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Air pollution is inevitably the result of human civilization, industrialization, and globalization. It is composed of a

mixture of gases and particles at harmful levels. Particulate matter (PM), nitrogen oxides (NOx), and carbon

dioxides (CO2) are mainly generated from vehicle emissions and fuel consumption and are the main materials

causing outdoor air pollution. Exposure to polluted outdoor air has been proven to be harmful to human eyes. On

the other hand, indoor air pollution from environmental tobacco smoking, heating, cooking, or poor indoor

ventilation is also related to several eye diseases, including conjunctivitis, glaucoma, cataracts, and age-related

macular degeneration (AMD).

air pollution  eye diseases  ocular surface diseases  glaucoma  cataract

retinal diseases

1. Introduction

Air is essential for the survival and development of all lives on Earth. Its quality directly influences human health

and is closely affected by the extent of civilization. Air pollution is a major contributor to the global burden of

disease. There was increased mortality related to air pollution in both developing countries and developed

countries such as the United States, despite more rigorous air quality standards . Although there are many

natural sources of air pollution, for example, wildfires and volcanoes, since the Industrial Revolution, human

technology has distributed the majority of substantial air pollution. The evolution of human civilization has been

accompanied by industrialization and global transportation. Due to the development of industrialization, increasing

numbers of fuel-burning motorized vehicles and factories have resulted in high levels of air pollution and poor air

quality. For example, according to the Central Weather Bureau of Taiwan, the air quality index (AQI) in south

Taiwan, where the main power plants of this island were located, was between 130~160 in January 2021, which is

considered harmful to the normal population, and outdoor activities were not suggested.

1.1. The Composition of Air Pollution

Air pollution comprises a complex mixture of gas-phase pollutants and particles at harmful levels that are disbursed

into the atmosphere due to either natural or human activities . There are many pollutants in the atmosphere, such

as sulfur dioxide (SO ), nitrogen dioxide (NO ), carbon dioxide (CO ), nitrogen monoxide (NO), carbon monoxide

(CO), nitrogen oxides (NOx), particulate matter 2.5 (PM ), and particulate matter 10 (PM ), mostly generated

from burning fuels or industrial production. In addition to traffic and industry activities, daily life activities, including

tobacco smoking, household decorating and cooking, also produce COx, NOx, and volatile organic compounds
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(VOCs). For example, formaldehyde can cause DNA damage in animal cells, and its carcinogenicity has been

assessed by many studies in the past three decades .

Indoor activities with poor ventilation of buildings in modern life are another cause of health problems. There is an

increasing prevalence of asthma, autism, and childhood cancer with everyday exposure to these indoor chemical

pollutants .

1.2. The Influences of Air Pollution to Human Eyes

Air pollution influences daily living in societies and even jeopardizes the survival of humans. It is widely known that

outdoor air pollution influences health. Air pollution induces many health problems and diseases, such as

cardiovascular disorders, respiratory tract problems, ocular disease, neurologic disease, cancer, and death 

.

The cornea is the most sensitive structure in the human body due to numerous innervations in the ocular surface

and thus is extremely sensitive to environmental agents . The eyes defend against potentially harmful

external material with only a thin layer of precorneal tear film; as a result, human eyes are susceptible to the

adverse effects of air pollution .

The adverse effects of air pollutants such as CO, NOx, PM, and O  on human eyes consist of mostly irritation and

inflammation, with conjunctivitis being a frequent problem . Numerous studies have tried to determine the impact

of environmental toxins on the ocular surface. Saxena and colleagues found that persons who traveled to highly

polluted areas where the PM level was five times higher than the WHO annual average limit of 60 µg/m  suffered

from extensive subclinical ocular surface changes . Versura and associates reported that the mixture of air

pollutants led to cytological changes and inflammation in the ocular surface, contributing to eye discomfort . An

increasing number of studies have indicated that air pollutants such as PM  are associated with allergic

conjunctivitis  and glaucoma , and exposure to tobacco smoke can cause cataracts . Moreover, age-

related macular degeneration (AMD) is related to exposure to traffic-related air pollutants .

