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Abstract
Botling Taube, A. 2015. Molecular and epidemiological studies on eyes with
pseudoexfoliation syndrome. Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 1130. 54 pp. Uppsala: Acta Universitatis Upsaliensis.
ISBN 978-91-554-9312-7.

Pseudoexfoliation (PEX) syndrome is an age-related condition characterized by the production
and accumulation of extracellular fibrillary material in the anterior segment of the eye. PEX
predisposes for several pathological conditions, such as glaucoma and complications during and
after cataract surgery. The pathogenesis of PEX is not yet fully understood. It is multifactorial
with genetics and ageing as contributing factors.

We aimed to study the proteome in aqueous humor (AH) in PEX in order to increase
the knowledge about its pathophysiology. Therefore, we developed sampling techniques and
evaluated separation methods necessary for analyzing small sample volumes. Other objectives
were to study the lens capsule in eyes with PEX regarding small molecules, and to investigate the
association between PEX and cataract surgery in a population-based 30-year follow-up study.

Samples of AH from eyes with PEX and control eyes were collected during cataract
surgery. In pooled, and individual samples, various liquid based separation techniques and high
resolution mass spectrometry were utilized. For quantitation, various methods for labeling, and
label free techniques were applied. Lens capsules were collected from some of the patients,
and analysed by imaging mass spectrometry. A cohort of 1,471 elderly individuals underwent
a comprehensive ophthalmological examination at baseline. Medical information was obtained
by questionnaires, and from medical records. Incident cases of cataract surgery were identified
by review of medical records.

In the initial study, several techniques were explored for protein detection, and a number of
proteins were identified as differentially expressed. In the individually labelled samples, changes
in the proteome were observed. Eyes with PEX contained higher levels of proteins involved in
inflammation, oxidative stress, and coagulation, suggesting that these mechanisms are involved
in the pathogenesis in PEX. The levels of β/γ-crystallins were significantly increased in PEX,
which is a novel finding. In the lens capsules from individuals with PEX, changes in the
lipid composition was observed with time-of-flight secondary ion mass spectrometry. These
changes remain to be elucidated. By multivariate analysis, lens opacities were the first, and PEX
the second most important predictor for cataract surgery, the later accounting for a 2.38-fold
increased risk for cataract surgery.
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To Johan, Emil, and Carl 

 



I rörelse 
 
Den mätta dagen, den är aldrig störst. 
Den bästa dagen är en dag av törst. 
 
Nog finns det mål och mening i vår färd - 
men det är vägen, som är mödan värd. 
 
Det bästa målet är en nattlång rast, 
där elden tänds och brödet bryts i hast. 
 
På ställen, där man sover blott en gång, 
blir sömnen trygg och drömmen full av sång. 
 
Bryt upp, bryt upp! Den nya dagen gryr. 
Oändligt är vårt stora äventyr. 

 
 

Ur "Härdarna" av Karin Boye 
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High pressure liquid chromatography 
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Matrix metalloproteinase 
Nano-liquid chromatography 
Pseudoexfoliation syndrome  
Primary open angle glaucoma  
Retinol binding protein 3 
Region of interest 

 



ROS 
RP-HPLC 
 

Reactive oxygen species 
Reversed phase high pressure liquid 
chromatography  

SDS-PAGE 
 

SILAC 
SMR 
SNP 
TGFβ 
TIMP 
TM 
TOF-SIMS 
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Transforming growth factor β 
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Background 

Introduction 
Pseudoexfoliation (PEX) syndrome is an age-related condition characterized 
by the production and accumulation of extracellular fibrillary material in the 
anterior segment of the eye. The Finnish ophthalmologist John Lindberg, 
first described PEX in the eye in 1917 1. Almost all tissues of the anterior 
segment in the eye are affected in PEX syndrome and PEX predisposes for 
several pathological conditions, such as glaucoma and complications during, 
and after cataract surgery 2. Glaucoma is a chronic optic neuropathy with a 
characteristic appearance of the optic disc and associated visual field defects. 
The intraocular pressure (IOP) is often raised, but high IOP is not a criterion 
for the diagnosis. Glaucoma is a leading cause of blindness worldwide. The 
estimated number of affected individuals with glaucoma in 2040 is 111.8 
million people 3. The PEX glaucoma is characterized by higher intraocular 
pressures, and more rapid progression of visual field defects compared to 
open angle glaucoma (POAG)4,5. In some regions, such as northern Scandi-
navia, PEX glaucoma is more common than POAG6,7. Individuals with PEX 
have an increased risk for intraoperative complications during cataract sur-
gery8. Also, late intraocular lens dislocation, several years after cataract sur-
gery, is more common in individuals with PEX9,10. These complications are 
due to pathologic changes in the zonulae11. The blood-aqueous barrier is 
affected and the protein content of the aqueous humor (AH) is altered in eyes 
with PEX compared to normal eyes12. Further studies have revealed the 
presence of PEX material in other tissues of the human body such as lung, 
heart, liver, gallbladder, skin, and cerebral meninges13,14. The pathogenesis 
of PEX is not yet fully understood, but it is presumably multifactorial with 
genetic factors and ageing as contributing factors7,15. Genetic studies on pop-
ulations in Iceland and Sweden have revealed a significant association be-
tween PEX with and without glaucoma and three single nucleotide polymor-
phisms (SNPs) in the lysyl oxidase-like-1 (LOXL1) gene15. The LOXL1 
protein is an extracellular matrix enzyme required for elastin fiber formation 
in extracellular matrix (ECM) in various tissues16. 
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Aqueous Humor and the Trabecular Meshwork 
In the eye, the AH nourishes the tissues of the anterior segment and gener-
ates an IOP by flowing against resistance through the trabecular meshwork. 
The AH is secreted by a bilayered epithelium lining the ciliary processes. 
Three physiologic processes contribute to the formation of AH; ultrafiltra-
tion, diffusion, and active secretion. The composition of the AH differs from 
plasma due to two mechanisms, the blood aqueous barrier, and active 
transport of various organic and inorganic substances. The greatest differ-
ences in AH compared to plasma are the 200 times decreased protein con-
centration, and the 20 times increased ascorbic acid concentration in AH. 
The AH leave the eye by flowing through the trabecular meshwork (TM), or 
via the uveoscleral pathway. Approximately one-half to three-quarters of the 
AH flow through TM and Schlemm´s canal, and is pressure dependent. The 
major resistance site for AH fluid outflow is situated at the juxtacanalicular 
tissue (JCT) of the TM. Both the TM cells and the ECM components main-
tain a normal outflow system. The uveoscleral flow is mostly independent of 
the IOP level. The AH flow from the anterior chamber through the ciliary 
body and the iris root to the ciliary muscle and the suprachoroidal space. The 
AH drains into veins of the choroids and sclera, or through scleral pores to 
the episcleral tissue 17. 

