and
diagnosing dry eye.'>?° MGD is a chronic, non-specific inflammation of
the meibomian glands with blocked ducts of the meibomian glands and
abnormal secretion of the meibomian glands, which causes
hyper-evaporative dry eye.?>? In an in vitro study performed on mice,
the researchers found that compared to the control group, the tear
secretion and BUT of the mice eye treated with PM drops were signifi-
cantly reduced, together with corneal epithelial damage, conjunctival
epithelial cell apoptosis and conjunctival goblet cell reduction. Mean-
while, increased inflammatory factors such as IL-18, IL-22, 11-23 and
MCP-1 were detected in the conjunctiva and cornea of mice in
PM-treated group. Moreover, apoptosis and reactive oxygen species
(ROS) production were increased in PM-exposed HCEC.>® Another
cross-sectional study conducted in Argentina assessed the ocular surface
alterations after subjects exposed in different PM levels. The result
indicated that under different PM exposure levels, the ocular surface
parameters of subjects such as eye redness, eyelid swelling, fluorescein
staining, and lissamine green staining, BUT were statistically altered.
Subjects under higher PM levels showed lower scores of BUT, and higher
grade of meibomian gland dysfunction.’® In addition, tear hyper-
osmolarity also plays an vital role in the pathogenesis of dry eye, and high
tear film osmolarity (>=316 mOsm/L) indicates the occurrence of dry
eye. A panel study conducted in Brazil, recruited 71 traffic controllers
and taxi drivers indicated that PM5 5 levels in the air pollution and tear
film osmolarity were significantly negatively correlated. For every
10 rng/m3 increase of PMy 5 in the air, the tear film osmolarity will
decrease by 10.9 mOsm/kg. The study above suggested the adaptation
mechanism of human ocular surface to PMy s after long-term expo-
sure.?>?® Moreover, several researches revealed that ROS-NLRP3-IL-1B
signaling pathway axis was upregulated in environment-induced ocular
surface diseases such as dry eye and corneal toxicity.' %%’

1.2. Conjunctiva induced by PM> 5

Conjunctivitis is an inflammatory disease caused by infectious and
non-infectious factors, which causes itchy eyes, conjunctival swelling,
increased secretions and etc. Severe conjunctivitis can even make pa-
tients suffer from vision loss or blindness. As the most common eye
disease in emergency department, conjunctivitis is a severe burden on
public health and social economy. Previous Meta-analysis has found that
air pollution is one of the pivotal causes that initiate conjunctivitis ,
among which NOy, CO, O3, SO3, PM3 5, and PM in the air are relevant to
the morbidity of conjunctivitis in the population. Among them, women
and adolescents are more sensitive to PMj 5, NO3 and Os. Identifying the
pathogenic factors existing in the environment and taking targeted
measures to prevent them beforehand is of great significance to improve
the public eye health.?2 3! A time series analysis conducted in Japan
further pointed out that PMy s levels are significantly related to the
morbidity of allergic conjunctivitis. During the pollen-free season (May
to July), the frequency of outpatient visits for patients with allergic
conjunctivitis is positively correlated with PMy 5 levels.>? Above all ,
controlling air pollution, monitoring the concentration of PM; 5 timely,
and reducing the frequency of outing activities when the PMj; 5 concen-
tration exceeds a critical level provide new ideas for the prevention and
treatment of immune ophthalmopathy.

1.3. Blepharitis induced by air pollution

Blepharitis is a chronic inflammatory disease of eyelid margins ,
which mainly causes irritation, burning sensation, photophobia, red eyes
and blurred vision. It may be related to a variety of systemic diseases,
especially rosacea and seborrheic dermatitis, as well as other ocular
surface diseases such as dry eye, conjunctivitis and keratitis.>> A previous
study have shown that long-term air pollution exposure significantly
increases the morbidity of blepharitis in urban residents.>* The palpebral
margin is an essential structure to maintain the integrity of tear film, as
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well as the function of the ocular surface. Meanwhile, palpebral margin
dysfunction is also an important factor in the development of dry eye
disease. The importance of eyelid margins in maintaining ocular surface
health and in the development of dry eye disease has been under-
estimated for so long.>®> Moreover, blepharitis takes a long time to cure
and is prone to relapse. In clinical practice, eyelid hygiene is crucial to
prevent blepharitis.