2. Outdoor Air Pollution

Outdoor air pollution is a significant public health problem in population centers worldwide. For decades, studies

have demonstrated a strong association between air pollution and a spectrum of ill health effects. Outdoor air

pollution is a major environmental health hazard that was associated with 3.7 million deaths worldwide in 2012 

and 4.2 million deaths in 2016 . The increasing trend in attributable deaths from 1990 to 2015 was partially due

to the increase in outdoor air pollution levels in low- and middle-income countries . In 2016, the International

Agency for Research on Cancer (IARC) classified outdoor air pollution as a human carcinogen, according to

adequate evidence, especially for lung cancer . Automobile traffic is the predominant source of outdoor air

pollution in developed urban areas. The components of outdoor air pollution are complicated and dynamic and

include ozone (O ), nitrogen dioxide (NO ), sulfur dioxide (SO ), lead (Pb), carbon monoxide (CO), and particulate
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matter (PM). The components vary seasonally and are affected by human activity and climatic events . PM is

further classified into coarse PM (PM , PM with an aerodynamic diameter ≤ 10 μm), fine PM (PM , PM with an

aerodynamic diameter ≤ 2.5 μm), and ultrafine PM (PM , PM with an aerodynamic diameter ≤ 1.0 μm) .

Pollutants originate from different sources. For example, NO  and ground-level O  (which derives from the effect of

ultraviolet light on nitrogen dioxide) are primarily emitted from vehicle exhaust systems, while SO  originates from

the burning of sulfur-containing fuels (e.g., coal-burning plants). Coarse PM primarily results from scattered ground

or airborne dust; fine and ultrafine PM derive primarily from vehicular exhaust . Coarse and fine particulates

differ in not only their physical properties and size but also their chemical components. PM  primarily consists of

geological materials, in comparison to PM  and PM , which have larger fragments of elemental and organic

carbon . These variations in PM chemical composition are related to different toxicity profiles and can be used

as tracers of vehicular emanations. For example, elemental carbon can be used to track traffic-related emissions

. Outdoor air pollution consists of both primary pollutants released directly into the atmosphere and secondary

pollutants formed in the air due to chemical transformation of primary pollutants. These chemical reactions are

affected by temperature and thus can be affected by global climate warming. In addition, accumulated evidence

has implied that air pollution can not only exacerbate ocular symptoms but also cause new-onset ocular disease.

According to the UN organization, the new recommendations reflect the recent evidence of the significantly higher-

than-thought impact of even lower concentrations of air pollution on human health and wellbeing. A recent study

estimated the death toll of air pollution at 8.7 million per year .

2.1. Ocular Surface Diseases (OSDs)

Traffic- and industry-related airborne byproducts account for most outdoor air pollution. For example, in New Delhi,

India, the transportation component of air pollution was 72%, and the industry component was 20% in 2003. The

level of suspended particulate matter (SPM) in New Delhi was five times higher than the annual average control

limit of 60 mg/m  set by the World Health Organization (WHO). One study showed that people in New Delhi who

commuted daily to the workplace using open vehicles (e.g., scooters, motorcycles, or bicycles) for more than 10

years had more ocular surface symptoms, such as redness, irritation, lacrimation, burning, and dryness, than

people living near their workplace . NO and NO , the primary products of diesel oil consumption by trucks and

large vehicles, can travel long distances. A study indicated that higher nitric oxide (NO) and NO  concentrations

were related to more severe conjunctivitis in people in Paris . Another study from Taiwan reported that visiting an

ophthalmologic outpatient clinic was associated with an increased chance of visiting an ophthalmology clinic for

nonspecific conjunctivitis due to increased exposure to PM  and PM , NO , SO , and O  . Conjunctival

disease caused by air pollution can manifest as subclinical ocular surface changes  that frequently cause major

discomfort, such as burning and grittiness, and require a clinical visit. Moreover, persistent exposure to air pollution

can result in cellular transformation, including goblet-cell hyperplasia in the human conjunctival epithelium .