The TM lies in a circular groove in the corneoscleral limbus, at the termi-
nation of descemets membrane between Schwalbe´s line and the scleral spur. 
The TM consists of three structurally different regions: the innermost uveal 
meshwork, the deeper corneoscleral meshwork, and the JCT or the cribri-
form meshwork, which is located adjacent to the inner wall of the endotheli-
um of Schlemm´s canal17. The corneoscleral meshwork is formed by 8-15 
trabecular layers, originating from the scleral spur. The trabecular lamellae 
in the uveal and corneoscleral meshwork contain collagen type I, and III, 
elastic fibers, and collagen type VI18,19. The JCT has a thickness of 2-20 µm, 
and is a loose connective tissue structure formed by 2-5 layers of cells em-
bedded in ECM19. The cells in the TM are capable of phagocytosis, and ex-
press ECM degrading enzymes20–22. A variety of ECM components have 
been identified in the TM. Of the total glycosaminoglycans present in the 
TM, 20-25% consists of hyaluronan or hyaluronic acid, 40-60% of chon-
droitin and dermatan sulfates, 5-10% of keratin sulfate, and 15-20% of hepa-
ran sulfate. Proteoglycans, such as perlecan, versican, decoran, fibromodu-
lin, and syndecan-2, -3 and -4, are present in the TM. The basement mem-
brane proteins laminin, perlecan, and collagen type IV, have been localized 
to the basement membrane of cells in JTC and in Schlemm´s canal. Fibron-
ectin and vitronectin, are also present in the TM21. The matricellular proteins 
trombospondin-1, osteopontin, tenascin C, and secreted protein acidic and 
rich in cysteine (SPARC), have been identified in the TM. A matricellular 
protein modulates cell-matrix interactions, and cell functions without con-
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tributing directly to the organization of the extracellular matrix structures 
itself23. A schematic drawing of the AH flow is shown in Figure 1. 

PEX and Epidemiology 
PEX syndrome has been described worldwide and the prevalence has a wide 
range, from 0.4% in China to 23% in Sweden7,24. Studies on PEX have re-
sulted in contradictory results regarding gender. For example, PEX is more 
common in women than in men in Sweden, Iceland and in the USA, but in 
India and Burma there are no difference regarding gender7,25–28. The inci-
dence for PEX increases with advancing age. In a Swedish prospective study 
of PEX syndrome, the prevalence was 23% at 66 years of age with an annual 
incidence of 1.8% and a prevalence of 61% at 87 years of age 607. 

 
Figure 1. Schematic drawing of the eye. Arrows indicate the flow of aqueous hu-
mor. Illustration by the author. 

 

Pseudoexfoliations 
The PEX material originates from various cell types in the anterior segment 
of the eye, such as the cornea, lens, iris, ciliary body, and trabecular mesh-
work11,29,30. Electron microscopic studies have revealed that the PEX materi-
al is composed by numerous fibrils measuring 80-350 Å, and is located in 
the extracellular matrix31. In studies on isolated PEX material, apolipopro-
tein E2, LOXL-1, latent transforming growth factor beta-binding protein 1 
and 2 (LTBP-1, LTBP-2), complement factor C1q, clusterin, matrix metallo-
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proteinases (MMP), Tissue inhibitor of metalloproteinase-3 (TIMP-3), and 
several extracellular matrix and basement membrane components such as 
fibrillin-1, fibronectin, vitronectin, laminin, versican, and amyloid P-
component, have been identified32,33. Lipid peroxidation is known to play a 
role in the PEX syndrome, but only little information of the possible lipid 
composition of the PEX material is known34. 

Aqueous Humor and the Trabecular Meshwork in Eyes 
with PEX 
Oxidative Stress 
Many biochemical changes have been described regarding the AH composi-
tion in eyes with PEX. Several investigators have provided evidence that 
oxidative stress is involved in the pathogenesis of PEX35. Oxidative stress is 
an imbalance between reactive oxygen species (ROS) and antioxidant pro-
tection. Reactive oxygen species is a collective term for free oxygen radicals 
such as the hydroxyl radical (-OH), the superoxide anion (O2

-), and nonradi-
cal derivatives of oxygen such as hydrogen peroxide (H2O2), which can gen-
erate free radicals and cause excessive oxidative damage36. Ascorbic acid,  
an antioxidant,  and selenium, have lower concentrations in AH in eyes with 
PEX compared to controls37,38. Selenium is a part of the selenoproteins gluta-
thione peroxidase (GPx) and thioredoxin reductase (TR), which detoxifies 
harmful ROS39. The metabolites glutathione disulphide (GSSG) and thiobar-
bituric acid reactive substances, are increased in AH in PEX40.  

Other markers of oxidative stress or hypoxia, such as 8-isoprostaglandin 
F2α (8-IPGF) and the proinflammatory cytokines Il-6 and Il-8 have higher 
concentrations in AH in eyes with PEX compared to controls35,41. Isopros-
tanes are formed by free radical induced peroxidation of arachidonic acid 
and are robust markers of lipid peroxidation42. In vitro, IL-6 induces the 
expression of transforming growth factor (TGFβ1), fibrillin-1 and LTBP-1 in 
nonpigmented ciliary epithelial cells41. 

The glycoprotein clusterin, widely distributed in many tissues and body 
fluids, has been identified in AH, and in tissues such as the cornea, the con-
junctiva, the retina, and the vitreous in the human eye43,44. Clusterin is a mul-
ti-functional protein with diverse functions, such as lipid transportation, 
apoptosis, complement inhibition, and chaperone activity stabilizing proteins 
against stress-induced precipitation45–47. In human corneal epithelial cells, 
clusterin has a protective effect on oxidative stress induced cell death via 
inhibition of ROS production45. Clusterin has been identified in PEX depos-
its by mass spectrometry33. Zenkel et al. observed a prominent binding of 
clusterin to PEX deposits. They also identified a downregulation of clusterin 
mRNA in the cornea, iris, lens, and ciliary processes, and reduced levels of 
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clusterin in AH in eyes with PEX. Interestingly, Zenkel et al. observed an 
increased concentration of clusterin in AH in eyes with PEX glaucoma48. 