1.4. Keratitis induced by PM> s

So far, no research has shown that PM, 5 has a direct pathogenic effect
on the occurrence of keratitis. However, an animal experiment with mice
as subjects showed that between two groups (PM, s-xeposed group and
control group) of mice with keratitis induced by Pseudomonas aerugi-
nosa, corneal perforation appeared earlier in the PM, s-exposed group
than in the unexposed group. (confirmed by histology).>

2. Pathogenic mechanisms underlying PM, s-related ocular
surface diseases

2.1. Inflammation and immune mechanism altered by PM> 5

Inflammation plays a significant role in PMj; s-induced ocular surface
diseases.

An in vitro study on corneal epithelial cells of mouse demonstrated
that after PM, 5 treatment, the mRNA expression of HMGB1 (P < 0.05),
TLR2 (P < 0.05), IL-(P < 0.05) were significantly increased.> Compared
to control group, the protein production of IL-18, IL-22, IL.-23, and MCP-1
in PM-treated group were also significantly increased in the conjunctiva

( P<0.05 ) and cornea ( P>0.05 ) tissues. The altered expression of in-
flammatory factors in the cornea and conjunctival tissues reflected that a
specific regulatory mechanism induced by PMj; 5 may exists underlying
the immune response of the ocular surface.?® A recent study based on
mouse model further demonstrated that PM5 5 can induce inflammation
and pyroptosis in mouse cornea,'’ and another study based on mouse
model revealed that in the PM s-treated group, CD11b (+) cells and mast
cells increased significantly on the central cornea and in the conjunctiva
of mouse. Compared with the control group, the expressions of IL-1p,
IL-6, TNF and MUC5AC were statistically increased in the PMj 5 exposure
group, as well as the maturity of dendritic cells (DC) in draining lymph
nodes (DLN). In addition, increased serum IgE levels and Th2 cytokine
production were detected in DLN. In summary, PM; 5 exposure causes
ocular surface injury and inflammation, which leads to DC maturation
and allergic immune response dominated by Th2 cells in the DLN.%® The
recent progress in dry eye study reveals that the pathological process of
dry eye is a "vicious inflammatory circle". Comprehensive assessment of
inflammation-based dry eye will help break the inflammatory process in
the clinical condition and provide better options for treatment.’’”
Epidemiological evidence revealed that PMy 5 is one of the causes of
allergic conjunctivitis, and the mouse model further confirms that PMj 5
induces an increased goblet cell density in the upper eyelid conjunctiva
and extensive eosinophil infiltration in the conjunctiva and meibomian
glands.>? Above all, inflammation and immune response play consider-
able roles in the incidence of PMj; s-induced ocular surface diseases.*®

2.2. Oxidative stress and autophagy triggered by PMy 5

Although the mechanism underlying health hazards induced by PM5 5
has not been fully elucidated, the oxidative stress response was experi-
mentally confirmed to be one of the important mechanisms. Reactive
oxygen species (ROS) is by-products of normal cell metabolism and plays
an important role in signal transduction and maintenance of internal
balance. Under specific environment or pathophysiological conditions,
ROS will increase dramatically, resulting in an imbalance between the
ROS production and the intracellular defense mechanism, which is called
oxidative stress.>’ After exposure to PM; 5 for 12h and 24h, increased cell
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apoptosis and ROS production of human corneal epithelial cells (HCECs)
were observed in a time and dose-dependent manner.”> Meanwhile, a
repeated-measure study performed in healthy students in Beijing pointed
out that PMy 5 was strongly related to the increase of antioxidant en-
zymes and the activation of systemic antioxidant activity.’ Moreover,
another study observed significant level changes in two antioxidant en-
zymes, glutathione peroxidase and total antioxidant status, in response to
short-term changes in air pollution levels.*!

