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PURPOSE. To investigate the potential causal associations between the use of
sun/ultraviolet (UV) protection and ease of skin tanning and the risk of pseudoexfo-
liation glaucoma (PXG) in European populations.

METHODS. Single nucleotide polymorphisms (SNPs) associated with the use of sun/UV
protection and ease of skin tanning were selected from the UK Biobank genome-wide
association study database consisting of 498,751 European participants. SNPs of PXG
were obtained from the FinnGen study including 3424 PXG cases and 326,434 controls.
Two-sample Mendelian randomization (MR) analyses were performed to assess the asso-
ciation between the use of sun/UV protection and ease of skin tanning and risk of PXG.

RESULTS. Inverse variance weighted regression of genetic susceptibility predicted that both
use of sun/UV protection and ease of skin tanning were potentially positively associated
with the decreased risk of PXG in the European ancestry (use of sun/UV protection: odds
ratio [OR] = 0.47; 95% confidence interval [CI], 0.24-0.92; P = 0.028; ease of skin tanning:
OR = 0.81; 95% CI, 0.67-0.97; P = 0.025).

CONCLUSIONS. We found genetic evidence supporting a potential causal association
between UV protection and a decreased risk of PXG in European population. Further
research will help elucidate the underlying mechanisms and promote UV protection for
eyes, especially in people with a high risk of PXG.

Keywords: pseudoexfoliation glaucoma, Mendelian randomization, ultraviolet protection,
skin tanning

Pseudoexfoliation glaucoma (PXG), recognized as a
disease within the heterogeneous spectrum of glau-

coma, is a common and severe subtype of open-angle glau-
coma that accounts for a substantial risk of blindness. It
affects all populations worldwide, with prevalence rates
varying between 5% and 30% in individuals aged over
60 years.1 It is believed to be brought on by aggregation
and deposition of the pathologic extracellular matrix prod-
uct in pseudoexfoliation (PEX), which obstructs the aque-
ous humor outflow pathway, raising intraocular pressure
(IOP) and causing glaucomatous optic nerve damage.2 In its
early stage, the condition is referred to as pseudoexfoliation
syndrome, characterized by the absence of damage to retinal
ganglion cells. As it progresses into a more severe form, it is
termed pseudoexfoliation glaucoma (PXG), associated with
the degeneration of cells in the optic nerve head region.3

Initially, PXG is usually treated using ocular pharmaceuti-
cals aiming to lower and control IOP. Unfortunately, after
a period of treatment, most patients cease to respond, and
doctors have to resort to laser therapy or surgical manage-
ment.4,5 Therefore it is important and urgent to reduce the
development of the disease in the early stages according to
the prevention of risk factors.

Recently, exposure to ultraviolet (UV) radiation from
sunlight and artificial sources has been reported to increase
the risk of PXG in different ancestries.6–8 Studies have also
found that UV-related cancers may be a risk factor for
PXG.9–11 However, there has been no research on the rela-
tionship between the protection of UV radiation and the
reduction of PXG risk, and whether these associations are
causal remains unclear. Using the Mendelian randomization
(MR) technique, we sought to assess the causality between
the use of sun/UV protection and ease of skin tanning
and the risk of PXG. Because the skin tanning reaction is
considered a skin protective response from UV-related DNA
photodamage, we included it in the analysis as a protective
factor.12

MR is increasingly being applied to infer credi-
ble causal relationships between the risk factors and
disease outcomes.13 Using genetic variants (generally single
nucleotide polymorphisms [SNPs]) associated with the risk
factor of interest as instrumental variables (IVs) and esti-
mating the effect of the risk factor on the outcomes, MR
serves as a useful tool for determining causation, particularly
when it is impractical to perform randomized controlled
trials.14 MR analyses are similar to randomized controlled
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trials in that they are randomized, blinded, and less suscepti-
ble to bias due to the random distribution of genetic variants
during meiosis.15 They are less susceptible to bias brought
by reverse causality and confounding factors that commonly
hamper traditional observational studies.16

In this study, we used MR analyses to investigate the
impact of sun/UV protection and ease of skin tanning on the
risk of PXG in European populations. Our research not only
contributes to understanding the potential protective roles of
these factors but also provides valuable insights for devel-
oping preventive intervention strategies aimed at reducing
the risk of PXG.

METHODS

Study Design

Using genome-wide association study (GWAS) summary
statistics, we conducted a two-sample Mendelian random-
ization analysis to investigate the causal effect of sun/UV
protection and ease of skin tanning on the risk of PXG.