Adenosine is an endogenous molecule present in all body fluids and tis-
sues, and regulates cell functions via four G-protein-coupled adenosine re-
ceptors, A1, A2A, A2B and A3. Adenosine is released during metabolic stress 
such as hypoxia or ischemia, and has cytoprotective functions49. Oxidative 
stress in eyes with PEX with and without glaucoma, increases the expression 
of A3 receptor mRNA in nonpigmented ciliary epithelial cells in vitro50. In 
rodents, the activation of A3 receptor leads to an activation of superoxide 
dismutase, catalase and glutathione peroxidase, parts of the antioxidant de-
fense system51. 

Extracellular Matrix 
Several biochemical changes in the AH affecting ECM processes have been 
described in eyes with PEX. The concentration of the basic fibroblast growth 
factor-2 (bFGF-2) is increased in AH in eyes with PEX, with and without 
glaucoma52. In vitro, Tripathi et al. found that bFGF induces cell mitosis in 
human trabecular meshwork cells53. In the eye, connective tissue growth 
factor (CTGF) is present in cells of the aqueous humor outflow pathway; 
human TM cells, and in Schlemm´s canal54. In PEX glaucoma, but not in 
PEX, the concentration of CTGF is increased in AH55. In TM cells, CTGF 
expression is promoted by several stimuli, such as mechanical stress and 
TGF-β, and to some extent by dexamethasone. The production of fibrillin-1 
in human trabecular meshwork cells, is induced by CTGF54.   

The concentration of TGF-β1 is increased in the AH in eyes with PEX, 
while TGF-β2 is not increased56. The concentration of TGF-β2 is increased 
in eyes with POAG57. Cyclic mechanical stress increases the expression of 
TGF-β1 in TM cells and is followed by changes in the ECM in the TM58. 
Furthermore, TGF-β1 and dexamethasone induce the expression of throm-
bospondin-1 in cultured human TM cells59. Thrombospondin-1 has been 
identified in human corneal keratocytes and in iris fibroblasts in eyes with 
PEX, but not in age-matched controls60. Interestingly, thrombospondin-1 
activates TGF-β1, which indicate the presence of a self-amplifying mecha-
nism for TGFβ signaling in the TM61,62. 

Matrix metalloproteinases (MMP) is a class of enzymes that are capable 
of degrading extracellular matrix and basement membrane components63. 
Several MMPs have been identified in AH. The concentration of MMP-2 
and MMP-3 is increased in eyes with PEX, with and without glaucoma com-
pared to controls64. The MMP inhibitors, TIMP-1 and -2 TIMP-2, are in-
creased in AH in eyes with PEX, and the balance between MMP-2 and 
TIMP-2 is altered in eyes with PEX compared to controls. A relative excess 
of TIMP-2 compared to MMP-2 may result in an insufficient degradation 
and accumulation of extracellular matrix in the trabecular meshwork64,65.  
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Endothelin-1, a potent vasoconstrictor, is increased in AH in eyes with 
PEX66. Investigators have found an increased concentration of endothelin-1 
in AH in eyes with POAG67. Endothelin-1 causes cytoskeletal contraction in 
TM cells68.  In the optic nerve head, in cells of human lamina cribrosa, endo-
thelin-1 increases the deposition and secretion of collagen type I and type 
VI69. Further studies on ECM turnover in the optic nerve have revealed that 
endothelin-1 increases the activity of MMP-2, the expression of TIMP-1 and 
TIMP-2, and an increase in fibronectin matrix formation. Thus, endothelin-
1´s effect on MMPs/TIMPs may influence ECM remodeling in the optic 
nerve head70. 

In eyes with PEX, the AH content of proteoglycan and glycosaminogly-
can is altered. Collagen type IX and biglycan are present in both normal and 
PEX eyes. In collagen type IX, the quantity of 3-sulphoglucuronic acid is 10 
times greater in PEX than in normal samples. In PEX, the proteoglycans of 
collagen type IX and biglycan contain mainly dermatan sulphate and limited 
chondroitin sulphate sequences, whereas they contain mainly chondroitin 
sulphate and limited dermatan sulphate sequences in control eyes. Only in 
normal eyes heparan sulphate proteoglycan were identified71. 

Thus, several proteins are altered in eyes with PEX suggesting an insuffi-
cient response to oxidative stress. The altered balance in the degradation and 
production of ECM proteins in eyes with PEX may result in changes in the 
TM. The deranged TM might lead to a disturbed resistance in the aqueous 
outflow of the afflicted eye. 

 
Figure 2. An eye with pseudoexfoliations. Photograph by the author. 

 
 

 16 



PEX and the Lens Capsule 

The human lens capsule is a thin, transparent, and elastic tissue which envel-
ops the crystalline lens. The thickness of the anterior capsule varies from 11-
15 µm and increases with advancing age72. The anterior lens capsule is a 
basement membrane consisting of a network formed by collagen IV, lam-
inin, nidogen, perlecan, and collagen XVIII73. In lens capsules from patients 
with PEX, a 2-fold decrease in glutathione (GSH) and GSSG levels, and a 
2.5-fold increase in the lipid peroxidation product malondialdehyde levels, 
were found in the lens epithelial cells. Glutathione is an endogenous antioxi-
dant and GSSG is the oxidized form of GSH. A decreased level of GSH in 
the lens epithelium indicates oxidative stress and an increased level of 
malondialdehyde, increased lipid peroxidation34. Uçakhan et al. identified an 
increase in superoxide dismutase concentration and activity in lens capsules 
from individuals with PEX compared to controls. Superoxide dismutase is an 
antioxidant enzyme 74. By using matrix-assisted laser desorption/ionization 
time-of-flight imaging mass spectrometry (MALDI-IMS) technique, investi-
gators have found that proteins of the anterior lens capsule are differentially 
distributed across the lens capsule in individuals with cataract. Apolipopro-
tein E was more abundant in the central area, and the alpha-1 chain of colla-
gen IV in the periphery of the lens capsule75.  