Autophagy is regarded as a "self-phagocytic" process, which can be
triggered by starvation, hypoxia, infection, aging and chemotherapy to
protect the body and regenerate material and energy. The components of
the autophagy process are highly and constitutively expressed in all parts
of the eye, which makes autophagy closely related to ocular diseases such
as corneal diseases, cataract, retinopathy and orbital diseases.*>*> As
observed in diabetic retinopathy (DR) and age-related macular degen-
eration (AMD), a high extent of autophagy can withstand external pres-
sure, but excessive autophagy can lead to deterioration of eye tissues.**
The expression levels of autophagy-associated markers ATG5, LC3B, and
BECN1 proved that autophagy in HCECs was slightly suppressed in the
early period of PMj 5 exposure (before 4 h), but was notably activated in
the late period (after 24 h). As an autophagy activator, rapamycin can
reduce cell damage in HCECs induced by PM; 5 in the early period and
aggravate it in the late period, suggesting that autophagy effect on HCECs
may change with the PMj 5 exposure time. The results above elucidated
the potential of autophagy in the therapy of ocular corneal diseases
induced by PMj 5 and directly demonstrated that PM; 5 may influence the
cytotoxicity of HCECs through autophagy process.*>*®

2.3. Cell migration suppressed by PM> 5 exposure

A previous study confirmed that cell migration plays a crucial role in
corneal epithelium repair and corneal homeostasis maintenance. Both
animal experiments and cell experiments elucidated that PM, 5 exposure
obviously suppressed the migration of corneal epithelial cells. The FAK/
paxillin phosphorylation and FAK-paxillin interaction were vital for the
formation of focal adhesion complex, which was crucial for the cell
migration process. As confirmed by immunofluorescence and Immuno-
precipitation, the phosphorylation activity and interaction activity of
HCECs were both suppressed after PMj 5 treatment. Meanwhile, the
RhoA activity and stress fiber formation were significantly inhibited. It
was demonstrated that PMj 5 exposure significantly damaged the FAK/
Rho signal pathway and inhibited the actin reorganization to suppress
the migration process of corneal epithelial cell. In addition, in vitro
experiment conducted in mice further pointed out that PMj 5 treatment
may delay the wound healing of corneal epithelium through inhibiting
cell migration. The results above suggested that it may be significant to
pay attention to corneal infection and corneal epithelium defect in pa-
tients who were exposed to PM; 5. Further researches can be conducted
to protect the corneal epithelium from the harm caused by PMjys

exposure.47

2.4. Epigenetic alterations induced by air pollution

PM, 5 can cause DNA damage and cellular senescence in HCECs,
probably through stimulating the ROS formation.>° Several studies
pointed out that air pollution, especially NO, and PM; 5 exposure, are
positively correlated with proliferation of human conjunctival goblet
cells (GC), and therefore increase the mRNA level of MUC5AC on the
ocular surface as adaptation to environmental pollution.*®*° Moreover, a
study focused on respiratory system elucidated that IncRNAs took part in
the toxicology of PMys via stimulating the epithelial-mesenchymal
transition (EMT) process and inflammation process.50 In addition,
another research on lung carcinogenesis revealed that PMs 5 led to ROS
formation, which stimulated the expression of loc146880. This IncRNA
in turn up-regulated the level of autophagy and promoted the further
deterioration of lung cancer cells.>! There is so far no study to investigate
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the role of IncRNAs in PM, s-induced ocular surface-related diseases, and
studies above suggests that it is a good research direction.

3. Conclusion and discussion

PMS, 5 is intimately associated with ocular surface diseases. Long-term
exposure to PM; 5 will increase morbidity of ocular surface diseases in
individuals, thereby affecting the quality of life in the population. PMj 5
exposure concentration and exposure time will influence the occurrence
and development of ocular surface diseases. The current studies have
shown that PM, 5 may promote the appearance of conjunctivitis, kera-
titis, blepharitis, dry eye, MGD and other ocular surface diseases through
regulating a series of mechanisms such as inflammation, immune reac-
tion, oxidative stress, autophagy, cell migration, and epigenetics. How-
ever, further clinical studies and experimental researches using cellular
and animals models are still needed to be conducted to fully clarify the
underlying mechanisms in PMj; s-induced ocular surface diseases. As air
pollution becomes increasingly serious, improving standardized pro-
cedures to monitor the PMy 5 level in the air is of great significance to
ocular surface diseases. Moreover, in cities with severe PM5 5 pollution,
taking screening and protection measures for susceptible populations are
cost-effective ways for the prevention and treatment of PMj s-induced
ocular surface diseases, which is also a significant focus of clinical
researches.