Exposure Data Source: Use of Sun/UV Protection
and Ease of Skin Tanning

GWAS data for exposure (use of sun/UV protection, ease
of skin tanning), which were adjusted for covariates includ-
ing age and sex, were obtained from the UK Biobank (http:
//www.nealelab.is/uk-biobank/), a longitudinal population-
based study exploring the effects of lifestyle and genet-
ics on health. The dataset included over 500,000 partic-
ipants aged 56.53 ± 8.09 years recruited from the UK
Biobank between 2006 and 2010.17 In the latest dataset
version released in July 2018, age, age2, inferred_sex, age
× inferred_sex, and age2 × inferred_sex were included
as covariates in the GWAS analysis model. All participants
analyzed in this study were of European ancestry and had
completed a touchscreen questionnaire regarding their use
of sun/UV protection (sunscreen) and ease of tanning. The
GWAS data for sun/UV protection included 498,790 partici-
pants, with a female ratio of 53.62%. Participants were cate-
gorized into five groups based on their sun/UV protection

habits: never/rarely, sometimes, most of the time, always,
and those who do not go out in the sunshine. The GWAS
data for ease of skin tanning comprised 498,271 participants,
with a female ratio of 53.74%. Participants were classified
into four categories based on their skin tanning responses:
never tan, only burn, get mildly or occasionally tanned, get
moderately tanned, and get very tanned.

Outcome Data Source: Pseudoexfoliation
Glaucoma

GWAS statistics of PXG, consisting of 3424 European ances-
try patients and 326,434 European ancestry controls, were
extracted from the eighth release of the data on PXG from
the FinnGen Study, which included genotype and health
registry data from 412,000 Finnish individuals from 22
research institutes in Finland as of August 2020.18 PXG cases
had a female ratio of 55.20%, with a median age of 72.00
years for females and 72.75 years for males. Participants with
PXG were identified based on International Classification of
Diseases (ICD)-8, ICD-9, and ICD-10 diagnoses. PXG was
characterized by the obstruction of aqueous humor outflow
pathways because of the deposition of extracellular fibrillar
aggregates, leading to elevated IOP and subsequent glau-
comatous optic nerve damage.19 Other forms of glaucoma
were excluded in the control group.

Selection of Genetic Instruments

To ensure the validity of the MR analysis, we adhered to
three crucial conditions: (1) the IVs must be significantly
related to the exposure, (2) the IVs must be independent,
and (3) the IVs should not introduce any effects on the
results except through the exposure. Figure 1 depicts the
general study design.

The IVs for exposure (use of sun/UV protection, ease of
skin tanning) were identified using several criteria. First, we
selected SNPs associated with exposure at a genome-wide
significance level (P < 5 × 10−8). Second, SNP clumping
was conducted using the PLINK algorithm with stringent
criteria (LD cutoff r2 < 0.001, 10,000 kb). Third, SNPs with
an F-statistic < 10 were excluded from the MR analyses to

FIGURE 1. Three general conditions that must be met for MR analysis. Assumption 1: This assumption reflects the causal link between
IVs and the exposure of interest. Assumption 2: This assumption represents the causal connection between IVs and potential confounding
factors that influence both the exposure and the outcome. Assumption 3: This assumption signifies the causal relationship between IVs and
the outcome being studied.
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avoid bias due to weak IVs.20 The F-statistic was calculated
using the formula: F = R2(N − 2)/(1 − R2), where R2 is
the proportion of variance in the exposures explained by
the IVs, and N is the sample size. To calculate R2 for the
extended 10 IVs, the following formula was used: R2 = 2 ×
β2 × MAF × (1 − MAF)/[2 × β2 × MAF × (1 − MAF)
+ 2 × N × se2 × MAF × (1 − MAF)],21,22 where β is the
beta coefficient effect size, se is the standard error of β, and
MAF is the minor allele frequency of the IVs. After harmo-
nizing the IVs of the exposure and PXG to exclude palin-
dromic and incompatible SNPs, MR analysis was performed
using reserved SNPs to determine the causal effects of
the use of sun/UV protection and ease of skin tanning
on PXG.

