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Systemic Associations of Exfoliation Syndrome
Robert Ritch, MD

Abstract: Exfoliation syndrome (XFS) is an age-related disease charac-
terized by the production, deposition, and progressive accumulation of a
white, fibrillar, extracellular material in many ocular tissues, most promi-
nent on the anterior lens surface and pupillary border. Its prevalence in-
creases steadily with age in all populations. It is the most common
identifiable cause of open-angle glaucoma worldwide and is a potentially
reversible or even curable disease. First described in Finland in 1917 by
Lindberg, it has long been associated with open-angle glaucoma. However,
in recent years, it is being increasingly reported in conjunction with a mul-
tiplicity of both ocular and systemic disorders, and the number of these is
expected to grow, particularly with investigations based on attempts to as-
sociate other diseases with those genes known to be associated with XFS.
Despite the focus on XFS as a cause of open-angle glaucoma for nearly a
century, in reality it is still only an ocular manifestation of a protean sys-
temic disease. It is a unique disorder with extensive and often serious ocu-
lar and systemic manifestations and not, as it has long been termed, a
“form” or “type” of glaucoma. This misconception has delayed research
into the molecular and cellular processes involved in its development,
and the underestimation of its overall importance and its underlying
causative mechanisms have largely been long ignored. The purpose of
this article is to review the systemic disorders which are becoming in-
creasingly associated with XFS. Reviews of epidemiology, genetics, bio-
markers, molecular mechanisms of development, and ocular findings may
be found elsewhere.
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E xfoliation syndrome (XFS) is an age-related disease character-
ized by the production, deposition, and progressive accumula-

tion of a white, fibrillar, extracellular material in many ocular
tissues, most prominent on the anterior lens surface and pupillary
border. Its prevalence increases steadily with age in all popula-
tions. It is the most common identifiable cause of open-angle
glaucoma worldwide, comprising the majority of glaucoma in
some countries,1 and is a potentially reversible or even curable dis-
ease. First described in Finland in 1917 by Lindberg,2 it has long
been associated with open-angle glaucoma. However, in recent
years, it is being increasingly reported in conjunction with a mul-
tiplicity of both ocular and systemic disorders, and the number of
these is expected to grow, particularly with investigations based on
attempts to associate other diseases with those genes known to be
associated with XFS.

Despite the focus on XFS as a cause of open-angle glaucoma
for nearly a century, in reality it is, although the most serious
known manifestation, still only an ocular manifestation of a pro-
tean systemic disease. It is a unique disorder with extensive and
often serious ocular and systemic manifestations and not, as it
has long been termed, a “form” or “type” of glaucoma. This mis-
conception has delayed research into the molecular and cellular
processes involved in its development, and the underestimation
of its overall importance and its underlying causative mechanisms
have largely been long ignored.

The initial description of XFS in the eye was a result of the
visibility of exfoliation material (XFM) on the iris and lens surface
with the development of the slit-lamp, whence it was easily recog-
nizable on examination. Its association with glaucoma, parti-
cularly in Scandinavia where it was described, led it to be
considered as purely an ocular disorder, unfortunately ignored
and underdiagnosed in much of the world.

It is now known that XFM can be found inmany different or-
gans and is associated with numerous systemic abnormalities, the
list of which is growing steadily. Thematerial seems to consist of a
highly cross-linked glycoprotein-proteoglycan complex com-
prised primarily of elastic microfibrillar components such as
fibrillin-1 and latent transforming growth factor beta binding pro-
teins (LTBPs), and chaperone molecules, such as clusterin, and
cross-linking enzymes, such as lysyl oxidase-like 1(LOXL1).3

Exfoliation syndrome is considered a conformational disorder of
fibrillin, causing progressive elastotic degeneration and as such,
has been associated systemically with cerebrovascular and car-
diovascular disease. It is an ischemic disease characterized by
decreased antioxidant status and low-grade inflammation and is
associated with elevated serum homocysteine. Systemic associa-
tions include transient ischemic attacks, hypertension, angina,
myocardial infarction, cerebrovascular and cardiovascular disease,
aortic aneurysm, renal artery stenosis, Alzheimer disease (AD),
and hearing loss. Other disorders known to be associated with
LOXL1 have not yet been described in association with XFS.