The pathological deposits, i.e. the PEX material, accumulate at the edge 
of the lens capsule and in advanced cases, as a central circular ring, corre-
sponding to the fully closed iris. Thus, the deposits have an uneven distribu-
tion on the lens capsule. Ronci et al. have identified differences regarding 
protein distribution in lens capsules in PEX by MALDI-IMS. For example, 
the two PEX components apolipoprotein E and LOXL1, were enriched in the 
areas corresponding to the localization of PEX deposits76.  

PEX and Cataract 
The relationship between PEX and age-related cataract on a pathophysiolog-
ical level is unknown. The major proteins of the lens, the α-, β-, and γ-
crystallins, are constantly exposed to age-associated biochemical changes, 
leading to aggregation of proteins, deterioration of optical quality, and ulti-
mately cataract77.  Studies indicate that oxidative damage contributes to the 
development of cataract78,79. In epidemiological cross-sectional studies, an 
association between PEX and cataract has been established27,80. Nuclear cata-
ract has been associated with PEX in the Australian Blue Mountains Eye 
Study81. An association between PEX and cataract surgery has also been 
demonstrated in the 12 year follow-up of the Reykjavik Eye Study82. 
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Aims 

To develop an appropriate sampling and sample handling procedure compat-
ible with clinical routine, and the subsequent analysis. 
 
To develop and evaluate appropriate separation techniques for analyzing 
very small sample volumes. 
 
To study the proteome in AH in eyes with PEX, and make comparisons to 
control eyes with cataract only. 
 
To broaden the knowledge about the pathophysiology in PEX 
 
To study the lens capsule in eyes with PEX regarding the distribution of 
small molecules such as peptides and lipids, in comparison to control eyes. 
 
To investigate the association between PEX and cataract surgery in a popula-
tion-based 30-year follow-up study. 
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Material and Methods 

Patients 
In Paper I, II, and III, samples of aqueous humor were collected from eyes 
with PEX during cataract surgery. All patients underwent a comprehensive 
ophthalmic examination prior to cataract surgery. All eyes with PEX had 
normal intraocular pressure, defined as <21mmHg, and no ophthalmic condi-
tion other than PEX and cataract. None of the patients were on ophthalmic 
medication in either eye. Patients with previous intraocular or laser surgery, 
uveitis, glaucoma or systemic conditions such as diabetes, were not included 
in the study. The age matched control group had no ophthalmic condition 
other than cataract, and fulfilled the criteria described above. The demo-
graphic data are presented in Table 1. 

In Paper IV, the central part of the anterior lens capsule was collected dur-
ing cataract surgery from five eyes (5 patients) with PEX and cataract, and 
from three eyes (3 patients) with cataract only. All eyes with PEX had nor-
mal IOP, defined as <21mmHg, and 4 eyes had no ophthalmic condition 
other than PEX and cataract, and one patient had well regulated capsular 
glaucoma and cataract. Prior to cataract surgery, all patients underwent a 
thorough ophthalmic examination as described above. Patients with previous 
intraocular or laser surgery, or systemic conditions such as diabetes, were 
not included in the study. The control group had no ophthalmic condition 
other than cataract. Informed consent was obtained from all patients prior to 
collecting the samples, and the studies were approved by the Ethics Commit-
tee of Uppsala University (2005:109). The study followed the tenets of the 
Declaration of Helsinki. The demographic data are presented in Table 1. 

A small quantity of aqueous humor, 0.10 mL was withdrawn from the an-
terior chamber through a stab incision in clear cornea using a 27-gauge nee-
dle on a tuberculin syringe (Oasis, Glendora, CA, USA). Samples visibly 
contaminated by blood, were excluded. The samples were immediately 
transferred to sterile plastic tubes (Thermowell tubes 6571, Coster, England) 
and stored at –80ᵒ C until analysis. In Paper I and II, 30 µL from each indi-
vidual sample were pooled in two groups, one from eyes with PEX syn-
drome and one from the control eyes. 

After performing continuous curvilinear capsulorhexis, each anterior cap-
sule was removed through a clear corneal incision using forceps, and was 
immediately transferred to sterile plastic tubes (Thermowell tubes 6571, 
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Coster, England), and stored at –80◦C until analysis. Great care was taken to 
avoid contamination in all steps of the sampling and laboratory work 
throughout the studies. 

Table 1. Demographic data of patients in Paper I-IV.   

  No Female Male Age (mean) Age (range) 

Paper I and II PEX 10 7 3 79 62-92 
LC and CE MALDI TOF MS/MS Control 8 6 2 78 66-90 
Paper II PEX 10 6 4 77 67-90 
Gel NLC FTICR MS Control 10 6 4 76 64-80 
Paper III PEX 11 8 3 80 65-84 
HPLC LTQ-Orbitrap Control 11 8 3 74 59-85 
Paper IV PEX 5 3 2 81 79-84 
TOF-SIMS Control 3 1 2 80 76-85 

 
The cohort in Paper V was recruited as follows: A population survey was 

conducted in the municipality of Tierp, south central Sweden in 1984-86. 
The target population included 2,429 residents, 65-74 years of age. The size 
of the sample was limited to one-third of the target population. Of the eligi-
ble 838 residents, 760 participated in a comprehensive eye examination at 
the Eye Department in Tierp, as described elsewhere83. Of the 78 residents 
not participating in the population survey, one joined the cohort after being 
examined in 1993. Thus, this part of the cohort comprised 761 individuals. 
Another 58 individuals, eligible for a follow-up study, were included in the 
cohort to expand the sample size84. Through glaucoma case records estab-
lished at the Eye Department in Tierp in 1978–2007, an additional 787 indi-
viduals were recruited to the cohort. They were residents of the municipali-
ties of Tierp, or Älvkarleby, Uppsala County, of the age 65-74 years. These 
individuals underwent an eye examination comparable with that of the popu-
lation survey.  

Of the 1,606 individuals in the cohort, 103 had either angle-closure glau-
coma, secondary glaucoma, or had undergone intraocular surgery in any eye, 
and were excluded from the study. There were 6 individuals with incomplete 
data, 16 subjects were defined as ineligible for other reasons, and 10 people 
did not wish to participate in the study. Thus, 1,471 individuals constituted 
the cohort in Paper V. The demographic data is presented in Table 2. The 
occurrence of PEX was determined from screening protocols or glaucoma 
case records. Individuals with PEX in either eye at baseline were defined as 
exposed to PEX. Information on medical history and smoking habits was 
collected from study protocols or medical records. Diagnoses found in medi-
cal records were accepted. The follow-up started at the first examination in 
Tierp and ended 15th of August, 2014. Incident cases of cataract extraction 
were identified by review of glaucoma case records, and medical records in 
the study area, including public and private clinics. Death dates were ob-
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tained from the local population register held by Uppsala County Council. 
The study was approved by the Ethics Committee of Uppsala University 
(2006/122), and the study followed the tenets of the Declaration of Helsinki. 