Discomfort due to eye disorders can disrupt people’s daily work efficiency and reduce road traffic safety.

In addition, air pollution may exacerbate dry eye disease . Dysfunction of the tear film is considered to be

caused by two interrelated mechanisms: hyperosmolarity and tear film instability . Tear hyperosmolarity may
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lead to changes on the ocular surface by inducing a series of inflammatory events in the ocular epithelium, which

induce the expression of inflammatory mediators in the tear film. Consequent damage to the epithelium causes cell

death via apoptosis, loss of goblet cells and decreased mucin production, leading to tear film instability. This

instability subsequently disrupts the hyperosmolarity of the ocular surface, intensifying a vicious cycle . A study

induced dry eye syndrome in mice with PM  eyedrops, and apoptosis of corneal superficial and basal epithelial

cells was observed .

2.2. Glaucoma

Among air pollutants, PM  is one of the strongest and most consistent predictors of mortality. It is associated with

pulmonary and cardiovascular disease and central nervous system conditions such as Alzheimer’s disease,

Parkinson’s disease, and stroke . Wang and associates reported that glaucoma was positively related to national

levels of PM  . PM  has been shown to be toxic to intraocular tissues and contribute to the development of

ocular hypertension and glaucoma. Mechanistically, PM  and PM  induce the production of NO and interleukin 8,

causing increased oxidative stress . Furthermore, PM  also increased oxidative stress and induced NLRP3

inflammasome-mediated pyroptosis, a form of nonapoptotic cell death in trabecular meshwork cells, in an in vitro

study . Another study also reported that PM  exposure inhibited the proliferation of and increased apoptosis in

neural retina cells, resulting in the abnormal development of the neural retina .

According to the results of a UK Biobank study, participants in areas with higher PM  concentrations were more

likely to report a diagnosis of glaucoma and to have a thinner macular ganglion cell–inner plexiform layer (GCIPL),

as measured by spectral-domain optical coherence tomography (SD-OCT), than their counterparts . There was

no association between intraocular pressure (IOP) and PM  exposure  suggesting that the relationship may occur

through a pressure-independent mechanism, possibly neurotoxic and/or vascular effects . Sun and associates

designed a nested case–control study to investigate whether exposure to PM  was related to the diagnosis of

primary open-angle glaucoma (POAG) in Taiwanese adults . They found that increased exposure to PM  was

associated with the incidence of POAG. In a retrospective cohort study, Min and colleagues evaluated whether

exposure to PM  was related to the occurrence of childhood glaucoma . Their results demonstrated that short-

term and long-term exposure to PM  increased the probability of developing childhood glaucoma. This finding

implies that PM  exposure may be a risk factor for childhood glaucoma.

2.3. Retinopathy and Maculopathy

Air pollution can induce oxidative stress, activate inflammatory pathways, and increase coagulation . The

retina is susceptible to oxidative stress due to its high consumption of oxygen and high proportion of

polyunsaturated fatty acids and exposure to visible light . In addition, oxidative damage increases with age,

leading to retinal dysfunction and cell loss. A study reported that epithelial–mesenchymal transition (EMT) and

activation downstream of cellular reactive oxygen species (ROS) may be responsible for PM -induced

dysfunction in retinal cells . As a result, the aging retina is potentially particularly susceptible to damage caused

by air pollution. There are studies describing myopic macular degeneration, age-related macular degeneration, and
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diabetic retinopathy in association with air pollution . In one study, exposure to PM  and NOx was

reported to increase ocular surface inflammation and retinal inflammation, increasing the risk of developing myopic

macular diseases . A UK Biobank study including more than 50,000 people demonstrated that exposure to

higher PM  and PM  concentrations and more PM  absorbance were associated with inner and outer retinal

layer thinning . Another 10-year cohort study analyzing links between the national health database and the air

quality database showed that chronic exposure to a higher concentration of ambient NO  or CO significantly

increased the risk of AMD . One study from Taiwan demonstrated a positive association between diabetic

retinopathy and PM ≤ 2.5 and 2.5 to 10 μm in diameter, with odds ratios of 1.29 (1.11–1.50) and 1.37 (1.17–1.61),

respectively . In a national cross-sectional study in rural China, Shan et al. enrolled 3111 diabetic patients, 329

of whom had diabetic retinopathy . Their results showed that increased exposure to a high concentration of