The discovery of 2 polymorphisms in the LOXL1 gene asso-
ciated with exfoliative glaucoma, primarily through XFS, opened
the door for genetic analyses of populations worldwide.4 Variants
in LOXL1 are unequivocally genetic risk factors for XFS, but
exactly how they contribute to the assembly of XFM is unclear.
Variants in CACNA1A have recently been associated with XFS5

and may alter calcium concentrations at the cell surface and facil-
itate XFM formation, but research to place this new finding in
proper context is just beginning. Further genes associated with
XFS are expected to be reported soon.

The purpose of this article is to review the systemic disorders
which are becoming increasingly associated with XFS. Reviews
of epidemiology, genetics, biomarkers, molecular mechanisms
of development, and ocular findings may be found elsewhere.

LYSYL OXIDASES AND PRODUCTION OF
EXFOLIATION MATERIAL

The lysyl oxidase (LOXL) gene family comprises 5 copper-
dependent monoamine oxidases, which are secreted by fibrogenic
cells including fibroblasts and smooth muscle cells. LOXL1 is
necessary for the formation, stabilization, maintenance, and re-
modeling of elastic tissue, playing an important role in the
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homeostasis of the extracellular matrix by inducing cross-linking
in collagen and elastin molecules and preventing age-related loss
of tissue elasticity.6 It also regulates the promoter of elastin.6

LOXL1 serves both as a cross-linking enzyme and a scaffolding el-
ement, which ensures spatially defined deposition of elastin.7 Al-
though the functional consequences of the LOXL1 gene variants in
XFS are not yet known, inadequate tissue levels could predispose
to impaired elastin homeostasis and to increased elastosis.

Although exfoliation glaucoma (XFG) is characteristically a
high-pressure disease, pressure-independent (eg, vascular) risk
factors and structural alterations of the lamina cribrosa may further
increase the individual risk for glaucomatous damage. In a pro-
spective study of patients with clinically unilateral XFS, in whom
intraocular pressure was equal throughout the follow-up period,
disc changes took place only in the involved eye, suggesting that
the exfoliative process itself may be a risk factor for optic disc
changes.8 Although the precise etiology and pathogenesis of
XFS remain unknown, the pathologic process in intraocular and
extraocular tissues is the progressive accumulation of an abnormal
fibrillar matrix, which is either the result of excessive production
or insufficient breakdown or both, andwhich is regarded as patho-
gnomonic for the disease, based on its unique light microscopic
and ultrastructural criteria.

A summary of findings indicates that XFS is associated with
excess production of elastic microfibril components, enzymatic
cross-linking processes, overexpression of transforming growth
factor beta 1 (TGF-β1), a proteolytic imbalance between matrix
metalloproteinases and their tissue inhibitors, low-grade inflam-
matory processes, increased cellular and oxidative stress, and an
impaired cellular stress response, as reflected by the downregula-
tion of antioxidative enzymes, ubiquitin-conjugating enzymes,
clusterin, and DNA repair proteins. Cellular stress conditions (ox-
idative, ischemia/hypoxia) are involved in the pathobiology of
XFS. Significantly reduced levels of antioxidants (ascorbic acid,
glutathione) and increased levels of oxidative stress markers (8-
isoprostaglandin-F2α, malondialdehyde) in aqueous humor, serum,
and tissues indicate a faulty antioxidative defense system and in-
creased oxidative stress in the anterior chamber of XFS eyes.9–13

Transforming growth factor beta 1, a major modulator of ma-
trix formation in many fibrotic diseases, seems to be a key medi-
ator in the XFS process and is significantly increased in the
aqueous humor of XFS patients. It is upregulated and actively pro-
duced by anterior segment tissues and regulates most of the genes
differentially expressed in XFS eyes, for example, fibrillin-1,
LTBP-1 and LTBP-2, tissue transglutaminase-2, and clusterin.14,15

Binding of TGF-β1 to XFM via the TGF-β binding proteins
LTBP-1 and LTBP-2 may represent a mechanism of regulation
of growth factor activity in XFS eyes.

