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Abstract: Exfoliation glaucoma (XFG) is the most recognizable form of secondary open-angle glau-
coma associated with a high risk of blindness. This disease is characterized by white flaky granular
deposits in the anterior chamber that leads to the elevation of intraocular pressure (IOP) and sub-
sequent glaucomatous optic nerve damage. Conventionally, XFG is known to respond poorly to
medical therapy, and surgical intervention is the only management option in most cases. Various
genetic and nongenetic factors are known to be linked to the development of XFG. Despite decades
of research on the genetic factors in exfoliation syndrome (XFS) by study groups and global consortia
involving different ethnic populations, the pathogenesis of XFS and the mechanism of onset of
glaucoma still remains an unsolved mystery. The key lies in understanding how the function of a
gene (or set of genes) is altered by environmental triggers, along with other molecular events that
underlie the key disease attributes, namely, oxidative stress and the disruption of the blood–aqueous
barrier (BAB). It remains a challenge to evolve a theory encompassing all factions of molecular events
occurring independently or parallelly that determine the disease manifestation (phenotype) or the
stage of the disease in the eye (or in any tissue) in exfoliation. Our enhanced understanding of
the underlying molecular pathophysiology of XFG, beyond the known genes or polymorphisms
involved in the disease, will lead to improved diagnosis and management and the ability to recognize
how the environment influences these key events that lead to the disease phenotype or disease
progression. This review summarizes the recent observations and discoveries of four key factors that
may hold the answers to the non-lysyl oxidase-like 1 (LOXL1) mechanisms behind XFG pathogenesis,
namely, the epigenetic factor miRNA, disordered autophagy along with the potential involvement of
mitochondrial mutations, and a compromised aqueous–blood barrier.
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1. Introduction

Exfoliation glaucoma (XFG) is a severe and progressive type of sight-threatening [1,2]
disease, a systemic fibrillopathy, and is one of the most commonly recognizable, clini-
cally unique form of open-angle glaucoma [2–4]. Patients with XFG present with more
severe optic nerve damage and visual loss at presentation, are refractory to medical treat-
ment, and are associated with a faster rate of progression compared to other forms of
primary glaucoma [3,4]. Exfoliation syndrome (XFS) is a unique ocular and systemic
disorder characterized by fibrillar exfoliation deposits on ocular structures (Figure 1a,b)
and other organs. Though cutting-edge molecular and genetic approaches have provided
powerful insights into the genetic and nongenetic factors, the cause and mechanism of
the deposit formation and onset of glaucoma in this disease still remains unexplained. A
genome-wide association study performed in 2007 by Thorleifsson and coworkers first
showed that three single-nucleotide polymorphisms (SNPs) in the lysyl oxidase-like 1
(LOXL1) gene (rs1048661, rs1048661, and rs3825942) are strongly associated with a risk of

Curr. Issues Mol. Biol. 2022, 44, 1191–1202. https://doi.org/10.3390/cimb44030078 https://www.mdpi.com/journal/cimb

https://doi.org/10.3390/cimb44030078
https://doi.org/10.3390/cimb44030078
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cimb
https://www.mdpi.com
https://orcid.org/0000-0003-0765-3146
https://doi.org/10.3390/cimb44030078
https://www.mdpi.com/journal/cimb
https://www.mdpi.com/article/10.3390/cimb44030078?type=check_update&version=1