PM  was related to an increased risk of diabetic retinopathy (DR) among diabetic patients in rural China. They

postulated that PM could raise glucose levels and induce oxidative stress, inflammation, specific cytokine activity,

and endothelial dysfunction, contributing to diabetic retinopathy.

3. Indoor Air Pollution

Indoor air pollution is associated with indoor tobacco smoking, dissipation of compounds used in building materials

and decorations in buildings, cooking with oil and high heat, burning coal or biomass for cooking or heating, using

pesticides, etc. . Moreover, building products and materials, cleaning products, and consumer products emit

many chemically nonreactive volatile organic compounds (VOCs) and biologically reactive compounds, such as

formaldehyde (FA) and acrolein.

Several VOCs, especially aldehydes, have low odor thresholds . This influences the perceived indoor air quality

and possibly overall sensory symptoms . Therefore, personality factors, such as expectations about odor,

anxiety level, or attitude toward health risks, may affect complaints of symptoms .

Exposure to high concentrations of indoor air pollutants, for example, concentrations of carbon monoxide at 60 ×

10  µg/m  for 30 min or 100 × 10  µg/m  for 15 min, could lead to health effects . Examples of acute effects are

exacerbation of allergic symptoms, such as conjunctivitis, rhinitis, atopic dermatitis, and intoxication or death due to

short-term exposure to very high concentrations of carbon monoxide . Examples of chronic health effects

include cancer and noncancer effects related to VOCs , respiratory diseases associated with secondhand

tobacco smoke (e.g., chronic obstructive pulmonary disease (COPD)) , elevated susceptibility to respiratory

infections, and cardiovascular disease . Some pollutants, including tobacco smoke and other combustion

products, may exacerbate asthma symptoms , whereas FA and other VOCs have been associated with sick

building syndrome (SBS) .

These indoor air pollutants are reported to be harmful to the human eye, as discussed below.

3.1. Ocular Surface Disease
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Tobacco smoking affects the ocular surface, resulting in symptoms such as itchiness, redness, and irritation of the

eyes. The changes on the ocular surface include alteration of the lipid layer of the tear film, reduced tear secretion,

and decreased corneal and conjunctival sensitivity and can cause disorders such as atopic kerato-conjunctivitis

and allergic conjunctivitis. Tanisha et al. reported that aldehydes and free radicals released from electronic

cigarettes may disturb the stability of the tear film, and vape flavoring may damage the lipid layer through

peroxidation. Furthermore, nicotine and acrolein in cigarette vapors cause an inflammatory response in corneal

epithelial cells .

Indoor smoking can cause an increased level of PM  that is 10 times higher than that in nonsmoking homes.

Long-term exposure to fine PM induced oxidative stress in human corneal epithelial-transformed (HCE) cells and

altered the cytokine content of tears; moreover, inflammation of the ocular surface and dry eye syndrome

subsequently developed in a mouse model . According to a questionnaire study, 82% of participants with

household indoor tobacco smoking exposure reported eye irritation . In addition, a large cross-sectional study

including over 14,500 adolescents in France showed that environmental tobacco smoke exposure increased the

risk of rhinoconjunctivitis by 20% .

Indoor smoke can be produced by other sources, such as cookstoves. For example, a study in Guatemala showed

that more than 60% of women who used cookstoves for cooking reported that their eyes were always irritated.

However, when these participants were divided into those with exposure to miniature chimney stoves and those

with exposure to open stoves, the chimney stove group had less eye irritation than the open stove group .