Systemic Diseases Associated With XFS
The first electronmicroscopic descriptions of systemic depo-

sition of exfoliation material revealed aggregates of XFM in the
heart, lung, liver, kidney, gall bladder, and meninges in patients
with ocular XFS.16,17 In extraocular locations, fibers are found
in close proximity to connective tissue fibroblasts, vascular wall
cells, smooth and striated muscle cells, and cardiomyocytes.16,17

Cardiovascular Disease and Ischemia
An emerging clinical spectrum of associations with cardio-

vascular and cerebrovascular diseases elevates XFS to a condition
of general medical importance. The most common systemic asso-
ciation of XFS is with ischemic disease, reflected in cardiovascu-
lar abnormalities and oxidative damage. Systemic and ocular
blood flow changes, altered parasympathetic vascular control

and baroreflex sensitivity, increased vascular resistance and de-
creased blood flow velocity, arterial endothelial dysfunction, high
levels of plasma homocysteine, and arterial hypertension have all
been demonstrated.18 Among the reported ocular associations
are reduced ipsilateral ocular blood flow,19 a greater incidence of
disc hemorrhage,20 reduced retrobulbar hemodynamic parame-
ters,21,22 and reduced blood flow to the optic nerve head and
peripapillary retina.23

The first reported association of XFS with vascular disease
was in patients with transient ischemic attacks.24,25 Patients with
XFG had lower baseline fingertip capillary perfusion and longer
recovery time from cold-induced flow reduction than patients with
primary open-angle glaucoma (POAG) or controls.26 In the Blue
Mountains Eye Study, a significant association between angina
and systemic hypertension was found, along with a borderline
association between myocardial infarction and stroke.27 Other
reports have included increased carotid artery stiffness and altered
sympathetic vascular control,28 decreased cardiovagal regulation,29

increasedXFSinangiographicallyprovencoronaryarterydisease,30,31

coronary artery ectasia,32 decreased aortic root function,33 and
asymptomatic left ventricular myocardial dysfunction.34,35 One
study reported no association of XFS with coronary artery disease.36

In the Thessaloniki Eye Study, there was no association found
between XFS and the self-reported history of hypertension,
diabetes, cardiovascular disease, migraine, heart attack, or coro-
nary artery bypass.37 In a meta-analysis, Wang et al38 found
an association with coronary artery disease, cerebrovascular dis-
ease, and aortic aneurysm.

Aortic aneurysm has been reported in other papers to be
associated39–41 and not associated42 with XFS. Lysyl oxidases,
which cross-link collagen and elastin in the extracellular matrix
and contribute to the integrity and stabilization of vascular walls,
and apolipoprotein E knockout (KO) mice treated with an inhibi-
tor of LOXL activity developed aortic aneurysms.43

Gonen et al40 reported an association with both renal artery
stenosis and abdominal aortic aneurysm, whereas others reported
increased retinal artery resistance indices.44 Interestingly, these
authors also investigated erectile dysfunction on the hypothesis
that both conditions are related to vascular pathology and reported
that erectile dysfunction was significantly more common in pa-
tients with XFS than in controls.45 In another study, the incidence
of chronic renal disease was not increased in patients with XFS.46

Praveen et al47 found XFS patients to have a significantly lower
ankle brachial index compared with controls, suggesting XFS as
a possible risk factor for peripheral vascular disease.

The prevalence of diabetes in patients with XFS has been re-
ported to be lower than that of the general population, and it has
been hypothesized that diabetes might be a protective factor in
the development of XFS.48,49 The significance of this remains to
be elucidated.

Despite the multiple associations of XFSwith cardiovascular
disease in particular, all studies examining mortality in patients
with XFS or XFG have shown no increase over that in the general
population.50–54 Some of these associations have been disputed,
and there is as yet no clear evidence of increased mortality in pa-
tients with XFS which one might expect with these associations,
nor has there been shown a clear-cut association of XFS with a
systemic disease with conclusive evidence of a functional deficit
caused by the presence of XFS.

The vasoactive peptide endothelin-1 is significantly in-
creased in the aqueous of XFS patients,55 whereas nitric oxide, a
potent physiological vasodilator, was decreased in a small number
of XFS patients.56 This imbalance may play a role in the oblitera-
tive vasculopathy of the iris, causing local ischemia early in the
disease process. Elevated homocysteine levels in the aqueous
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humor of patients with XFS57,58 may further contribute to ische-
mic alterations such as endothelial dysfunction, oxidative stress,
enhancement of platelet aggregation, reduction of nitric oxide bio-
availability, and abnormal perivascular matrix metabolism. These
findings were summarized in an earlier editorial.59 Lower cutane-
ous capillary blood flow and altered response to cold and warmth,
without any change of plasma endothelin-1 concentration was
also reported earlier.60