Study Approval
Not applicable.
Author Contributions

QLF and KY conceived and designed the study; FS, SJH searched
references of the study; FS and YZG selected the references; SJTH and YZG
wrote the original paper; QLF and KY re-wrote the final paper and sub-
mitted the pape. All authors have read and approved the manuscript.

Acknowledgements
Thanks to all the peer reviewers for their opinions and suggestions.
Funding

This work was supported by the National Natural Science Foundation
of China (81670833, 81870641, and 82070939), Zhejiang Province Key
Research and Development Program (2020C03035 and 2019C03091),
Fundamental Research Funds for the Central Universities
(2019QNA7026), and National Natural Science Foundation of Zhejiang
Province (LQ14H260003).

Conflict of Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Editorship Disclosure

Given their role as Editor-in-Chief, Ke Yao had no involvement in the
peer-review of this article and has no access to information regarding its
peer-review. Full responsibility for the editorial process for this article
was delegated to Simin Ding.

References

1. WHO's global air-quality guidelines. Lancet. 2006;368(9544):1302. https://doi.org/
10.1016/50140-6736(06)69530-5.


https://doi.org/10.1016/s0140-6736(06)69530-5
https://doi.org/10.1016/s0140-6736(06)69530-5

F. Song et al.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Liu ST, Liao CY, Kuo CY, et al. The effects of PM(2.5) from asian dust storms on
emergency room visits for cardiovascular and respiratory diseases. Int J Environ Res
Publ Health. 2017;14(4). https://doi.org/10.3390/ijerph14040428.

. Somayajulu M, Ekanayaka S, McClellan SA, et al. Airborne particulates affect corneal

homeostasis and immunity. Invest Ophthalmol Vis Sci. 2020;61(4):23. https://doi.org/
10.1167/iovs.61.4.23.

. Jung SJ, Mehta JS, Tong L. Effects of environment pollution on the ocular surface.

Ocul Surf. 2018;16(2):198-205. https://doi.org/10.1016/].jt0s.2018.03.001.

. Bouazza N, Foissac F, Urien S, et al. Fine particulate pollution and asthma

exacerbations. Arch Dis Child. 2018;103(9):828-831. https://doi.org/10.1136/
archdischild-2017-312826.

. WuY, Li M, Tian Y, et al. Short-term effects of ambient fine particulate air pollution

on inpatient visits for myocardial infarction in Beijing, China. Environ Sci Pollut Res
Int. 2019;26(14):14178-14183. https://doi.org/10.1007/511356-019-04728-8.

. Pandey P, Patel DK, Khan AH, et al. Temporal distribution of fine particulates (PM.s:

PM:o), potentially toxic metals, PAHs and Metal-bound carcinogenic risk in the
population of Lucknow City, India. J Environ Sci Health A Tox Hazard Subst Environ
Eng. 2013;48(7):730-745. https://doi.org/10.1080/10934529.2013.744613.

. Liu J, Man R, Ma S, et al. Atmospheric levels and health risk of polycyclic aromatic

hydrocarbons (PAHs) bound to PM2.5 in Guangzhou, China. Mar Pollut Bull. 2015;
100(1):134-143. https://doi.org/10.1016/j.marpolbul.2015.09.014.

. Qi H, Liu Y, Wang N, et al. Lentinan attenuated the PM2.5 exposure-induced

inflammatory response, epithelial-mesenchymal transition and migration by
inhibiting the PVT1/miR-199a-5p/caveolinl pathway in lung cancer. DNA Cell Biol.
2021;40(5):683-693. https://doi.org/10.1089/dna.2020.6338.

