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0 Abstract

Introduction and Objective. Cataract is a leading cause of
vision loss worldwide, with prevalence rising with populations
age. It often progresses slowly, causing the patient to
underestimate the severity of this issue. Its pathogenesis
involves oxidative stress in the eye lens, resulting in lipid
peroxidation, crystalline protein oxidation and impaired
antioxidant defences. Although this is a natural part of
the ageing process, environmental factors, particularly air
pollution, may exacerbate the situation. The aim of the
review is to present the latest global evidence linking air
pollution with cataract formation, and to present the available
epidemiological data in Poland, given Poland’s high levels of
ambient air pollution. Understanding this local landscape
is essential for developing targeted ophthalmic prevention
programmes.

Brief description of the state of knowledge. Evidence
indicates that exposure to air pollution and heavy metals may
increase the risk of cataract through enhanced reactive oxygen
species (ROS) production and metal accumulationin the lens.
However, results are heterogeneous, reflecting variations in
divergent diagnostic criteria, exposure assessment methods,
and confounding factors. In Poland, there is a notable lack
of longitudinal studies currently integrating exposure data
with air quality and cataractogenesis, highlighting a gap in
the national evidence base.

Summary. Air pollution appears to contribute to cataract
pathogenesis via oxidative mechanisms. Improving
environmental air quality may reduce the risk of lens opacity.
Nevertheless, further well-designed research, particularly in
the Polish population, is necessary to quantify the impact of
pollution on cataract development and inform preventive
strategies.
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I Streszczenie

Wprowadzenie i cel pracy. Za¢ma jest jedng z gtéwnych
przyczyn utraty wzroku na catym swiecie, a jej czestos¢ wy-
stepowania rosnie wraz ze starzeniem sie spoteczenistwa.
Choroba ta czesto rozwija sie powoli, co sprawia, ze pacjenci
nie doceniaja wagi tego problemu. W jej patogenezie wyste-
puje stres oksydacyjny w soczewce oka, prowadzacy do pe-
roksydacji lipidéw, utleniania biatek soczewki oraz ostabienia
antyoksydacyjnych mechanizméw obronnych. Sytuacje te
moga pogarszac czynniki srodowiskowe, a zwtaszcza zanie-
czyszczenie powietrza. Naszym celem jest przeglad najnow-
szych globalnych dowodéw na to, ze z powstawaniem za¢my
zwigzane jest zanieczyszczenie powietrza oraz przedstawienie
dostepnych danych epidemiologicznych dotyczacych Pol-
ski, z uwzglednieniem poziomu zanieczyszczenia powietrza.
Zrozumienie lokalnej sytuacji jest potrzebne do opracowania
programéw profilaktyki okulistycznej.

Opis stanu wiedzy. Istnieja dowody na to, ze narazenie na
zanieczyszczenie powietrza i metale ciezkie moze zwiekszac
ryzyko wystapienia zaémy poprzez zwiekszone wytwarza-
nie reaktywnych form tlenu (ROS) oraz gromadzenie metali
w soczewce. Wyniki badan sg jednak niejednolite, co wynika
z réznic w stosowanych kryteriach diagnostycznych, meto-
dach oceny narazenia oraz czynnikach zaktécajacych. W Pol-
sce odnotowuje sie wyrazny brak badan dtugoterminowych
faczacych dane dotyczace narazenia na zanieczyszczenie
powietrza z kataraktogenezg, co uwidacznia luke w krajowej
bazie.

Podsumowanie. Wydaje sig, Ze zanieczyszczenie powietrza
przyczynia sie do powstawania za¢my za sprawg mechani-
zmow oksydacyjnych. Poprawa jakosci powietrza w otocze-
niu moze zmniejszy¢ ryzyko zmetnienia soczewki. Niemniej
jednak konieczne sa dalsze, dobrze zaprojektowane badania,
zwtaszcza w populadji polskiej, aby oszacowac wptyw zanie-
czyszczenia na rozwdj za¢my i opracowac strategie profilak-
tyczne.

Stowa kluczowe

stres oksydacyjny, dwutlenek wegla, jakos¢ powietrza, pyt
zawieszony, choroby oczu, dwutlenek siarki
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INTRODUCTION AND OBJECTIVE

Cataract and lens opacity are the leading causes of vision
loss worldwide, and one of the most common causes of
significant visual impairment. Their prevalence is increasing
due to the ageing population [1, 2]. In Poland, according to
POLSENIOR2 research, 22.6% of people aged 60 and above
report having been diagnosed with cataract. The disease is
more common in women and people with lower levels of
education [3-5].