Curr. Issues Mol. Biol. 2022, 44 1192

XFG [5]. Other genes implicated in XFG include calcium voltage-gated channel subunit
alpha1 A (CACNA1A),proteasome maturation protein (POMP), transmembrane protein
136 (TMEM136), 1-acylglycerol-3-phosphate O-acyltransferase 1 (AGPAT1), RNA-binding
motif single-stranded interacting protein 3 (RBMS3), and semaphorin 6A (SEMA6A) [6,7].
Though several groups have identified several key genes responsible for the disease, the
genetic etiology is complicated by the frequent occurrence of LOXL1 SNPs among healthy
people, the uncertain role of polymorphisms, and the allele reversal in different ethnic
populations [5,6].
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Figure 1. (a)Retroillumination showing peripheral granular exfoliative deposits, (b) exfoliative 
deposits (indicated by blue arrow) over the pupil with diffuse stromal iris atrophy, (c) diagrammatic 
depiction of the role of TGF-β1 in various cell processes and the changes that occur as the disease 
progresses from normal (control) to exfoliation syndrome (XFS) to exfoliation glaucoma (XFG).TGF-
β1—transforming growth factor-beta1; BAB—blood–aqueous barrier; BRB—blood–retina barrier; 
VEGF—vascular endothelial growth factor; ROS—reactive oxygen species; ECM—extracellular 
matrix. Biorender. Available online: https://biorender.com/ (accessed on 17 February 2022). 
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high ambient light, higher temperatures, proximity to the equator, dietary factors such as 
coffee consumption, and greater exposure to sunlight or outdoor work [8,9]. It is, 
however, unclear whether these risk factors influence or change the genetic predisposition 
to XFS or XFG. Further, while oxidative stress is believed to be a key factor in XFS 
pathogenesis, the precise molecular signaling pathways that are responsible for XFS 
disease or disease progression to XFG remain unknown. 
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Several risk factors have been recognized that predispose people to XFS, including
high ambient light, higher temperatures, proximity to the equator, dietary factors such as
coffee consumption, and greater exposure to sunlight or outdoor work [8,9]. It is, however,
unclear whether these risk factors influence or change the genetic predisposition to XFS
or XFG. Further, while oxidative stress is believed to be a key factor in XFS pathogenesis,
the precise molecular signaling pathways that are responsible for XFS disease or disease
progression to XFG remain unknown.

https://biorender.com/
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Transforming growth factor-beta (TGF-β) is a ubiquitous cytokine regulating several
key cellular processes, thereby determining cell fate in any tissue. It achieves this by
the regulation of downstream matrix metalloproteinases (MMPs) for extracellular matrix
(ECM)/collagen homeostasis, cross-talk with other key pathways such as autophagy, fibro-
sis through Rho-kinases, and gene transcription via canonical and noncanonical pathways
(Figure 1c). This is known to be upregulated in eyes with XFS and XFG, though its role
in disease pathogenesis in unclear. In our earlier study, we found TGF-β1 to be upregu-
lated in severe glaucoma, though associated with the differential expression of downstream
molecules regulating fibrosis or ECM metabolism [10]. Further, this forms an important link
for regulating and modulating ECM degradation via MMP9 in XFG, where the activity of
the latter is compromised in severe stages despite the continued overexpression of TGF-β1.
We also found specific circulatory microRNAs (miRNAs) to be regulating the proteosome
clearance–unfolded protein response (UPR) pathway via SMADs, specifically in XFG [10].
TGF-β1 also regulates mitochondrial reactive oxygen species (ROS) production and mod-
ulates cell senescence, while oxidative-stress-induced ROS production can cause TGF
activation by upstream regulation. Further, stress markers and vascular ischemic events
characteristic of XFS may also be regulated by TGF-β1 that regulates vascular endothelial
inflammation, which may be the key factor for disrupted blood–aqueous barriers (BAB) in
XFS eyes. While genetic factors can cause a predisposition to XFS development or XFG,
the role of the above molecular events in precipitating characteristic and well-recognized
clinical features in XFS or the onset of glaucoma in these eyes needs an in-depth study.

The purpose of this manuscript is to review the recent and past literature on the
pathogenesis and associations of XFG with the less extensively described and studied roles
of miRNAs, mitochondrial mutations, altered autophagy, and leaky BABs. An enhanced
understanding of the molecular pathophysiology will lead to improved management,
diagnosis, and new treatments for glaucoma.

2. Methods

We performed a literature search of the PubMed database, identifying all articles
associated with XFG and XFS using the following MeSH terms: exfoliation glaucoma,
exfoliation syndrome, autophagy, miRNAs, mitochondria, and blood–aqueous barrier.
The selection of articles for the review was based on the following criteria: (i) exfoliation
glaucoma OR exfoliation syndrome AND autophagy (n = 290); (ii) exfoliation glaucoma OR
exfoliation syndrome AND mitochondria (n = 410); (iii) exfoliation glaucoma OR exfoliation
syndrome AND miRNA (n = 292); (iv) exfoliation glaucoma OR exfoliation syndrome AND
blood–aqueous barrier (n = 398). After searching and evaluating, all selected papers were
independently examined by the two authors (M.C. and A.R.). Those that did not have
validation experiments, included mere hypotheses rather than being evidence-based, or
were in conflict between two authors were rejected. Finally, after a thorough review, we
narrowed down the focus of this review to 83 articles.