Table 2. Demographic data of patients in Paper V.   

 Age Female (%) Male (%) 

65-69 399 (49) 308 (47) 
70-74 415 (51) 349 (53) 
65-74 814 (100) 657 (100) 
   

General Methods 
Proteins differ in size, shape, charge, hydrophobicity and affinity for other 
molecules. In order to study molecules, techniques are needed to separate 
them, and liquid chromatography (LC), sodium dodecyl sulfate polyacryla-
mide gel electrophoresis (SDS-PAGE), capillary electrophoresis (CE), and 
isoelectric focusing (IEF), are four separation techniques. The purified pro-
tein can be analyzed further with proteomic methodology based on mass 
spectrometry (MS). 

Liquid Chromatography 
Liquid chromatography (LC) is based on partitioning of the analytes using a 
stationary and a mobile phase. A cylindrical column is filled with a solid 
matrix material, the stationary phase, and the sample is applied to the col-
umn. Different column dimensions may be used, a large column requires a 
larger amount of sample than a small column. The matrix material used in 
the column consists of small porous particles separating proteins or peptides 
according to hydrophobicity, size, charge, and affinity to other molecules of 
interest, for example an enzyme or an antibody. The mobile phase, a solvent, 
is pumped through the column. Since different peptides are retained in the 
column with different interactions with the matrix material, they can be col-
lected separately as they flow through the column85. In high pressure liquid 
chromatography (HPLC), very small particles are utilized with a relatively 
high inlet pressure. In reversed phase-high pressure liquid chromatography 
(RP-HPLC), the separation is based on hydrophobic/hydrophilic interactions. 
The stationary phase is hydrophobic and has strong affinity to hydrophobic 
compounds, and hydrophilic molecules in the mobile phase will pass through 
the column first, and are eluted first86. The miniaturized version of LC is 
often called nano LC (nLC), due to the nanoliter per minute flow rates used. 
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Electrophoresis 
The electrophoresis technique consists of applying an electric field to a solu-
tion with analytes. The molecules migrate in a speed that reflects their size 
and net charge. A one-dimensional electrophoresis technique gives a one-
plane separation and is often used as a separation technique for proteins or 
nucleic acids. In SDS-PAGE, the detergent sodium dodecyl sulfate (SDS) is 
used to solubilize proteins. The negatively charged SDS-molecules form 
negatively charged SDS-protein complexes with the proteins in the sample. 
These complexes migrate through a polyacrylamide gel. The proteins mi-
grate at a rate that reflects their molecular weight85.  

A CE system consists of two electrodes applying an electric field across a 
capillary, connecting two buffer containers. There are a power supply, a 
system for injection samples into the capillary, and a computer for data ac-
quisition and control of the system. The system contains an online detector 
which can use several methods for detection, for example mass spectrome-
try87. 

In electrophoresis by IEF, proteins or peptides can be separated on the ba-
sis of their content of acidic and basic residues. The isoelectric point of a 
protein is the pH at which the net charge of the protein is zero. A pH gradi-
ent is established in a gel loaded with polyampholytes, i.e., small mul-
ticharged polymers, and as the sample is loaded on the gel, voltage is ap-
plied. The polyampholytes have many different pH values and resolves pro-
teins or peptides. The proteins or peptides, will migrate to their isoelectric 
point (pI), e.g., the location, where its net charge is zero, and form bands. 
The separated bands can then be excised and analyzed further88.    

Matrix-assisted Laser Desorption/Ionization Time of Flight 
(MALDI-TOF) Mass Spectrometry (MS) and Electrospray 
Ionization (ESI) 
Mass spectrometry is a technique for analyzing ionized molecules in the gas 
phase with or without fragmentation. The mass measurements are obtained 
by how readily an ion is accelerated in an electric field. If two ions with dif-
ferent masses but the same charge are accelerated in an electric field, the ion 
with the smaller mass will accelerate more than the larger one, according to 
Newton´s third law, F=ma, where F is the force, m is the mass and a is the 
acceleration. Thus, with a known force, a measurement of the acceleration 
will provide the mass of the ion. Since proteins or peptides usually not are in 
gas phase, they have to be converted to gas phase ions.  

Tandem MS, also known as MS/MS or MS2, involves using MS in multi-
ple steps in order to achieve amino acid sequence data from peptides. The 
peptides are separated by MS over a wide m/z range as described previously. 
These peptides are isolated and fragmented, e.g. by collision induced disso-
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ciation, into single peptide fragments, which are detected in a second mass 
spectrum. From the MS/MS spectrum, the amino acid sequence of the pep-
tide is determined. For the identification of proteins by MS/MS fragmenta-
tion, specific protein sequence databases are used89. 

Matrix assisted laser desorption/ionization (MALDI), and electrospray 
ionization (ESI), are two methods for ionization of proteins and peptides. In 
MALDI, the peptide fragments from the sample are embedded in an organic 
compound, a matrix. A laser beam is applied to the matrix crystals, the ma-
trix absorbs the laser wavelength, and the molecules are desorbed from the 
matrix surface as gas phase ions. A clock is triggered as the laser beam is 
applied at the matrix, and an electric field accelerates the ions toward a de-
tector. When the electric field is applied, the ions are accelerated, lighter ions 
travel faster and will arrive to the detector first, compared to the ions with 
larger masses. By measuring the time of flight (TOF), the mass of the ions 
can be calculated88. A mass spectrum, a graph plotting intensity versus m/z 
(mass-to-charge-ratio), is generated after all data has been collected. 

In ESI, the sample of proteins or peptides is dissolved in a solvent, and 
the liquid is pushed through a fine, conductive, often metal, tip. Small elec-
trically charged droplets, containing both analyte and solvent are sprayed 
from the tip. As the solvent evaporates from the droplets, the charge concen-
trates and the droplets shrink. Like-charged ions fly free due to mutual repul-
sion and the molecular ions are brought into gas-phase88. 