The lens of the eye is a transparent, avascular structure,
composed mainly of epithelial cells and fibres, covered by
a capsule. The central part consist of lens nucleus, surrounded
by the cortex. Lens epithelial cells proliferate throughout life,
migrating to the equatorial zone as they differentiate into
new fibres, leading to a progressive increase in its volume
and mass. Under physiological conditions, mature lens
fibres do not undergo apoptosis. Their longevity and lack of
organelles ensure transparency and minimise light scattering
[6]. Apoptosis of entire lens epithelial cells is a pathological
phenomenon, observed mainly in the development of
diseases or under the influence of stress factors. This leads
to pathologies in this structure [7].

Oxidative stress in the eye lens is the main mechanism
leading to lens opacity [8-10]. Excess reactive oxygen species
(ROS) in the lens, arising from such factors as ultraviolet
exposure, diabetes, ageing or air pollution - can trigger
lipid peroxidation of cell membranes and oxidise crystalline
proteins. These changes promote protein aggregation, reduce
lens transparency, and ultimately, disturb normal lens
homeostasis [11-15]. ROS causes proteins to fold abnormally,
triggering an unfolded protein response (UPR) as the body
attempts to protect its own tissues. Chronic stress leads to
the deregulation of repair processes for incorrectly folded
proteins, resulting in the accumulation of defective proteins,
the activation of proapoptotic pathways and the death oflens
cells, alongside the progression of cataractogenesis [12, 16].
At the same time, the natural antioxidant defences of the
lens, including glutathione (GSH), superoxide dismutase
(SOD) and catalase, become less effective. Oxidation
modifications creates protein-glutathione mixed disulphides
(PSSG), which in healthy lens GSH and redox enzymes (e.g.
thioltransferase — TTase) maintain transparency. When
homeostasis is disrupted, those compounds aggregate and
accumulate in proteins, resolving high-molecular-weight
aggregates (HMW) destroying lens structure [11]. Another
aspect involves the loss of gap junctions responsible for
intercellular communication. Lens is an avascular structure,
which means those elements are essential for maintaining
the internal circulatory system and its metabolism. At the
root of this process lies the stress-induced dysfunction
of connexins (building blocks of gap junctions), which
impairs the transport of antioxidants and nutrients, further
accelerating protein aggregation [12].

Exposure to fine particulate matter in aerosols, specifically
particles smaller than 2.5 um (PM, ) and 10 um (PM,), as
well as nitrogen oxides (NO,) and sulphur oxides (SO,),
increases ROS production on the ocular surface and within
the lens [17-20]. In addition, heavy metals found in polluted
environments (cadmium, lead, mercury etc.) can accumulate
in the lens, where they act as catalysts and further amplify
oxidative stress [14, 21]. Some studies suggest that chronic
exposure to PM, and NO, may additionally induce ferroptosis,

a specific form of cell death reliant on iron and oxidative
stress in lens cells, further accelerating the development
of opacity. Dysfunction in iron metabolism is confirmed
by changes in the expression of proteins responsible for its
transport and storage (TFRC, FTL, FTHI), leading to the
accumulation of free iron and increased oxidative stress [12].
Markers of ferroptosis (e.g. reduced GPX4 activity, increased
Fe?* levels and enhanced lipid peroxidation) are present in
both animal models and in humans exposed to PM, . [17].
In this way, air pollution, combining the effects of oxidative
stress with metal build up and antioxidant dysfunction,
is a significant risk factor for cataract formation [15-27].
Exposure to household pollutants, such as long-term use of
solid fuels for cooking (i.e. wood, coal, etc.) has also been
associated with a higher risk of the disease [28].

In recent years, a growing number of global epidemiological
cohort and cross-sectional studies have reported that there
may be air pollutants — in particular PM, ,, PM, , NO, and
SO, - which can increase the risk of developing cataract and
the need for lens removal surgery [10, 18, 20, 23, 25, 29-34].
Although direct epidemiological studies linking these factors
in the Polish population are currently limited, the high
levels of particulate matter combined with the significant
number of cataract surgeries performed annually, highlight
the importance of considering air quality as a potential
environmental risk factor in this area.