3. Potential Role of miRNAs in XFG

MicroRNAs are small, noncoding RNAs, 21–25 nucleotides in length, that regulate
gene expression by binding to the 3′-untranslated region (UTR) of specific messenger
RNAs (mRNAs) for degradation or translational repression [11–15]. The expression of
miRNAs is often typical for a particular tissue or during essential cellular processes [11–16].
A single miRNA can modulate the expression of multiple mRNAs that regulate various
physiological processes such as hematopoiesis, proliferation, tissue differentiation, cell-type
identity maintenance, apoptosis, signal transduction, and organ development by regulating
the expression of various genes [16–19]. They may exist in a stable state within cells or
outside cells in biological fluids, including plasma and aqueous humor (AH), vitreous
humor, serum, saliva, urine, and tears, and can exist as exosomes or be bound to carrier
proteins [20,21]. Previous studies have reported that the expression of miRNAs can be in-
volved in senescence or age-related neurological disorders, diabetes, degenerative arthritis,
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carcinomas, and cataracts [16,21–37]. In glaucoma, miRNAs can regulate ECM metabolism
by regulating TGF-β and can regulate stiffness by the accelerated maturation of ECM
proteins, altering the trabecular meshwork (TM) contractile properties, thus accelerating or
inhibiting TM cell senescence, or by modulating oxidative- and mechanical-stress-induced
damage [20,22,38] in the cell/tissue(Table 1). Alterations in the miRNA levels may indi-
cate pathogenic processes underlying disease or a stage transition of the specific disease.
Thus, miRNAs serve as valuable noninvasive biomarkers for various diseases and help
to prognosticate the severity of diseases that are caused by the modulation of the specific
processes that they regulate [15,27].

Table 1. List of miRNAs identified in exfoliation syndrome (XFS) and exfoliation glaucoma (XFG)
and their functions.

miRNA Accession Number Function Reference

hsa-miR-125b MIMAT0000423
Directly targets P53. TP53 gene is closely

associated with lens epithelial cell apoptosis.
(validated)

Drewry et al., 2018

hsa-miR-6722-3p MIMAT0025854

Involved in mitogen-activated protein kinase
(MAPK) signaling pathway; forkhead box,

class O (FOXO) signaling pathway; and
regulation of actin cytoskeleton. (predicted)

Kosior-Jarecka et al., 2021

hsa-miR-184 MIMAT0000454

Involved mainly in response to hypoxia,
cardiovascular system development, and

apoptosis. Mutations in hsa-miR-184, which
were linked with lens/corneal dystrophy

and blindness. (predicted)

Kosior-Jarecka et al., 2021

hsa-miR-4634 MIMAT0019691

Is a validated regulator of VAV3, whose
deficiency in mice was associated with an

ocular phenotype similar to glaucoma,
including elevated IOP, selective loss of

retinal ganglion cells, and optic nerve head
cupping. (validated)

Kosior-Jarecka et al., 2021

hsa-miR-1260b MIMAT0015041

May play a protective role in the course of
glaucomatous neuropathy. Is also an

essential regulator of vascular smooth
muscle cell proliferation in response to

hypoxia. (predicted)

Kosior-Jarecka et al., 2021

miR-122-5p MIMAT0000421
Controls TGF-β1, protein binding, and

ECM-related processes. Has been shown to
regulate opteneuin pathway. (validated)

Rao et al., 2020; Drewryet al.,
2018

hsa-miR-124-3p MIMAT0000422 Controls TGF-β1, protein binding, and
ECM-related processes. (predicted) Rao et al., 2020

hsa-miR-424-5p MIMAAT0001341

Is a tumor-suppressive miRNA. It regulates
proliferation and invasion. It can also inhibit
cell migration and epithelial–mesenchymal

transition. (predicted)

Rao et al., 2020

hsa-miR-30c-5p MIMAT0000244
Directly targets MAPK1 to regulate

proliferation and migration. Negatively
regulates protein secretion. (validated)

Rao et al., 2020

hsa-miR-96-5p MIMAT0000095 Inhibits apoptosis by targeting caspase-9
gene. (validated) Rao et al., 2020

hsa-miR-142-5p MIMAT0000433

Acts as a negative regulator in TGF-β
pathway by targeting SMAD3 and
suppresses TGF-β-induced growth

inhibition. (validated)

Rao et al., 2020
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Table 1. Cont.

miRNA Accession Number Function Reference

hsa-miR-9-5p MIMAT0000441

Plays a role in growth, invasion, migration,
and epithelial–mesenchymal transition.