Niu L, Li L, Xing C, et al. Airborne particulate matter (PM(2.5)) triggers cornea
inflammation and pyroptosis via NLRP3 activation. Ecotoxicol Environ Saf. 2021;207:
111306. https://doi.org/10.1016/j.ecoenv.2020.111306.

Dockery DW, Pope 3rd CA, Xu X, et al. An association between air pollution and
mortality in six U.S. cities. N Engl J Med. 1993;329(24):1753-1759. https://doi.org/
10.1056/nejm199312093292401.

Sarkodie SA, Strezov V, Jiang Y, et al. Proximate determinants of particulate matter
(PM(2.5)) emission, mortality and life expectancy in Europe, Central Asia, Australia,
Canada and the US. Sci Total Environ. 2019;683:489-497. https://doi.org/10.1016/
j.scitotenv.2019.05.278.

Chen R, Yin P, Meng X, et al. Fine particulate air pollution and daily mortality. A
nationwide analysis in 272 Chinese cities. Am J Respir Crit Care Med. 2017;196(1):
73-81. https://doi.org/10.1164/rccm.201609-18620C.

Torricelli AA, Novaes P, Matsuda M, et al. Ocular surface adverse effects of ambient
levels of air pollution. Arq Bras Oftalmol. 2011;74(5):377-381. https://doi.org/
10.1590/50004-27492011000500016.

Gipson IK. The ocular surface: the challenge to enable and protect vision: the
Friedenwald lecture. Invest Ophthalmol Vis Sci. 2007;48(10):4390-4391-4398.
https://doi.org/10.1167/iovs.07-0770.

Klopfer J. Effects of environmental air pollution on the eye. J Am Optom Assoc. 1989;
60(10):773-778.

Novaes P, Saldiva PH, Matsuda M, et al. The effects of chronic exposure to traffic
derived air pollution on the ocular surface. Environ Res. 2010;110(4):372-374.
https://doi.org/10.1016/j.envres.2010.03.003.

Paschides CA, Stefaniotou M, Papageorgiou J, et al. Ocular surface and
environmental changes. Acta Ophthalmol Scand. 1998;76(1):74-77. https://doi.org/
10.1034/j.1600-0420.1998.760113.x.

Kim Y, Choi YH, Kim MK, et al. Different adverse effects of air pollutants on dry eye
disease: ozone, PM(2.5), and PM(10). Environ Pollut. 2020;265(Pt B):115039.
https://doi.org/10.1016/j.envpol.2020.115039.

Rouen PA, White ML. Dry eye disease: prevalence, assessment, and management.
Home Healthc Now. 2018;36(2):74-83. https://doi.org/10.1097/
nhh.0000000000000652.

Thode AR, Latkany RA. Current and emerging therapeutic strategies for the
treatment of meibomian gland dysfunction (MGD). Drugs. 2015;75(11):1177-1185.
https://doi.org/10.1007/540265-015-0432-8.

Baudouin C, Messmer EM, Aragona P, et al. Revisiting the vicious circle of dry eye
disease: a focus on the pathophysiology of meibomian gland dysfunction. Br J
Ophthalmol. 2016;100(3):300-306. https://doi.org/10.1136/bjophthalmol-2015-
307415.

Yang Q, Li K, Li D, et al. Effects of fine particulate matter on the ocular surface: an in
vitro and in vivo study. Biomed Pharmacother. 2019;117:109177. https://doi.org/
10.1016/j.biopha.2019.109177.

M AG, Giuliani D, A AP, et al. Relationship between ocular surface alterations and
concentrations of aerial particulate matter. J Ophthalmic Vis Res. 2019;14(4):
419-427. https://doi.org/10.18502/jovr.v14i4.5441.

Torricelli AA, Novaes P, Matsuda M, et al. Correlation between signs and symptoms
of ocular surface dysfunction and tear osmolarity with ambient levels of air pollution
in a large metropolitan area. Cornea. 2013;32(4):e11-el5. https://doi.org/10.1097/
1CO.0b013e31825e845d.