The aim of this study is to review the current literature
on the relationship between air pollution and cataract
development. The study also incorporates local evidence to
illustrate the environmental context and underline the need
for further research in highly polluted regions.

DESCRIPTION OF THE STATE OF KNOWLEDGE

A literature search was used to obtain the most recent
articles from PubMed/MEDLINE, Scopus, Web of Science
and Google Scholar databases up to October 2025, using the
following key words: ‘cataract’, ‘air pollution’, ‘heavy metals’,
‘metal accumulation’, PM, ’, PM, ’, 'NO,’, ‘SO’ and ‘Poland’.
The inclusion criteria were epidemiological studies (cohorts,
reviews), meta-analyses and original works. Publications
were limited to those in Polish or English. Statistical data
from the National Health Fund (NFZ) regarding the number
of cataract operations was also used. The studies reviewed
showed statistically significant associations between long-
term exposure to particulate matter and the risk of developing
cataract.

Lietal. in a cohort study of more than 400,000 individuals
from the Chinese population demonstrated that long-term
exposure to PM_ _ significantly increases the risk of age-
related cataracts in middle-aged and older adults. Their
findings showed that each 10 pg/m’ rise in ambient PM,
concentration was associated with a 14% increase in cataract
risk (HR = 1.14; 95% CI: 1.08-1.21), with a relationship further
supported by dose-response analyses. The authors estimated
that up to 24.6% of cataract cases in the study population
could be attributed to PM, , exposure, underscoring the
substantial influence of this environmental factor on cataract
development [10].

Similar results have also been reported in Korea. Shin
et al. found that people aged over 50 who were exposed to

higher levels of air pollution - particularly PM, , nitrogen
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dioxide (NO,) and sulphur dioxide (SO,) - had a noticeably
higher risk of developing cataract. This supports the idea
that air pollution plays a real role in cataract formation
worldwide. Additionally, the results of the study indicate that
people living in areas with higher risk of developing cataract
require surgical treatment. This relationship is particularly
visible for women over the age of 65. Furthermore, exposure
to ozone (O,) shows an inverse relationship, suggesting
a potential protective effect, although the mechanism of
this phenomenon requires further study [23].

In European populations, similar findings have come from
France. Gayraud et al., in a prospective study, reported that
older adults who were exposed to higher levels of air pollution
- especially nitrogen dioxide (NO,) above 40 pg/m* - had
a noticeably higher chance of needing cataract surgery.
People living in areas with the highest NO, levels showed
about a 46% increase in the risk of undergoing cataract
surgery compared to those in cleaner areas (HR = 1.46; 95%
CI: 1.16-1.84; p = 0.001). Interestingly, the study did not find
any clear link between PM, . and soot from incomplete fuel
combustion with cataract risk in this particular group. These
results confirm that NO, is a major modifiable risk factor for
the development of cataracts [18].

In the British population, prospective analyses by the UK
Biobank have shown that prolonged exposure to suspended
air pollutants (PM, , PM, ) and nitrogen oxides (NO,, NO )
is also associated with a markedly elevated risk of developing
cataracts and a necessity for cataract surgery. A study by Chua
et al., involved more than 430,000 participants, in which
higher concentrations of PM, ., NO,and NO_were associated
with a 5-14% increased risk of cataract surgery, showing
a dose-response relationship [25]. Yuan et al. confirmed that
PM, _is most strongly associated with the transition from
health to coexisting dementia and higher mortality [31]. Li
et al. found that people in the highest quartile of combined
exposure to several pollutants, e.g. PM, ., PM, and NO,, had
about a 13% higher risk of developing cataracts.

There is a possibility that different pollutants might have
additive or even synergistic effects [32]. In another study,
Wang Z et al. used data from the UK Biobank to investigate
how exposure to PM,,, PM,, NO, and NO, relates to
the risk of the five most common vision-threatening eye
diseases — cataract being one of them. This analysis showed
that exposure to high concentrations of PM, and NO_was
significantly associated with an increased risk of developing
ophthalmic diseases [33].

Systematic reviews and meta-analyses by Grant (2022)
and Millen confirm that exposure to air pollution, especially
particulate matter (PM, ,, PM, ), nitrogen oxides (NO,, NO )
and sulphur dioxide (SO,), is significantly associated with
an increased risk of developing cataracts in adults [20, 34].
Grant’s results indicate moderate, but significant, associations
between PM, and cataract, while the results for PM, are less
clear. Millen emphasises that the risk of cataract increases
with exposure to PM, ., PM, , NO,, NO_and SO,, while the
association with ozone (O,) is less consistent.