Negatively regulates cell adhesion and janus
kinase–signal transducer and activator of

transcription(JAK/STAT) pathway.
(validated)

Rao et al., 2020

hsa-miR-143-3p MIMAT0000435

It regulates proliferation, migration, and
invasion. Negativelyregulates angiogenesis,
actin cytoskeleton organization, regulation of

blood vessel and endothelial cell
proliferation. (validated)

Rao et al., 2020

hsa-miR-302a-3p MIMAT0000684

Post-transcriptional gene silencing.
Overexpression can inhibit proliferation and

promote apoptosis. May modulate
epithelial–mesenchymal transition.

(validated)

Rao et al., 2020

hsa-miR-223-3p MIMAT00003280

Plays a protective role against endothelial
injury, inhibits cell proliferation and
migration, and negatively regulates

inflammatory response and necrotic cell
death. (validated)

Rao et al., 2020

hsa-miR-630 MIMAT0003299 Involved in the regulation of apoptosis.
(predicted) Drewryet al., 2018

hsa-miR-451a MIMAT0001631

Associated with cell proliferation, migration,
and apoptosis through targeting activating

transcription factor 2 (ATF2) signaling
pathway. It can inhibit hepatic
gluconeogenesis and alleviate

hyperglycemia. (predicted)

Drewryet al., 2018

has-miR-637 MIMAT0003307 Involved in tryosine metabolism and
endocytosis. (predicted) Hindle, 2019

hsa-miR-4725-3p MIMAT0019844
Involved in MAPK signaling pathway, p53
signaling pathway, and regulation of actin

cytoskeleton. (predicted)
Hindle, 2019

hsa-miR-433-3p MIMAT0001627

Involved in MAPK signaling pathway, p53
signaling pathway, FOXO signaling pathway,

and regulation of actin cytoskeleton.
(predicted)

Hindle, 2019

hsa-miR-302d-3p MIMAT0000718 Involved in tryosine metabolism and
endocytosis. (predicted) Drewry et al., 2018

The role of miRNAs in glaucoma remains unclear, with several studies reporting
miRNAs specifically expressed in the AH or serum in eyes with glaucoma [15,21,23,39,40].
Drewry et al. found three miRNAs (miR-125b-5p, miR-302d-3p, and miR-451a) and five
miRNAs (miR-122-5p, miR-3144-3p, miR-320a, miR-320e, and miR-630) to be significantly
differentially expressed in the AH of primary open-angle glaucoma (POAG) and XFG eyes,
respectively, compared to controls [41]. Pathway analysis revealed that these miRNAs
are involved in potential glaucoma pathways including tight junctions and TGF-β sig-
naling, all of which are known in XFS pathogenesis. Another study, however, found
no difference in miRNA expression between the different kinds of primary glaucoma,
though hsa-miR-6722-3p, hsa-miR-184, and hsa-miR-1260b were more frequently found
in XFG and POAG, respectively [42]. Another study identified higher levels of expression
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of 20 miRNAs in XFG and POAG patients than in controls, with 6 out of the 20 miRNAs
(miR-637, miR-99b-3p, miR-4725-3p, miR-4724-5p, miR-4358, and miR-433-3p) elevated
in both plasma and AH [43]. In our earlier study, we found 12 out of 84 miRNAs to be
upregulated in XFG. Out of these 12, 3 miRNAs (hsa-miR-122-5p, hsa-miR-124-3p, and hsa-
miR-424-5p) were involved in pathways, namely, TGF-β1, fibrosis/ECM, and proteoglycan
metabolism with common effectors such as SMAD3/2 [10]. Phenotype comparisons with
fibrosis-related miRNA gave similar results, with hsa-miR-19a-3p and hsa-miR-30a-5p
related to proteoglycans being significantly downregulated in ocular hypertension (OHT)
compared to XFG. Flaky aggregates are visibly seen deposited on the lenses of XFS/XFG
patients. With its monolayer structure and direct exposure to ultraviolet radiation, the lens
capsule epithelium is a significant subject for exploring complex elements, including genet-
ics and environmental influences in XFS. Tomczyk-Socha et al. reported the upregulation of
miR-125b in the lens capsules of XFS patients when compared to controls (cataract), with
no significant upregulation in the XFG patients [44].