Cerebrovascular Disease and
Cognitive Dysfunction

Several studies have reported on a possible association with
cognitive dysfunction and AD.61–64 Another study reported no as-
sociation between XFS and AD.65

Evidence has been presented for increased lysyl oxidase his-
tochemically in the brains of patients with AD66 and Alzheimer
peptide in the aqueous humor of patients with AD.67 Apolipopro-
tein A1, CIII, and apolipoprotein E, associated with AD, were re-
ported elevated in aqueous humor in a Japanese population of
both POAG and XFG.68 A number of other molecules associated
in the literaturewith XFS, including homocysteine, clusterin, low-
vitamin B12, and folate, have also been associated with AD. The
LOXL1 gene polymorphisms associated with XFS have been re-
ported not to be associated with AD.69 Overactivity of lysyl oxi-
dase, with localization of the enzyme in blood vessel walls and
in plaque-like structures, has been found in AD.66

Aside from AD, associations have been made between XFS
and cerebrovascular disease. Elevated serum antiphospholipid an-
tibodies, a risk factor for cardiovascular and cerebrovascular dis-
ease, are more common in patients with XFS and XFG than in
healthy controls and in patients with POAG.70 Others have re-
ported a higher rate of cerebrovascular disease in patients with
XFS compared with controls71,72 and patients with POAG.73 A re-
cent review and meta-analysis concluded that XFS was associated
with a greater risk of both cerebrovascular and cardiovascular dis-
ease, but because of the limitations of the included studies and
meta-analysis, the findings need to be confirmed in future re-
search via well-designed cohort studies.38

Magnetic resonance imaging revealed that paraventricular
white matter lesions were greater in number and size in patients
with XFS, with or without glaucoma,74 compared with controls.

Hearing Loss
A large proportion of patients with XFS with or without

glaucoma have sensorineural hearing loss compared with
controls.75–81 An overall summation of studies shows almost uni-
versal sensorineural hearing loss in patients with XFS. Because of
a complete lack of histopathologic studies, the precise pathophys-
iology remains uninvestigated. It is equally unknown whether
XFM is produced within the inner ear. A relation to elastic prop-
erties of the middle ear has been hypothesized.82 Paliobei et al83

compared patients with XFG and POAG prospectively; those with
XFG had a greater prevalence of retrocochlear pathology. The ab-
normal auditory brainstem responsewas 4.34 times greater than in
patients with POAG, suggesting VII nerve or low auditory
brainstem pathology.83 Hearing loss was reported to be unassoci-
atedwith homocysteine levels.84 Hearing loss has been reported at
speech levels.85 One study reported no significant difference in
hearing between patients with XFS/XFG and POAG.86

Homocysteine
Homocysteine is a highly cytotoxic amino acid derived from

methionine metabolism, and elevated serum levels result from dis-
turbed methionine metabolism. Mild hyperhomocysteinemia, a

recognized cardiovascular risk factor, is common and may result
from a variety of causes affecting homocysteine metabolic path-
ways.87 Hyperhomocysteinemia in animals is associated with dis-
ruption of the elastic fiber component of the extracellular matrix,
with resulting vascular complications.88 Hyperhomocysteinemia
is associated with vascular endothelial dysfunction, stroke, myocar-
dial infarction, and AD. It also inhibits lysyl oxidase activity. Ele-
vated homocysteine levels are present in blood, aqueous humor,
and tear film in patients with XFS.57,58,89–92 The systemic abnor-
malities associated with XFS are also associated with hyperhomo-
cysteinemia, which thus seems to be a common thread extending
through both XFS and the systemic disorders associated with it.

A large study of 24,968 healthy women found homocysteine
levels to be inversely associated with intake of folate and vitamins
B2, B6, and B12.93 Treatment with folic acid and vitamins B6 and
B12 reduced homocysteine concentrations in patients with coro-
nary artery disease.94 Homocysteine might be a modifiable risk
factor for XFS. A decreased serum concentration of vitamins B6
and B12 and folate has recently been reported in patients with
XFS.95 Because of the strong association with elevated homocys-
teine levels, one must also consider the possibility that these pa-
tients may benefit from the lowering of plasma homocysteine
levels by supplemental vitamins B6, B12, and folic acid.58