Many in vivo and in vitro studies have focused on outdoor air pollution-induced eye disease; however, other studies

have revealed correlations between eye diseases and indoor air pollutants. For example, Vitoux’s in vitro study

investigated the cytotoxic and inflammatory responses of the conjunctival cell line WKD exposed to combinations

of environmental pollutants, such as air–liquid interface conditions combining low humidity, airflow, and

formaldehyde gas, to mimic the inflammatory responses observed in dry eye patients . Furthermore, the in vivo

study by Suneel et al. investigated acrolein toxicity in rabbit eyes . The results of Suneel showed that topical or

vapor application of acrolein severely injured rabbit eyes and led to a series of ocular pathologies, such as swelling

of the eye, ocular surface inflammation, abnormalities, irregular collagen accumulation, and corneal opacity.

Additionally, Li et al.’s study evaluated long-term cigarette smoke exposure using both in vivo mice and the in vitro

conjunctival cell line HCEC, and their results showed that cigarette smoke stimulates ocular surface changes with

dry eye, which may be correlated with inflammation and activation of the NF-κB pathway .

3.2. Glaucoma

Cigarette smoking is associated with many chronic disorders that have been considered serious global public

health problems. However, investigations on the correlation between smoking and ocular disorders are scarce.

Mechanistically, cigarette smoke extract (CSE) caused injury in primary rat retinal ganglion cells (RGCs) via

apoptosis and autophagy by upregulating the mRNA levels of proapoptotic Bad and Bax and the protein level of the

autophagy marker LC3B II . This mechanism contributes to the development and progression of glaucoma .
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Blue Mountains Eye Study data implied a moderate positive association between smoking and elevated IOP (a

significant risk factor for glaucoma) . A systematic review to evaluate the association between cigarette smoking

and POAG included 17 papers in the final analysis. Their results showed that the link between current smoking and

POAG was stronger than that between past smoking and POAG, and recent studies have implied that heavy

smoking may elevate the risk of POAG . In a prospective and dynamic cohort study, Pérez-de-Arcelus et al.

enrolled 16,797 participants without glaucoma and followed them for a median of 8.5 years. In the 8.5-year follow-

up period, 184 new glaucoma cases were diagnosed. Current smoking was associated with a higher glaucoma

incidence than never smoking .

3.3. Cataract

Cataracts have long been linked to cigarette smoking . The mechanism may be direct or indirect effects of

inhaled toxic substances on lens tissues. A study enrolled 3924 subjects in rural southern India to investigate the

impact of tobacco use on cataract formation; the results demonstrated that cataract formation was significantly

associated with tobacco use . Although the exact compounds in cigarettes responsible for lens toxicity are

unknown, one compound, naphthalene, is known to be cataractogenic and is used to induce cataracts in rat

models . Naphthalene, along with another metal toxin, Pb, is also found in biomass fuel (BMF) smoke. The

production of smoke during the consumption of this fuel can cause cataract formation . A systematic review of

the impact of tobacco smoking on the pathogenesis of many disorders of the anterior segment of the eye in adults

and children reported that smoking was a strong risk factor for age-related nuclear cataracts .

One-third of the world’s population burns organic material, including wood, feces, or charcoal (BMF), for cooking,

heating, and lighting. This form of energy usage is related to high levels of indoor air pollution and an increase in

the incidence of respiratory diseases, cardiovascular disorders, and cataracts . Epidemiological research from

India and Nepal has shown that indoor cooking using BMF is related to cataracts and blindness . Smoke

causes oxidative stress and consumes plasma ascorbate, carotenoids, and glutathione, which offer antioxidant

protection against cataract formation.

3.4. Uveitis

As uveitis develops due to immune dysregulation, data on the association between smoking and uveitis are rare.

An epidemiological study in the American adult population using data from the National Health and Nutrition

Examination Survey (NHANES) for 2009 and 2010 demonstrated that smoking was positively associated with

uveitis . The Pacific Ocular Inflammation Study implied that cigarette smoking was significantly associated with

new-onset uveitis . There is a stronger association between smoking and noninfectious uveitis. In a

retrospective case–control study, Lin and associates reported that smoking was related to both infectious and

noninfectious uveitis . An observational cross-sectional study enrolled 350 patients with noninfectious uveitis.