Other studies have also shown that socio-economic factors
can modify the impact of exposure to air pollution. People
living in areas with lower incomes and higher traffic volumes
are more likely to develop lens opacity [27]. Chronic exposure
to household pollution associated with the use of solid fuels
for cooking also increases the risk of cataract, especially in
women [28].

A recent population study from the United States looked at
how the levels of nine different metals in urine related to the
risk of developing cataract. The researchers used data from
the National Health and Nutrition Examination Survey and
applied several advanced statistical approaches to sort out the
patterns. They found that people with higher urinary levels of
Barium (Ba), antimony (Sb) and thallium (T1) separately, were
more likely to have cataract, even after adjusting for a range of
other factors. When they analysed mixtures of metals rather
than looking at each one individually, cadmium (Cd), lead
(Pb) and barium (Ba) showed the strongest negative health
associations, whereas cobalt (Co) and tungsten (W) showed
the strongest positive correlations with cataract risk. The
link between cobalt and cataract stood out the most. This
was backed up by Network analysis which indicated the
involvement of interleukin-4 and interleukin-13 signalling
pathways, suggesting that the AKT1 protein may play a part
in the underlying disease mechanisms. The results suggest
that exposure to any combination of metal mixtures may
modulate the risk of cataract by influencing inflammatory
pathways and regulating cellular homeostasis [35].

A study by Jiang et al. showed a global increase in the
number of cataract cases and the total burden of the disease
measured as disability-adjusted life years (DALYs), mainly
due to ageing populations and population growth. At the
same time, a decrease in standardised DALY rates has been
observed, reflecting improvements in treatment and access
to surgical interventions. The authors highlighted significant
regional and gender inequalities — the highest burden is
in regions with low socio-demographic index (SDI), and
among women, while air pollution remains one of the key
modifiable risk factors for cataract development, especially
in countries with low SDI [36]. Wang D et al. showed that
the global burden of cataract attributable to particulate
matter pollution, smoking, hyperglycaemia and high BMI is
declining in standardised terms, but continues to increase in
regions with low and medium SDI. Reducing exposure to PM,
quitting smoking, controlling glycaemia and body weight,
are key to preventing cataract, especially for older people
[37]. Grant A et al. (2021), in a large population-based study
from Canada, reported that higher PM, _ levels were clearly
linked with a greater risk of visual impairment, glaucoma and
AMD. The association with cataract was weaker and did not
reach statistical significance. Overall, their findings suggest
that PM, , could play a role in age-related eye diseases, but
they also point out that more prospective studies are needed
to confirm this [38].

According to an epidemiological study by the National
Health Fund (NFZ) in Poland, it is estimated that the overall
morbidity of cataract stands at over 2,174,600 people, with
and annual incidence of 237,000 cases [39]. Cataract is treated
through surgical lens replacement; therefore, an analysis
of surgical statistics within the Polish healthcare system
is provided here. Based on other NFZ statistics regarding
cataract surgery procedures performed, it can be seen that
in 2024, a total of over 350,000 cataract operations were
carried out in Poland. For the purposes of this study, the
procedures ‘Cataract removal — category I’ and ‘Cataract
removal - category IT” have been combined which, together,
constitute the total number of cataract procedures reported
by hospitals in Poland. It should be noted that operations
are reported per eye, meaning that a single patient may
potentially undergo surgery on both eyes (in Poland, these
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are usually performed during separate hospital stays) and
performed as a day-case procedure [40]. Some patients in
the early stages of cataract development are not eligible for
surgery funded by the NFZ, with the percentage of those
undergoing surgery reached 65.5% [3]. Unfortunately, the
available data only show operations performed in specific
centres without a breakdown by the place of residence of the
patient. Kaminska et al. report that over 70% of those who
surgery lived in urban areas [41].