Mass Spectrometry by Linear-ion-trap Quadrupole (LTQ) 
Fourier Transform Ion Cyclotron Resonance (FTICR) and 
Orbitrap 
After turning proteins or peptides into gas-phase ions by ESI, the mass of the 
ions are analyzed in e.g. an ion trap. The LTQ FTICR uses four symmetri-
cally arranged rods in vacuum, combining an electric and a magnetic field to 
capture, and sort ions. The mass to charge ratio of an ion is then determined 
by its cyclotron frequency in a magnetic field. Ions are excited by applying 
voltage to the excitation plates parallel to the magnetic field axis. Ion cyclo-
tron motion arises from the interaction with a magnetic field causing the ion 
to travel in a circular orbit perpendicular to the magnetic field. The ion spi-
rals outwards when its cyclotron frequency is in resonance with the electric 
field. As the ions pass the electrodes, the orbiting ion attracts electrons to 
first one and then the other of two detection plates creating a closed circuit. 
The detection plates are two opposed electrodes which lie parallel to the 
magnetic field. This alternating current is called the image current, and pro-
duces an image, or transient, signal. The transient signal is processed in a 
computer and is converted to a mass spectrum by Fourier transformation90.  
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The Orbitrap is a linear ion trap, which consists of an inner spindle-like, 
and an outer barrel-like electrode. The fragmentation is performed by colli-
sion induced dissociation in a part of the instrument with high vacuum, and 
the analyses are obtained in a low vacuum section. The ions are trapped as 
they travel in an orbital motion around the coaxial inner electrode, and the 
frequency signal creates an image current. Fourier transformation is used to 
convert the image current to a mass spectrum. It is possible to do fragmenta-
tions at multiple levels in the Orbitrap. The instrument is fast, and has high 
sensitivity and resolution91. 

Quantification Techniques in Proteomics  
The analysis of biological processes requires an understanding of quantita-
tive expression patterns of proteins in cells, tissues, and body fluids. There 
are both absolute, and relative quantification approaches.  

The absolute quantitative techniques involve the usage of internal stand-
ards in various steps of sample preparation92. For example, in the AQUA™ 
(for “absolute quantification”) method, a known amount of an AQUA™ 
synthetic peptide is added to a biological protein sample during or after pro-
tease digestion. The heavy AQUA™ peptide and its endogenous light cog-
nate are detected in a mass spectrometer. On the basis of the known amount 
of the AQUA™ peptide added, and the intensity ratio of both peptides, the 
amount of  endogenous peptide can be calculated93. 

In relative quantification techniques several approaches are used; meta-
bolic labeling, chemical labeling, and label-free quantification. Metabolic 
labeling of proteins requires the incorporation of isotope labels during cellu-
lar metabolism and protein synthesis. In stable isotope labeling in cell cul-
ture (SILAC), isotopically labeled amino acids are incorporated into proteins 
as they are synthesized by the growing organism. Cells are grown in media 
lacking one or several standard essential amino acids, but supplemented with 
non-radioactive isotopically labeled forms of those amino acids. The SI-
LAC-labeled recombinant proteins are used as internal standards and enables 
quantification94. Metabolic labeling is possible in experiments involving cell 
cultures, and even whole organisms. However, animal studies with metabol-
ic labeling are complex and have high costs92. 

In chemical labeling techniques, stable isotopes can be introduced at the 
protein or peptide level with isotopomeric tags. These techniques are suitable 
for tissue samples from humans and animals were metabolic labelling is 
difficult. Proteins or peptides from different samples are labeled using com-
pounds with near identical chemical properties, yet each containing a unique 
stable isotope composition resulting in different masses. For example, 2H, 
13C, 15N or 18O, can be used as heavy isotopes. Thus, the samples can be 
combined, and still be distinguished in a single MS analysis. By comparing 
the relative ion abundances, the protein quantitation is achieved95. Isotope 
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tags for relative and absolute quantification (iTRAQ) and isotope dimethyl 
labeling, are two of these techniques, and iTRAQ was used in Paper II, and 
dimethyl labeling in Paper III. 

At MS/MS level, iTRAQ allows simultaneous identification and relative 
quantitation of peptide fragments. By using iTRAQ, it is possible to label 
and analyze up to eight samples at the same time. The proteins in the sample 
are digested and the peptides are labeled with iTRAQ reagents, one reagent 
for each sample. The labeled samples are pooled, separated and analyzed 
with MS and MS/MS. In the MS mode, the iTRAQ labeled peptides are of 
the same molecular weight, i.e. isobaric, and will give one strong peak for a 
certain peptide. In the MS/MS mode, the isobaric tags are cleaved, which 
gives ions with specific m/z masses, i.e. reporter ions. The reporter frag-
ments provide quantitative data in the MS/MS spectra. A database search is 
performed using the fragmentation data for identification of the labeled pep-
tides, and the identities of the corresponding proteins are obtained. Thus, an 
identified peptide originating from sample A will have a specific m/z value 
and the same peptide in sample B will have another specific m/z value. 
Therefore, it is possible to obtain the relative quantity of a peptide in sample 
A, compared to the quantity of the identical peptide in sample B. The single 
ratios of all labeled peptides of a protein are accumulated giving a ratio for 
the protein94. 

Stable isotope dimethyl labelling is based on using reductive dimethyla-
tion of primary amines by using formaldehyde and cyanoborohydride. Sam-
ples are digested with proteases such as trypsin, and the peptides of the dif-
ferent samples are labeled with isotopomeric dimethyl labels. By using com-
binations of formaldehyde and cyanoborohydride isotopomers, peptide tri-
plets can be obtained that differ in mass by a minimum of 4Da between the 
different samples. The labeled samples are mixed and simultaneously ana-
lyzed by LC-MS whereby the mass difference of the dimethyl labels is used 
to compare the peptide abundance in the different samples95. 

Label-free quantification methods are based on the empirical observation 
that the greater molar quantity of a protein present in the sample, the more 
tandem MS spectra are collected for the protein. It is argued that ESI pro-
vides signal responses that correlate linearly with increasing concentration. 
The spectral count, is defined as the total number of spectra identified for a 
protein. Some label-free LC-MS-based strategies are based on direct evalua-
tion of peak measurements (peak intensities and peak area measurements). 
One problem with label-free quantification techniques is the experimental 
error from run to run variations in the amounts of injected samples, and LC 
performance92.   
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Imaging Mass Spectrometry 
Imaging mass spectrometry (IMS) is a valuable technology for spatial profil-
ing of lipids, neuropeptides and proteins in biological matrices. In contrast to 
common molecular and histological techniques, IMS does not require a pri-
ori knowledge of the potential target species. With MALDI-IMS, it is possi-
ble to investigate spatial distribution of peptides, proteins and small mole-
cules in tissues with a resolution of approximately 30-50 µm. Time of flight 
secondary ion mass spectrometry (TOF-SIMS), enables spatial profiling of 
low molecular weight compounds, including inorganics, metabolites and 
lipids, with even higher resolution, often at the submicron scale (<500 nm), 
making it a powerful technology for spatially profiling lipids and metabolites 
at single cell level. 