Paudel N, Adhikari S, Manandhar S, et al. Ocular surface symptoms among
individuals exposed to ambient levels of traffic derived air pollution - a cross-
sectional study. F1I000Res. 2017;6:2167. https://doi.org/10.12688/
f1000research.13483.2.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Advances in Ophthalmology Practice and Research 1 (2021) 100001

Zheng Q, Ren Y, Reinach PS, et al. Reactive oxygen species activated NLRP3
inflammasomes initiate inflammation in hyperosmolarity stressed human corneal
epithelial cells and environment-induced dry eye patients. Exp Eye Res. 2015;134:
133-140. https://doi.org/10.1016/j.exer.2015.02.013.

Cheng WJ, Liang SJ, Huang CS, et al. Air pollutants are associated with obstructive
sleep apnea severity in non-rapid eye movement sleep. J Clin Sleep Med. 2019;15(6):
831-837. https://doi.org/10.5664/jcsm.7830.

Fu Q, Mo Z, Lyu D, et al. Air pollution and outpatient visits for conjunctivitis: a case-
crossover study in Hangzhou, China. Environ Pollut. 2017;231(Pt 2):1344-1350.
https://doi.org/10.1016/j.envpol.2017.08.109.

Lu P, Zhang Y, Xia G, et al. Short-term exposure to air pollution and conjunctivitis
outpatient visits: a multi-city study in China. Environ Pollut. 2019;254(Pt A):113030.
https://doi.org/10.1016/j.envpol.2019.113030.

Nucci P, Sacchi M, Pichi F, et al. Pediatric conjunctivitis and air pollution exposure: a
prospective observational study. Semin Ophthalmol. 2017;32(4):407-411. https://
doi.org/10.3109/08820538.2015.1115088.

Mimura T, Ichinose T, Yamagami S, et al. Airborne particulate matter (PM2.5) and
the prevalence of allergic conjunctivitis in Japan. Sci Total Environ. 2014;487:
493-499. https://doi.org/10.1016/j.scitotenv.2014.04.057.

Bernardes TF, Bonfioli AA. Blepharitis. Semin Ophthalmol. 2010;25(3):79-83. https://
doi.org/10.3109/08820538.2010.488562.

Malerbi FK, Martins LC, Saldiva PH, et al. Ambient levels of air pollution induce
clinical worsening of blepharitis. Environ Res. 2012;112:199-203. https://doi.org/
10.1016/j.envres.2011.11.010.

Knop E, Korb DR, Blackie CA, et al. The lid margin is an underestimated structure for
preservation of ocular surface health and development of dry eye disease. Dev
Ophthalmol. 2010;45:108-122. https://doi.org/10.1159/000315024.

Lee HS, Han S, Seo JW, et al. Exposure to traffic-related particulate matter 2.5
triggers Th2-dominant ocular immune response in a murine model. Int J Environ Res
Publ Health. 2020;17(8). https://doi.org/10.3390/ijerph17082965.

Yamaguchi T. Inflammatory response in dry eye. Invest Ophthalmol Vis Sci. 2018;
59(14):Des192-des199. https://doi.org/10.1167/i0vs.17-23651.

Matsuda M, Bonatti R, Marquezini MV, et al. Lacrimal cytokines assessment in
subjects exposed to different levels of ambient air pollution in a large metropolitan
area. PloS One. 2015;10(11), e0143131. https://doi.org/10.1371/
journal.pone.0143131.

Gao ZX, Song XL, Li SS, et al. Assessment of DNA damage and cell senescence in
corneal epithelial cells exposed to airborne particulate matter (PM2.5) collected in
guangzhou, China. Invest Ophthalmol Vis Sci. 2016;57(7):3093-3102. https://
doi.org/10.1167/i0ovs.15-18839.

Wu S, Wang B, Yang D, et al. Ambient particulate air pollution and circulating
antioxidant enzymes: a repeated-measure study in healthy adults in Beijing, China.
Environ Pollut. 2016;208(Pt A):16-24. https://doi.org/10.1016/
j.envpol.2015.06.002.

Farhat Z, Browne RW, Bonner MR, et al. How do glutathione antioxidant enzymes
and total antioxidant status respond to air pollution exposure? Environ Int. 2018;112:
287-293. https://doi.org/10.1016/j.envint.2017.12.033.