It is believed that concentrating on the polymorphisms in the miRNA biogenesis
pathway and their dynamic interaction with the genes under specific environmental trig-
gers could uncover data for disease anticipation and pharmacogenomics in XFS [44–46].
Recently, various studies have reported differential miRNA expression status in the AH
and trabecular meshwork, two anatomical structures that are closely related to glaucoma,
and linked them to the apoptosis of retinal ganglion cells and IOP [21,38,39]. Fewer studies,
however, have reported polymorphisms in miRNA [45–48]. One study reported rs1057035
polymorphisms in the 3′-UTR of the DICER gene to be associated with a decreased risk of
XFG, and rs55671916 in the 3′-UTR of the exportin 5 (XPO5) gene with an increased risk of
XFG [4,47]. As per the miRNASNP database, the polymorphism rs11382316 results in a
gain of function of miRNA-3161 in the genes caveolin-1 (CAV1), cytochrome P450 family 1
subfamily B member 1 (CYP1B1), and CACNA1A, and a loss of function of transforming
growth factor-beta receptor 3 (TGFBR3). This result seems to further support a previously
reported implication of the CACNA1A gene in XFS susceptibility [7].

Given the significance of ECM elements to the ordinary physiology of the outpouring
pathway, miRNAs that control ECM metabolism could be reasonable targets to impact AH
dynamics in XFS eyes. The best-described group of miRNAs that directs ECM digestion is
the miR-29 family, including hsa-miR-29a, hsa-miR-29b, and hsa-miR-29c. In a study by
Luna et al., the transfection of TM cells with miR-29b mimic caused the downregulation of
various ECM genes, including collagens and fibronectin, as well as the targeting of genes
involved in ECM remodeling (SPARC/osteonectin). Interestingly, persistent oxidative
stress induced by incubation at 40% oxygen led to a critical downregulation of miR-29b
in TM cell lines that were related to an increased expression of several ECM genes [49].
Strategies to elevate miR-29 expression in TM cells may be advantageous to limit ECM
deposition, avert cell loss, and maintain normal levels of AH outflow facility. However,
this family has not been studied in targeting TM function in XFG eyes, nor has its role
in XFS and XFG eyes been identified in any study. Further, the regulation of miRNA
biogenesis and the TGF-β pathway in exfoliation remains unexplored. A detailed study
in this direction may give insights into how TGF-β-regulated processes are modulated
differentially in disease progression or in different ethnic populations.

In summary, studies so far suggest that miRNAs are key regulatory elements that
can control the pathophysiology of the outflow pathway and modulate ECM degradation
or gene expression in XFS. These can serve as promising biomarkers for disease progres-
sion, treatment responders/nonresponders, and effective diagnosis while offering insights
into possible therapeutic strategies for XFG. To understand the maximum capacity of
miRNAs as helpful targets in XFG, it will be important to work towards filling these
lacunae in the future.
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4. Autophagy and Mitochondrial Dysfunction and Protein Aggregate Clearance

We recently demonstrated a decreased UPR clearance in XFG compared to earlier
forms of the disease associated with increased TGF levels in all disease stages, which
suggest the potential regulation of the autophagy pathway and TGF–autophagy cross-talk
involved in cell repair and aggregate clearance [50]. Autophagy is an intracellular traffick-
ing system that conveys cytosolic constituents to the lysosome for ensuing degradation,
which is crucial for misfolded protein clearance, cell homeostasis by ubiquitin–proteasomal
degradation, and cell repair [51–55]. Immunohistochemical and mass spectrometry investi-
gations have uncovered that exfoliative material is a profoundly glycosylated proteinaceous
complex that is very impervious to degradation, both inside the body and under experimen-
tal conditions [51]. Given the significance of the autophagic clearance of protein aggregates,
autophagy-related genes (ATG genes) might be involved in XFG pathology beyond pri-
mary glaucoma [53]. Studies have also shown the association of neurodegeneration with
mitochondrial dysfunction and abnormal mitophagy [56–58]. Impaired mitophagy causes
the accumulation of damaged mitochondria that may have a severe impact on acell’s abil-
ity to manage oxidative insult and/or ability to clear misfolded proteins, which may be
impaired in XFG eyes. A decreased autophagic flux (an indicator of autophagic activity)
caused by oxidative stress may be one of the factors that lead to the progressive failure of
cellular TM function with age [59–63]. In our earlier study, autophagy genes were abruptly
upregulated in severe POAG and primary angle-closure glaucoma (PACG) compared to
moderate glaucoma, suggesting the role of autophagy in disease progression [53].