Statistical Analysis

The causal effects of the use of sun/UV protection and ease
of skin tanning on PXG were assessed using five MR analyti-
cal approaches to address the possible pleiotropic impacts of
genetic variations. We applied an inverse variance weighted
(IVW) fixed- effects estimate for the main analysis, which
combined the Wald ratio of each SNP on the outcome and
obtained a pooled causal estimate. Furthermore, as comple-
ments to IVW, the maximum likelihood, weighted median,
and MR-Egger regression methods were used because they
can deliver more reliable estimates across a larger variety of
scenarios. Subsequently, we performed the following tests
to determine the robustness of the MR results: (1) hetero-
geneity of the IVW estimations was detected by the Cochran
Q test and the MR-PRESSO, and heterogeneity and invalid
instruments were proved if the P value of the Cochran Q test
was less than 0.05, with heterogeneity proved, MR-PRESSO
was performed to eliminate outliers, and residual SNPs
was reperformed to evaluate the robustness; (2) horizontal
pleiotropy was test using the MR Egger intercept test. If the
intercept from the MR-Egger analysis is not equal to zero (P
< 0.05), there could be a potential pleiotropy; and (3) Rucker
framework was used through goodness-of-fit heterogeneity
statistics to decide whether the IVW or MR-Egger regression
model is better.23 R 4.2.2 (https://www.R-project.org/) was
used to conduct all the analyses. The R packages "TwoSam-
pleMR" and "MRPRESSO" were both curated from the MR-
Base platform (https://www.mrbase.org/) to conduct the MR
analysis.

RESULTS

Causal Association Between the Use of Sun/UV
Protection and PXG

Fifty-one independent SNPs were selected as IVs for the
use of sun/UV protection. After excluding palindromic and
incompatible SNPs (no outliers were tested using MR-
PRESSO), 49 SNPs were retained to explore the causal effect.
Among the tested phenotypes, IVW analysis indicated that
the use of sun/UV protection decreased the risk of PXG
(odds ratio [OR] = 0.48; 95% confidence interval [CI], 0.25-
0.93; P = 0.029). Maximum likelihood also showed a similar
result (OR = 0.47; 95% CI, 0.24-0.92; P = 0.028). Weighted
median (OR = 0.48; 95% CI, 0.17-1.41; P = 0.184) and MR
Egger (OR = 0.94; 95% CI, 0.33-2.63; P = 0.902) results
showed a consistent but nonsignificant direction (Figs. 2, 3).
Forest plots of the MR for each SNP are provided in the
Appendix.

Causal Association Between the Ease of Skin
Tanning and PXG

A total of 135 independent SNPs associated with the ease
of skin tanning were selected as IVs. After excluding palin-
dromic SNPs, incompatible SNPs, and outliers (rs75223371,
tested by MR-PRESSO), 124 SNPs were retained to explore
the causal effects. Among the tested phenotypes, IVW anal-
ysis indicated that ease of skin tanning decreased the risk of
PXG (OR = 0.81; 95% CI, 0.67-0.97; P = 0.025). Maximum
likelihood also showed a similar result (OR = 0.81; 95% CI,
0.68-0.96; P = 0.015). Weighted median (OR = 0.84; 95%
CI, 0.64-1.11; P = 0.224) and MR Egger (OR = 0.83; 95%
CI, 0.66-1.04; P = 0.101) results showed a consistent but
nonsignificant direction (Figs. 2, 3).

Heterogeneity, Horizontal Pleiotropy, and Rucker
Framework

The Table presents the results of heterogeneity, horizontal
pleiotropy, and the Rucker framework. All P values of the
Cochran Q and MR-Egger intercept tests were > 0.05, indi-
cating the absence of heterogeneity or horizontal pleiotropy.
Additionally, we employed the MR Rucker framework to
determine the superiority between the IVW and MR-Egger

FIGURE 2. Causal effect of sun/UV protection and ease of skin tanning on PXG.
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FIGURE 3. Scatter plot of respective effect size of each SNP for the use of sun/UV protection (A) and ease of skin tanning (B) on PXG. (1)
Inverse variance weighted (A1 & B1), a primary regression with Wald ratios estimated for each SNP, meta-analyzed under a fixed-effects
model; (2) maximum likelihood (A2 & B2), which uses a maximum likelihood method where the genetic effects on the exposure and
outcome are modeled directly as a bivariate normal distribution; (3) weighted median (A3 & B3), which provides robust point estimates
even when up to 50% of the IVs are invalid instruments; (4) MR Egger (A4 & B4), which accounts for directional pleiotropy.

TABLE. Heterogeneity, Horizontal Pleiotropy, and Rucker Framework Test of MR Analyses

Exposure P of Cochran Q Test P of Intercept Test P of Rucker Framework

Use of sun/UV protection 0.485 0.101 0.096
Ease of skin tanning 0.091 0.761 0.739

regression models. As shown in the Table, the P values of
the Rucker Framework test were > 0.05, indicating that IVW
is the preferred method.

DISCUSSION

This study, based on extensive GWAS data from the UK
Biobank and FinnGen Study, represents the first attempt to
estimate the causal effect of sun/UV protection and ease
of skin tanning on the risk of PXG using multiple MR
approaches. Our findings indicate that both genetic predis-
positions to using sun/UV protection and having an ease of
skin tanning response are associated with a decreased risk
of PXG in the European population.