The workflow in IMS requires a thin, sliced sample (10–20 μm), washed 
to remove debris. The samples are mounted on conductive plates, i.e., indi-
um tin oxide coated slides. If MALDI is used as an ionization method, a thin 
layer of matrix is applied over the sample, but other ionization sources can 
be used. The ionization source scans across the sample in x/y-coordinates 
and a mass spectrometer records a mass spectrum for each position.  

The matrix molecules in MALDI-IMS desorb the analytes from the sur-
face of the sample, and transforms energy from a ultraviolet, or infrared laser 
pulse. The laser beam causes an “explosion” at the surface of the sample, 
underneath the beam. This explosion creates a plume of material in the gas 
phase, just above the sample surface. The plume contains a mixture of ana-
lyte and matrix ions, and neutral species. The plume of desorbed ionized 
material is then accelerated into the mass analyzer.  

In TOF-SIMS, the ion source consists of an ion gun creating a beam of 
high-energy primary ions. The purpose of the primary ions is to generate 
analyte ions from the sample, i.e., secondary ions. Thus, the primary ions are 
not detected, but the secondary ions are. The primary ion beam is placed at 
an angle to the surface of the sample, and when the primary ions strike the 
sample, a plume of secondary ions is ejected into an electrostatic field that 
directs the ions into an adjacent mass analyzer. The bombardment of the 
sample surface with high energy primary ions, causes extensive damage to 
the region closest to the impact. Hence this technique is classified as a “hard 
ionization” method96. The experimental layout of TOF-SIMS is shown in 
Figure 3. 

Imaging of small molecules, lipids and peptides can also be analyzed by 
desorption electrospray ionization (DESI), with a resolution of 100µm. In 
DESI, the ion source consists of an electrospray emitter, generating charged 
microdroplets from a solvent. The droplets are directed to the sample sur-
face, where a thin liquid film is created, dissolving the analytes. Secondary 
microdroplets containing the analytes are subsequently produced by the ki-
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netic impact of the primary droplets. With this method, the ionized analytes 
are transported from the surface into the MS inlet for analysis.  

With nano-DESI, the resolution can be even better than DESI, 10µm. In 
nano-DESI, a nanoelectrospray probe is used. In this design, two fused silica 
capillaries are combined. Instead of spraying solvent on the sample surface 
as in DESI, the first capillary delivers the solvent to the sample surface, and 
the second one absorbs the solution. Thus, a small “liquid bridge” is formed 
between the capillaries, which dissolves the molecules from the scanned 
surface and transfer them into the mass spectrometer. The ionization, and 
continuous electroosmotic solvent flow in the capillaries, is created by an 
electric potential between the primary capillary and the MS inlet. With an 
x/y motorized table, the liquid bridge can be moved over the sample surface, 
as used in DESI ion source construction97. 
 

Figure 3. Experimental layout of TOF-SIMS. Image courtesy of Jörg Hanrieder. 

 

Data Analysis  
For each MS and MS/MS spectrum, software is used to determine the mo-
lecular weight and peptide sequence of the analyte. The obtained peptide 
sequence is matched against a database of known protein sequences. Exper-
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imentally obtained mass values from MS/MS spectra are compared to mass 
values calculated in silico by the software. The calculated values are ac-
quired by using the same cleavage rules to entries in a primary database. 
These search engines also require additional information such as enzymes, 
mass tolerance for precursors and fragments, fixed and variable modifica-
tions, and taxonomy98. The closest match, or matches, to a protein can be 
identified by using a scoring algorithm such as the Mascot search engine. 
The Mascot search engine generates a Mascot probability score, which de-
notes the probability that the observed match is a random event. Since it 
might be ambiguous reporting probabilities, the score is reported as -
10*LOG10 (P), where P is the absolute probability98. Thus, very simplified, a 
high score indicates a significant match. A common threshold for if an event 
is significant, is if it would be expected to occur randomly with a frequency 
of less than 5%98. The Mascot search engine is considered to be a gold 
standard in proteomic analysis, with robustness in large and complex data 
sets. However, Mascot is a commercial program, and the exact algorithms 
are not known, and not available for modifications. The Andromeda peptide 
search engine is non-commercial, and uses a probability based approach, 
similar to Mascot. Andromeda is integrated in the MaxQuant computational 
proteomics platform99. 

To estimate the false positives, a target-decoy search is done. The search 
is repeated, using identical search parameters against a database were the 
sequences are reversed, or shuffled. The number of matches from the decoy 
database estimates the potential number of false positives in the target data-
base. Database matching identifies peptides, not proteins, and many of the 
peptide sequences in a search result can be assigned to more than one pro-
tein100. In order to avoid accumulation of low-scoring peptide matches to 
false-positive total protein scores, the result import settings are set according 
to multidimensional protein identification technology scoring, MudPIT, 
which allows only unique peptides with individual ion scores beyond the 
significance threshold, to contribute to the total protein score101.  

The identification of a protein can also be based on peptide mass finger-
printing. Proteins are cleaved with sequence specific endoproteases and the 
generated peptides are investigated by determination of molecular masses. 
Software performs in silico digests on proteins in the database with the same 
enzyme used in the chemical cleavage reaction. For protein identification, 
the experimentally obtained peptide masses are compared with the theoreti-
cal peptide masses of proteins in databases such as Swissprot, which contain 
protein sequence information102.  
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Specific Methods 
Paper I 
In Paper I, 10 samples from eyes with PEX and 8 controls were pooled into 
two samples. Capillary-RP-HPLC was performed with an 1100 nanoflow 
system (Agilent technologies, Waldbronn, Germany). A C18 column with an 
inner diameter of 180 µm was used and the injection volume 10 µL with a 
flow rate of 2 µL/min. The solvent used in the mobile phase consisted of a 
water-acetronile mixture starting with water, and acetronile as the second 
component in increasing concentration during the separation. The peptide 
elution was then fractionated on a MALDI target. Mass spectra were ac-
quired with an Ultraflex II MALDI tandem time-of-flight (TOF/TOF) mass 
spectrometer (Bruker Daltonics). Data were run in the Mascot search-engine 
version 2.2 (Matrix Science, Boston, MA, USA). The primary database 
SwissProt 51.6 was used. The workflow in Paper I is illustrated in Figure 3.  