Similar studies on mitochondrial dysfunction and impaired autophagic clearance are
sparse in XFS and XFG. A Spanish-based study, evaluating genetic variants in three critical
genes of autophagy (ATG16L, ATG2B, and ATG5) in the development of XFS and XFG in a
Spanish population, reported no difference in either the genotype distributions or allelic
frequencies of the known polymorphisms between XFS/XFG or controls [54]. One study
using explant-cultured tenon fibroblasts from XFS and age-matched POAG patients ob-
served 1.38 times bigger fibroblasts that were less organized, and demonstrated a decreased
clearance of autophagosomes with abnormal endocytic trafficking in fibroblasts obtained
from XFS eyes. This suggested the aberrant autophagic–lysosomal clearance of proteins
in XFS eyes [55]. They also reported a higher content of cells with low mitochondrial
membrane potential, suggesting impaired mitophagy. Mitochondrial DNA (mtDNA) has
a higher prevalence of mutations owing to less-efficient repair systems [55]. The rate of
mtDNA mutations is multiple times that of nuclear DNA and is thought to be triggered
by ROS formation inside the mitochondria. Although mtDNA encodes only about 1% of
the proteins found in mitochondria, it incorporates subunits of oxidative phosphorylation
proteins. Izzotti et al. evaluated TM specimens obtained from surgeries of various glau-
coma and control patients [59]. They showed that mitochondrial dysfunction induced by
oxidative stress is more predominant in POAG and XFG than in other glaucoma forms.
XFG specimens had the most elevated levels of mtDNA deletion, oxidative DNA dam-
age, and mitochondrial loss per cell. The mtDNA 4977deletion values seen in XFG were
>2 times those recognized in POAG. Studies using advanced whole-mitochondrial sequenc-
ing technology have identified 22 mtDNA changes, comprising 7 novel transformations
with 36.4% of the mtDNA changes in the complex I mitochondrial gene [60]. One study
reported 27 unique novel non-synonymous mtDNA changes in POAG, with 22 changes
being potentially pathogenic [61]. Another study reported the absence of any mutation
in XFG patients in the various nuclear genes associated with primary glaucoma or in
the mitochondrial genome [62–64]. Heterozygous optic atrophy type1 (OPA1) is known
to influence mitochondrial steadiness and has now been implicated in a few optic neu-
ropathies. It codes for a dynamin-like GTPase protein found in a polymeric structure in the
inner mitochondrial membrane that has multiple distinct roles [65–68], primarily related to
maintaining a highly interconnected mitochondrial network. Thomas et al. studied OPA1
mutations in POAG patients and found significantly lower expression levels of OPA1 than
in controls. Decreased OPA1 expression, another sign of mitochondrial-actuated apoptosis,
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may play a part in the advancement of glaucoma in XFS [66]. To test the theory that mito-
chondrial haplogroups influence the risk of developing glaucoma, a group genotyped 12
single-nucleotide polymorphisms that characterize the European mtDNA haplogroups in
controls and two German cohorts with XFG or normal-tension glaucoma. Individuals with
haplogroup-U were found to have a lower risk for developing XFG in this study, suggest-
ing mitochondrial dysfunction in XFS pathogenesis [69]. In summary, research related to
mitochondrial dysfunction and impaired mitophagy in XFG has been less extensive to date,
with very few studies evaluating the role of the environment in triggering the dysregulation
of these processes in XFG. There is a compelling need to supplement the existing literature
on XFG pathogenesis with functional studies analyzing various populations and different
environmental influences on mitochondrial function in XFS/XFG.