Previous research has established that UV exposure from
sunlight and artifacts sources can contribute to the risk of
various diseases through DNA damage response signaling
pathways.24–26 Recently, studies have also linked UV radi-
ation exposure to PEX and PXG.6,7,9,10,19,27,28 Pasquale et
al.7 revealed that ocular exposure to light from reflective
surfaces could be a significant factor in PEX development,
as evidenced by correlations with labor over snow or water
and a lack of correlation with wearing brimmed hats in the
United States and Israel. Using conjunctival UV autofluo-
rescence photography, Sureshkumar et al.6 demonstrated a

significant association between ocular UV exposure and PXG
risk. Studies involving patients with UV-associated dermato-
logical carcinomas (basal cell and squamous cell carcinoma)
in the head and neck region further support the notion that
UV exposure may be a risk factor for PXG.10,11 Greater time
spent outdoors, which increases UV exposure, was found
to be associated with the risk of PXG or suspected PXG in
young adults.6,8 However, because of the absence of GWAS
data directly related to UV exposure, we cannot definitively
establish a causal relationship between UV exposure and
PXG in this study.

Skin tanning response to sun exposure is a process
involving melanin pigmentation, which can reduce DNA
damage resulting from UV radiation and restrict the damage
to the upper layer of the skin.12 Ease of skin tanning repre-
sents the skin’s ability to resist the damaging effects of UV
radiation and serves as a photoprotective factor, similar to
the use of sun/UV protection. Although we did not directly
measure UV exposure, our study underscores the signifi-
cance of UV protection and ease of skin tanning as poten-
tially modifiable factors that could influence PXG risk.

The exact underlying pathways connecting UV radiation
and the risk of PXG remain enigmatic, and various possible
mechanisms have been proposed. One possible explanation
is that UV radiation may influence the expression of nonpig-
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mented ciliary epithelial cells (NPE) in humans through
an aryl hydrocarbon receptor (AHR)-associated pathway,
thereby contributing to the development of PXG. Notably,
we identified SNP rs117132860 in our single SNP MR anal-
ysis (See Supplementary files SingleMR1 and SingleMR2) of
both two exposures (use of sun/UV protection and ease of
skin tanning). This SNP has been recognized as a functional
variant within a UVB-responsive element located at chro-
mosome band 7p21.1, and it is associated with the allelic
expression of AHR.29 Importantly, the AHR-mediated path-
way has been implicated in the regulation of mRNA and
protein expression in NPE.30 Given that clusterin, produced
by NPE, serves as an effective extracellular chaperone,
its deficiency in the anterior segment can promote stress-
induced aggregation and the stable deposition of pathologic
extracellular matrix products—hallmarks of PXG.31 Further-
more, Zenkel et al.31 have observed an oxidative milieu in the
anterior chamber of PEX eyes, potentially leading to stress-
induced protein modifications and misfolding. However,
whether oxidation of the UV radiation contributes to this
process remains uncertain. Consequently, future investiga-
tions should explore the relationship between UV exposure
and the expression of PXG-related proteins.

Another possible mechanism involves the lysyl oxidase
like 1 (LOXL1) enzyme, which may serve as a key mediator
linking UV radiation to an increased risk of PXG. LOXL1,
encoded by the LOXL1 gene on chromosome 15q24.1,
plays a crucial role in the cross-linking of collagen and
elastin.32 The amalgamation of LOXL1 with the elastin
matrix during elastin deposition has been proposed to
contribute to increased matrix accumulation.32 Genetic vari-
ants within the LOXL1 gene can cause abnormal accu-
mulation of these fibrillar materials, which could poten-
tially obstruct trabecular drainage, elevate IOP, and increase
the susceptibility to PXG development.33 Additionally, stud-
ies have reported downregulation of LOXL1 in the lamina
cribrosa of PXG cases, leading to decreased stiffness in
the lamina cribrosa and peripapillary sclera. This struc-
tural weakness renders these tissues vulnerable to IOP-
induced optic nerve damage.34 Moreover, LOXL1 has been
identified as a target of the autophagy pathway. Defects in
LOXL1 protein folding might lead to autophagy dysfunc-
tion, subsequently facilitating the degradation of weak-
ened exfoliation.35 Previous research has demonstrated that
TGF-β1, oxidation and UV radiation can induce a signif-
icant upregulation in LOXL1 expression in human tenon
fibroblasts and PEX.32,36 UVB has been associated with the
increased levels of TGF-beta 1 mRNA, and UVA exposure can
induce oxidative damage.37 Nevertheless, it remains uncer-
tain whether UV radiation affects LOXL1 through direct
DNA damage, TGF-β1 mediation, or oxidative stress. Two
protein-coding SNPs (rs1048661 and rs3825942) in exon 1
of LOXL1 have been identified, showing an increased risk of
PXG in various populations, including European (Germans
and Italians), Middle Eastern, and Latin/Central American
cohorts.38–40 Individuals with the high-risk haplotype (G-
G) for these two SNPs exhibited an approximately 700-
fold higher risk of PXG compared to those with the low-
risk haplotype.41 Several noncoding variants (rs16958477,
rs12914489, rs11638944, and rs7173049) have also been
reported to influence LOXL1 and contribute to PXG devel-
opment in conjunction with exonic variants.36,42–44 However,
these SNPs were not identified among our significant
IVs sourced from the UK biobank, potentially because of
differences in participant ancestry. The precise mutation