There is a lack of large-scale studies accounting for the
impact of patient migration between centres, migration
between the provinces to towns with shorter waiting times
for surgery, or difficulties in transporting patients from small
towns or villages to larger centres. Further investigation
is required in this area [41, 42]. The Polish POLSENIOR2
study confirms a higher incidence of disease among people
living in towns and cities with populations of over 50,000,
as well as an increase in incidence as the size of the town or
city increases. Furthermore, there is a significant growth in
incidence in the southern provinces of Poland compared to
other regions covered by the study [3]. This distribution is also
confirmed by the 2016 epidemiological study of healthcare
needs undertaken by the NFZ, which presents morbidity
and incidence per 100,000 inhabitants. Data shows a marked
increase in the provinces of southern and, to a lesser extent,
central Poland, with the highest recorded morbidity rate of
6,941.5 in the Silesian Province in south-west Poland, and
the lowest in the Warmian-Masurian Province in the north-
east of the country - 4,372.6 The highest recorded incidence
was in Silesia at 722.9, and the lowest in Pomerania, a region
located in northern Poland - 517,3 [39]. According to data
from the NFZ on the number of total cataract operations
performed in 2024, the highest number was performed in
the Silesian Province - 43,579, followed by the Masovian
Province - 31,016, and the Greater Poland Province - 31,016.
The fewest were performed in the provinces of Opole - 6,999,
Lubusz - 8,641, and Warmia-Masuria - 8,729. Unfortunately
these are raw figures for the number of operations, without
taking into account the demographics and migrations
between provinces, which means that more operations were
performed in the larger provinces [40]. Further original
studies are needed.

Air pollution is a major health issue in Poland. Levels
of particulate matter, nitrogen oxides, sulphur dioxide
and benzo(a)pyrene are among the highest in Europe —
especially in large cities like Krakéw, £L6dz, or the numerous
agglomerations like Katowice in Upper Silesia. The problem
during the heating season of winter, and on cold, still
days with little wind, combined pollution tends to build
up and linger in the air [43-48]. High concentrations of
these pollutants are a consequence of emissions from the
municipal and residential sector, transport and industry,
as well as the result of ineffective environmental policy and
lack of effective tools to enforce air quality standards [45,
46]. Chemical transport models have shown that over 80%
of PM, . emissions originate from individual heating sources
[49]. Despite the implementation of air quality improvement
programmes such as the Clean Air Programme (Program
Czyste Powietrze), the effects are limited by the insufficient
scale of measures and difficulties in enforcing regulations
[45, 50].

The evidence so far suggests that air pollution in Poland
is an important, and more importantly, changeable risk

factor for cataract development. At the same time, there
is still a need for more large-scale studies, specifically in
Polish conditions, to obtain a clearer picture of how each
pollutant affects cataract risk, and to assess which preventive
actions actually make a difference. In the light of current
evidence, improving air quality should be considered part
of the strategy for preventing diseases of the lens of the eye,
especially in the elderly population.

SUMMARY

1) Long-term exposure to air pollution - especially PM, ,
PM,, NO,/NO_and SO, - along with heavy metals in the
air, is significantly associated with an increased risk of
developing cataracts, as confirmed by cohort studies from
Europe, Asia, and analyses by the UK Biobank. This evi-
dence suggests that the impact of air pollution on cataract
risk is independent of classic risk factors, such as smoking,
age, and metabolic diseases such as diabetes. At the same
time, this indicates the need to view air quality as an im-
portant determinant of eye health [10, 18, 20, 23, 25, 29-34].

2) The risk to eye health increases in a dose-dependent man-
ner; in some populations, more than 20% of cataract cases
can be attributed to exposure to PM_, [10].

3) Biological mechanisms include oxidative stress, lipid pe-
roxidation, heavy metal accumulation and ferroptosis,
which provide a consistent explanation for the observed
epidemiological relationships [7-27].

4) Air pollution should be considered a modifiable risk factor
for cataract development, and improving air quality may
be an important element for prevention, especially in the
elderly population [10, 18, 20, 23, 25, 29, 31-34, 36-38].

5)In Poland, where levels of PM, ., PM, , NO, and benzo(a)
pyrene are among the highest in Europe, prospective co-
hort studies are needed to accurately assess the impact of
environmental exposure on the risk of cataract, and the ef-
fectiveness of preventive measures. This could be linked to
the National Health Fund (NFZ) disease registries and the
number of surgical data, taking into account seasonal and
geographical variability of pollution with the population
density in individual areas, geographical concentration
of cataract cases, as seen in Poland’s industrialized and
urban regions. Potentially, the use of individual exposure
assessment methods and biomarkers of oxidative stress
in serum and tears could complement knowledge about
pathogenic mechanisms [3, 39-50].
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