Li YJ, Jiang Q, Cao GF, et al. Repertoires of autophagy in the pathogenesis of ocular
diseases. Cell Physiol Biochem. 2015;35(5):1663-1676. https://doi.org/10.1159/
000373980.

Fernandez-Albarral JA, de Julidn-Lépez E, Soler-Dominguez C, et al. The role of
autophagy in eye diseases. Life. 2021;11(3). https://doi.org/10.3390/1ife11030189.
Chai P, Ni H, Zhang H, Fan X. The evolving functions of autophagy in ocular health: a
double-edged sword. Int J Biol Sci. 2016;12(11):1332-1340. https://doi.org/
10.7150/ijbs.16245.

Fu Q, Lyu D, Zhang L, et al. Airborne particulate matter (PM2.5) triggers autophagy
in human corneal epithelial cell line. Environ Pollut. 2017;227:314-322. https://
doi.org/10.1016/j.envpol.2017.04.078.

Kashiwagi K, lizuka Y. Effect and underlying mechanisms of airborne particulate
matter 2.5 (PM2.5) on cultured human corneal epithelial cells. Sci Rep. 2020;10(1):
19516. https://doi.org/10.1038/541598-020-76651-9.

Cui YH, Hu ZX, Gao ZX, et al. Airborne particulate matter impairs corneal epithelial
cells migration via disturbing FAK/RhoA signaling pathway and cytoskeleton
organization. Nanotoxicology. 2018;12(4):312-324. https://doi.org/10.1080/
17435390.2018.1440651.

Novaes P, do Nascimento Saldiva PH, Kara-José N, et al. Ambient levels of air
pollution induce goblet-cell hyperplasia in human conjunctival epithelium. Environ
Health Perspect. 2007;115(12):1753-1756. https://doi.org/10.1289/ehp.10363.
Torricelli AA, Matsuda M, Novaes P, et al. Effects of ambient levels of traffic-derived
air pollution on the ocular surface: analysis of symptoms, conjunctival goblet cell
count and mucin 5AC gene expression. Environ Res. 2014;131:59-63. https://
doi.org/10.1016/j.envres.2014.02.014.

Huang Q, Chi Y, Deng J, et al. Fine particulate matter 2.5 exerted its toxicological
effect by regulating a new layer, long non-coding RNA. Sci Rep. 2017;7(1):9392.
https://doi.org/10.1038/541598-017-09818-6.

Deng X, Feng N, Zheng M, et al. PM2.5 exposure-induced autophagy is mediated by
IncRNA 1oc146880 which also promotes the migration and invasion of lung cancer
cells. Biochim Biophys Acta Gen Subj. 2017;1861(2):112-125. https://doi.org/
10.1016/j.bbagen.2016.11.009.