within LOXL1 induced by UV radiation warrant further
exploration.

Within the scope of our MR analysis, a notable distinction
emerged, highlighting a more robust association between
the use of sun/UV protection and the risk of PXG when
contrasted with the relationship involving ease of skin
tanning. This distinction may stem from the direct impact of
sun/UV protection on regulating the extent of UV radiation
exposure to the eyes, effectively shielding ocular structures
from potential damage.7 In contrast, although the degree
of ease of skin tanning might signify heightened melanin
production, it does not inherently govern the precise quan-
tity of UV radiation that reaches the eyes. Extended expo-
sure to UV radiation could still contribute to ocular damage
despite the skin’s adaptive response. Additionally, prolonged
UV exposure can induce skin damage and alterations in
melanin distribution.45,46 These alterations might, in turn,
influence the complex interplay between skin tanning and
the risk of PXG. The intricacies underpinning the divergent
associations of UV protection and ease of skin tanning with
PXG risk beckon for comprehensive exploration through
dedicated research endeavors and population-based inves-
tigations.

Our MR analysis is bolstered by several notable strengths.
Primarily, we harnessed the power of extensive sample sizes
gleaned from GWAS databases, affording us the capability
to scrutinize the causal relationship between UV protec-
tion and PXG in European populations. Furthermore, the
MR approach inherently mitigates the sway of confound-
ing factors and the potential for reverse causality, enhanc-
ing the robustness of our findings. The horizontal pleiotropy
test, buttressing our outcomes, effectively dispelled concerns
regarding genetic variants employed as IVs influencing PXG
through pathways distinct from UV radiation’s impact. More-
over, MR analysis mitigates biases, such as the systematic
selection of individuals with specific traits. This approach
helps counteract any tendencies towards differential UV
exposure that might arise, for instance, from disparities in
outdoor activities between PXG cases and controls. In partic-
ular, our utilization of the IVW analysis,47 known for its
heightened statistical power compared to other MR meth-
ods, fortifies the reliability of our results, with significant
outcomes emerging for the causal effect of UV protection
and ease of skin tanning on PXG. This robustness is corrob-
orated by ancillary methods probing IVW’s validity, namely
the Cochran Q test and Rucker framework.

However, it is essential to acknowledge the study’s limi-
tations. First, the absence of GWAS data specifically linked
to UV exposure impedes a direct MR-based validation of
the UV radiation-PXG relationship. Second, the absence of
additional mediator analyses leaves the metabolic mech-
anisms underpinning the causal connection between UV
exposure and PXG risk unexplored. To fully comprehend
these pathways, future investigations are warranted. Third,
the study’s confinement to individuals of European ancestry
underscores the need for more extensive exploration across
diverse ethnic backgrounds, given the notable role ethnicity
plays in PXG.27 Fourth, because of data access limitations,
we couldn’t delve into the phenotypic associations between
UV protection and ease of skin tanning. Last, the unavail-
ability of stratified gender and age-related PXG data within
the publicly accessible FinnGen Study database constrained
our ability to perform gender- or age-specific analyses,
leading to potential confounding factors persisting in our
analysis.
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In conclusion, our findings lend support to the poten-
tial protective roles of sun/UV protection and ease of skin
tanning against PXG. Nonetheless, our study falls short of
conclusively establishing the mechanisms through which
safeguarding against UV radiation damage may contribute
to PXG. This limitation arises from the absence of direct
investigations into potential intermediaries, such as AHR and
LOXL1. Therefore further research is imperative to defini-
tively elucidate the underlying pathways that connect UV
damage and its protection with PXG. This exploration holds
the promise of not only unveiling potential genetic screening
tools but also spotlighting behaviors linked to UV exposure,
particularly in individuals at heightened risk of PXG.
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