Folate deficiency leads to altered expression of genes in-
volved in cell signaling, the cytoskeleton, and the extracellular
matrix.96 Actin-disrupting agents, such as latrunculin B, revers-
ibly increase the proportion of receptors on the cell surface and in-
crease97 the rate of 5-methyltetrahydrofolate delivery.98

Vitamin B6 is an essential micronutrient involved in a variety
of critical metabolic reactions, including carbohydrate metabo-
lism, sphingolipid biosynthesis and degradation, amino acid me-
tabolism (including that of homocysteine), and neurotransmitter
metabolism.99 Therefore, deficiency of this essential micronutri-
ent in humans leads to a variety of adverse conditions and to dis-
turbances in normal cellular metabolism. Pyridoxine also plays a
role in the integrity of the extracellular matrix.100

Vitamin B12 is important for the normal functioning of the
brain and nervous system and for the formation of blood. It is nor-
mally involved in the metabolism of every cell of the body, espe-
cially affecting DNA synthesis and regulation as well as fatty acid
synthesis and energy production. Most symptoms of B12 defi-
ciency are actually folate-deficient symptoms.

Lysyl Oxidase
Lysyl oxidase in vascular endothelia is inhibited by high con-

centrations of homocysteine. This downregulation impairs the
endothelial barrier function and could be involved in homocysteine-
induced endothelial dysfunction.101 Endothelial dysfunction induced
by tumor necrosis factor-alpha is also associated with a decrease of
lysyl oxidase expression or activity.102 Hyperhomocysteinemia in an-
imals is associated with disruption of the elastic fiber component of
the extracellular matrix, with resulting vascular complications.88

Transforming growth factor beta 1 also interacts with lysyl
oxidase to influence the formation of elastic tissue.6 Levels of
TGF-β1 are significantly elevated in the aqueous humor of eyes
with XFS and are believed to be both responsible for overproduc-
tion of extracellular matrix and an important causative factor for
the production of XFM.103 Both TGF-β1 and TGF-β2 contribute
to conjunctival scarring after filtering surgery.104 Modification of
TGF-β1 activity may improve both the disease itself and the sur-
gical treatment necessitated by it.

Other LOXL1 Disorders
The LOXL1 risk alleles of 2 nonsynonymous single nucleo-

tide polymorphisms in exon 1 (rs1048661 and rs3825942) are
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gene variants associated in white populations with XFS. Because
LOXL1 and other members of the LOXL family are associated
with extracellular matrix formation and maintenance and when
dysfunctional, lead towidespread elastotic disorders, it is possible
that other diseases associated with LOXL1 or other LOXL genes
may be further involved in elastic tissue disorders which have
not been previously suspected to be associated with XFS. Dis-
covery of these would make XFS ramifications even more im-
portant and expand the protean manifestations of this disease
even further. This has prompted us to search for associations
of LOXL-related disorders with XFS, but despite our having
expounded this hypothesis for several years, investigations have
been slow to start.

Spontaneous cervical artery dissection (sCAD) is a common
cause of stroke in patients younger than 55 years. A chromosomal
locus for connective tissue abnormalities associated with sCAD
has been mapped to chromosome 15q24 to a candidate region
containing the LOXL1 gene. Kuhlenbaumer et al105 sequenced
the coding region of the LOXL1 gene in 15 patients with sCAD
and found a marginal association of rs3825942 with the domi-
nant form. At this point, the prevalence of XFS in patients with
sCAD remains unreported.

Reduced LOXL1 levels are also found in patients with vari-
cose veins and venous insufficiency.106 Mice deficient in LOXL1
develop pelvic organ prolapse secondary to a generalized connec-
tive tissue defect,107 and women with prolapse have reduced
mRNA for LOXL1.108 It is likely that an association between pel-
vic organ prolapse and XFS will be found. Inguinal hernia is also
associated with dysregulation of LOXL1.109

LOXL1 is intimately involved in the synthesis, maintenance,
and renewal of elastic fibers.110,111 LOXL1KOmice have multiple
connective tissue defects.112 LOXL1KOmice suffer from emphy-
sematous changes in the lungs and vascular abnormalities
resulting from a failure of elastic fiber maintenance.7 Although
LOXL1-deficient mice are viable and female mice are initially fer-
tile, they undergo pelvic prolapse 1 to 2 days postpartum. The
mice also experience increased laxity and redundancy of the skin,
rectal prolapse, and intestinal diverticula.
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