https://doi.org/10.3390/ijerph14040428
https://doi.org/10.1167/iovs.61.4.23
https://doi.org/10.1167/iovs.61.4.23
https://doi.org/10.1016/j.jtos.2018.03.001
https://doi.org/10.1136/archdischild-2017-312826
https://doi.org/10.1136/archdischild-2017-312826
https://doi.org/10.1007/s11356-019-04728-8
https://doi.org/10.1080/10934529.2013.744613
https://doi.org/10.1016/j.marpolbul.2015.09.014
https://doi.org/10.1089/dna.2020.6338
https://doi.org/10.1016/j.ecoenv.2020.111306
https://doi.org/10.1056/nejm199312093292401
https://doi.org/10.1056/nejm199312093292401
https://doi.org/10.1016/j.scitotenv.2019.05.278
https://doi.org/10.1016/j.scitotenv.2019.05.278
https://doi.org/10.1164/rccm.201609-1862OC
https://doi.org/10.1590/s0004-27492011000500016
https://doi.org/10.1590/s0004-27492011000500016
https://doi.org/10.1167/iovs.07-0770
http://refhub.elsevier.com/S2667-3762(21)00001-9/sref16
http://refhub.elsevier.com/S2667-3762(21)00001-9/sref16
http://refhub.elsevier.com/S2667-3762(21)00001-9/sref16
https://doi.org/10.1016/j.envres.2010.03.003
https://doi.org/10.1034/j.1600-0420.1998.760113.x
https://doi.org/10.1034/j.1600-0420.1998.760113.x
https://doi.org/10.1016/j.envpol.2020.115039
https://doi.org/10.1097/nhh.0000000000000652
https://doi.org/10.1097/nhh.0000000000000652
https://doi.org/10.1007/s40265-015-0432-8
https://doi.org/10.1136/bjophthalmol-2015-307415
https://doi.org/10.1136/bjophthalmol-2015-307415
https://doi.org/10.1016/j.biopha.2019.109177
https://doi.org/10.1016/j.biopha.2019.109177
https://doi.org/10.18502/jovr.v14i4.5441
https://doi.org/10.1097/ICO.0b013e31825e845d
https://doi.org/10.1097/ICO.0b013e31825e845d
https://doi.org/10.12688/f1000research.13483.2
https://doi.org/10.12688/f1000research.13483.2
https://doi.org/10.1016/j.exer.2015.02.013
https://doi.org/10.5664/jcsm.7830
https://doi.org/10.1016/j.envpol.2017.08.109
https://doi.org/10.1016/j.envpol.2019.113030
https://doi.org/10.3109/08820538.2015.1115088
https://doi.org/10.3109/08820538.2015.1115088
https://doi.org/10.1016/j.scitotenv.2014.04.057
https://doi.org/10.3109/08820538.2010.488562
https://doi.org/10.3109/08820538.2010.488562
https://doi.org/10.1016/j.envres.2011.11.010
https://doi.org/10.1016/j.envres.2011.11.010
https://doi.org/10.1159/000315024
https://doi.org/10.3390/ijerph17082965
https://doi.org/10.1167/iovs.17-23651
https://doi.org/10.1371/journal.pone.0143131
https://doi.org/10.1371/journal.pone.0143131
https://doi.org/10.1167/iovs.15-18839
https://doi.org/10.1167/iovs.15-18839
https://doi.org/10.1016/j.envpol.2015.06.002
https://doi.org/10.1016/j.envpol.2015.06.002
https://doi.org/10.1016/j.envint.2017.12.033
https://doi.org/10.1159/000373980
https://doi.org/10.1159/000373980
https://doi.org/10.3390/life11030189
https://doi.org/10.7150/ijbs.16245
https://doi.org/10.7150/ijbs.16245
https://doi.org/10.1016/j.envpol.2017.04.078
https://doi.org/10.1016/j.envpol.2017.04.078
https://doi.org/10.1038/s41598-020-76651-9
https://doi.org/10.1080/17435390.2018.1440651
https://doi.org/10.1080/17435390.2018.1440651
https://doi.org/10.1289/ehp.10363
https://doi.org/10.1016/j.envres.2014.02.014
https://doi.org/10.1016/j.envres.2014.02.014
https://doi.org/10.1038/s41598-017-09818-6
https://doi.org/10.1016/j.bbagen.2016.11.009
https://doi.org/10.1016/j.bbagen.2016.11.009

	Research advances in pathogenic mechanisms underlying air pollution-induced ocular surface diseases
	1. The pathogenic effect of PM2.5 on different ocular surface diseases
	1.1. Dry eye and meibomian gland dysfunction (MGD) induced by PM2.5
	1.2. Conjunctiva induced by PM2.5
	1.3. Blepharitis induced by air pollution
	1.4. Keratitis induced by PM2.5

	2. Pathogenic mechanisms underlying PM2.5-related ocular surface diseases
	2.1. Inflammation and immune mechanism altered by PM2.5
	2.2. Oxidative stress and autophagy triggered by PM2.5
	2.3. Cell migration suppressed by PM2.5 exposure
	2.4. Epigenetic alterations induced by air pollution

	3. Conclusion and discussion
	Study Approval
	Author Contributions
	Acknowledgements
	Funding
	Conflict of Interest
	Editorship Disclosure
	References