Roesel and colleagues found that smoking had a positive association with uveitis activity, resulting in an increased

dose of steroid eye drops and increased occurrence of cataract and macular edema .
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Chronic exposure to ROS in cigarette smoke upregulates the expression of TLR4 by human macrophages,

promoting NF-κB activation and the production of interleukin (IL)-8 . Nicotine plays a similar role in

neutrophils by generating peroxynitrite, a nitrate isomer that binds acetylcholine receptors to promote NF-κB-

mediated cytokine IL-8 transcription . Increased concentrations of IL-8, as found in the aqueous humor (AqH)

in uveitis, act together with IL-6 and TNF-α to facilitate the migration and activation of macrophages that assault the

uvea .

Several carcinogenic compounds cause Th17 cell expansion by binding aryl hydrocarbon receptors on memory T

cells . The resultant increase in the Th17 population results in the elevated secretion of IL-17 and IL-22,

which conversely facilitate the migration and extravasation of leukocytes into various tissues . Updated data

have thus suggested that Th17 cells play a role in the pathological mechanism of not only uveitis but also multiple

sclerosis, rheumatoid arthritis, and psoriasis . This shared pathogenesis perhaps illustrates

why smoking is related to several and often concomitantly occurring autoimmune disorders.

3.5. Retinal and Macular Diseases

Previous studies have shown that cigarette smoking is related to an increased risk of AMD . Regarding

environmental cigarette smoke exposure, a case–control study showed increased risks of neovascular and

atrophic AMD . However, in the Blue Mountains Eye Study, Smith and associates found that passive smoking

does not significantly increase the risk for late AMD . Cigarette vapor was reported to accelerate the

progression of inflammation and angiogenesis in the retina of mice, which were possibly associated with the onset

of wet AMD . In addition, nicotine inhaled in passive smoking increased the VEGF-to-PEDF ratio in RPE cells in

an in vitro study. This alteration in the ratio may play a key role in the progression to wet AMD in passive smokers

.

A systematic review of the impact of direct tobacco smoking on the pathogenesis of many disorders of the posterior

segment of the eye in adults and children revealed that tobacco smoking had a positive association with AMD,

polypoidal choroidal vasculopathy, and inflamed cystoid macular edema in adults. Tobacco smoking decreases

retinal and choroidal thickness. In addition, maternal smoking is a significant risk factor for stage 3 and 4

retinopathy of prematurity and a thinner retinal nerve fiber layer in children . Govindaraju et al. reported

cigarette smoke-induced proteostasis and autophagy impairment, which may be associated with AMD

pathogenesis, in retinal pigmental ARPE-19 cells .

Household fuel consumption is related to an increased indoor concentration of fine particles. Exposure to fine

particles associated with solid fuel use causes systemic inflammatory responses and cytokine production. To the

researchers' knowledge, AMD is due to genetic polymorphisms, and innate immune reactions and inflammation are

recognized as etiologies. Although there is a lack of evidence, chronic inflammation induced by indoor air pollution

is a possible cause of AMD .

4. Conclusions
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Outdoor and indoor air pollution is derived from different sources and can cause different eye diseases. Ocular

surface irrigation, conjunctivitis and dry eye disease are the most direct results of air pollution. However, chronic

inflammation, oxidative stress, and toxicity resulting from air pollution can further cause cataracts, glaucoma,

uveitis, retinal layer thinning, macular degeneration, and diabetic retinopathy. Further research on the effects of air

pollution on retinal ganglion cells and the chorioretinal vasculature may help identify the underlying pathological

mechanisms. In addition, further research on the association between air pollutants and ophthalmological disorders

is needed to improve the understanding of exposure patterns and ocular effects. Such studies will help determine

the long-term impacts of air pollutants on the eye, which are currently unknown.
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