5. The Blood–Aqueous Barrier in Eyes with Exfoliation Syndrome

The eye, similar to the brain, is an organ endowed with immune privilege, an attribute
conferred by complex ocular barrier systems. Two kinds of barriers have been distinguished
inside the eye, each described by its unique tissue restriction, immunologic properties, and
physiological capacities, namely, the BAB and the blood–retina barrier (BRB) [70,71]. Eyes
with XFS frequently show clinical signs of impairment of the BAB [72]. The breakdown
of the BAB is confirmed by an elevation in AH proteins. Mice without the LOXL1 gene,
a significant genetic risk factor for XFS and XFG, displayed an increased dispersion of
fluorescein at the BAB, indicating the interruption of the ciliary epithelial barrier [73].
Kuchle et al. studied the alteration in the BAB in XFS patients by the histochemical staining
of endogenous albumin and reported the impairment of the BAB in XFS that was confined
to the iris and, to a lesser extent, may involve the ciliary body [74]. Elevated levels of AH
clusterin in XFS, POAG, and XFG cases compared to controls has been reported by several
studies [75,76]. Zenkel et al. [77] reasoned that this was due to the disintegration of the BAB
and leakage of systemic clusterin into the AH. On the other hand, Doudevski et al. [76]
contended that this increase could not be explained by the breakdown of the BAB alone
and that local synthesis might therefore play a significant role. Yildirim et al. found that
serum interleukine 6 (IL-6) levels were altogether higher in XFS when contrasted with
controls, suggesting higher levels of subclinical inflammation and BAB in XFS patients [78].
Kondkar et al. observed that higher plasma tumor necrosis factor alpha (TNF-α) levels
might be a marker for the progression of XFS to XFG [79]. What triggers the disruption of
BAB in XFS patients is unclear, though some risk factors such as oxidative stress, raised
homocysteine, AH nitric oxide (NO), and vascular endothelial growth factor (VEGF) are
presumed to play a role. Eraslan et al. revealed high acylated ghrelin/ghrelin proportions
in XFG cases and suggested that acylated ghrelin may adversely trigger prostaglandin
and NO release in XFG, causing progressive damage [80]. Bleich et al. observed that
significantly elevated (twofold) homocysteine levels in the AH and the plasma of XFG pa-
tients with aqueous homocysteine was significantly correlated with corresponding plasma
levels [81]. VEGF is also known to increase vascular permeability, contributing to disrupted
BABs in XFS [82,83]. This may also explain the frequent ischemic systemic associations in
XFS patients, including cardiovascular disease, transient ischemic attacks, and vascular
occlusive disease. The mean AH and plasma VEGF concentrations and the mean AH
NO concentrations were significantly higher in patients with XFG than in controls [82–84].
Studies have reported marginally higher mean AH and plasma levels of NO and VEGF in
XFG than in patients with XFS, but the differences were not statistically significant. These
studies imply a need for further studies on how these factors cause BAB breakdown and
precipitate a cascade of protein complex aggregate accumulation over different ocular
structures in XFS. It may be worthwhile exploring the role of ambient light and continued
TGF-β exposure in the key downstream pathways such as autophagy, the disruption of the
BAB, mitochondrial dysfunction, and oxidative stress in the TM cells causing functional
damage. Understanding these processes in animal or invitro models would be crucial to
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identify mechanisms to reverse or dissolve these aggregates and prevent tissue dysfunction
in XFG.

6. Conclusions

Vast volumes of genetic studies across the globe have failed to explain the complex
mechanisms underlying XFS pathogenesis and the onset of glaucoma in these eyes. It is
increasingly becoming clear that molecular processes mediated and regulated by environ-
mental triggers hold the key to these perplexing questions. Current knowledge on the role
of miRNA, mitochondrial dysfunction/autophagic clearance, or the disrupted BAB does
not explain the reason for the differential involvement of some populations or eyes in XFS
or even the onset of glaucoma. This review sums up the current ideas and the gaps existing
in these areas in XFS research that may give newer insights and therapeutic targets for XFS.
The comprehension of the functional consequences and molecular mechanisms of XFG and
the targeting of novel therapeutic approaches are the major roads for future research in
XFG pathogenesis.
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