The total protein concentrations of the pooled samples were determined 
by a commercial protein assay (Bio-Rad Laboratories, Hercules, CA, USA) 
which is based on the method of Bradford with bovine serum albumin as a 
standard103. 

Paper II 
In Paper II, the same pooled samples as in Paper I, were labeled with iTRAQ 
4-plex reagents. The control sample was labeled with reagent 114, and the 
PEX sample with reagent 117. Half of the samples were fractionated with 
capillary RP-HPLC with the same protocol as described above. The other 
half of the pooled samples were separated with CE, performed on an in-
house built system. The injection volume was 120 nL, and the flow rate was 
3 µL/min. The separated samples were fractionated on MALDI targets and 
mass spectra were acquired, and analyzed in the same way as described 
above, Paper I.  

Another set of samples, 10 from eyes with PEX and 10 from controls 
were pooled into two samples. A gel electrophoresis was performed using 
the Criterion XT™ system. The gels were visualized by Coomassie Blue R-
250 (Bio-Rad) according to the manufacturer instructions. Gel bands were 
cut out and further analyzed using nLC, and the linear-ion-trap (LTQ) 
FTICR mass spectrometer. Data were run in the Mascot search-engine ver-
sion 2.2 (Matrix Science, Boston, MA, USA). The primary database Swis-
sProt 51.6 was used. The workflows in Paper I and II are illustrated in Figure 
4.  
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Paper III 
In Paper III, AH samples from individuals with cataract with and without 
PEX were investigated on an individual basis. Protein concentration was 
determined by detergent compatible protein assay (Bio-Rad, Hercules, 
USA). The proteins were digested according to filter aided sample prepara-
tion protocol, and the peptides labelled with isotopomeric dimethyl labels for 
quantitation95,104. In brief, control samples were light labeled in formalde-
hyde and sodium cyanoborohydride. Stable isotope substituted formaldehyde 
(13CD2O) was used for heavy labeling of PEX samples. The samples were 
mixed and analyzed in age-, and gender- matched pairs, with one PEX and 
one control in each experiment. An Easy nano flow system (Thermo Fisher 
Scientific) coupled to an LTQ-Orbitrap Velos Pro mass spectrometer (Ther-
mo Fisher Scientific), was used for RP-HPLC. After separation, peptides 
were ionized using a nano electrospray ionization source, and transferred 
into the mass spectrometer. Raw data were processed using MaxQuant 
(1.5.0.25)99. Database searches were performed using the implemented An-
dromeda search engine to correlate MS/MS spectra to the Uniprot human 
database (release 2014-08). Only proteins with at least two peptides and at 
least one unique peptide were considered as identified, and used for further 
data analysis. Perseus software (Max Planck Institute of Biochemistry, Ger-
many; http://www.perseus-framework.org) was used for statistical testing 
and p-values were corrected for multiple testing using the Benjamini-
Hochberg method105. 

Paper IV 
The lens capsule samples were mounted on conductive slides. An ION-TOF 
V TOF-SIMS instrument (IONTOF GmbH, Münster, Germany) equipped 
with a Bi3+ cluster ion gun was used as primary ion source. Scans were ac-
quired using the stage “scan macro raster function” with 10 shots per pixel 
on 0.4 mm × 0.4 mm areas (patches) with 200 measurements per mm result-
ing in a pixel resolution of 5 µm. For statistical analysis of spectral data, 
anatomical regions of the capsules were assigned as regions of interest. The 
inner (central) and outer (peripheral) region of the lens capsules were as-
signed as region of interest (ROI) and reconstructed with the respectively 
mass list (positive ion mode) using the Mass Explorer of the Surface Lab 
Software (v 6.1, IONTOF). Peak area values for all ROI and samples, re-
spectively, were evaluated by applying principal component analysis.  

Paper V 
Age- and gender-standardized morbidity ratios (SMR) were estimated. Fol-
low-up time was calculated from baseline to the date of cataract surgery, 
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death, move out of Uppsala County, or end of the study, whatever occurred 
first. Following standardized analyses, Cox proportional hazards models 
were developed to assess the effect of more than one predictor, censoring 
those who died, migrated from the county, or were still alive at the end of 
follow-up without a history of cataract extraction. The proportional hazards 
assumptions were tested by using time-dependant covariates. Adjustment 
was made for the influence of competing events, deaths, on the results106. 
Statistica 12 (StatSoft Inc., Tulsa, USA) was used for multivariate analyses.  

 
Figure 4. Workflows in Paper I and II. 
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Results 

Paper I was a pilot study in which capLC MALDI-TOF/TOF MS was per-
formed. Thirty proteins were identified. The protein content differed some-
what between PEX and control. For example, some complement factors 
were only identified in the control sample and not in the PEX sample. In 
Paper II, the samples were labeled with iTRAQ reagents and half of the 
sample was analyzed with capLC MALDI-TOF/TOF MS and the other half 
with CE MALDI-TOF/TOF MS in order to compare strategies. In the capLC 
run, 54 proteins were identified, and 24 in the CE run. The proteins identi-
fied in Papers I and II are presented in Table 3.  

In addition, the samples were separated by gel electrophoresis, and ana-
lyzed with nLC LTQ FTICR MS. This resulted in the identification of 635 
proteins. Of these, 282 were identified both in the normal and the PEX sam-
ple, 212 in PEX only, and 141 in the normal sample only. In each identified 
protein, the hits were added giving a spectral count. The ratio of the spectral 
count of the protein/the total sum of the spectral count, were calculated. A 
high ratio reflected a protein with an increased concentration in PEX com-
pared to the control and a low ratio, a decreased ratio in PEX. Ratios <1.50 
and >0.67 were not considered significantly changed and increased ratios (> 
1.50) or decreased ratios < 0.67 as significant107. Sixty-four proteins had 
increased ratios and 77 had decreased ratios. Data on identified proteins are 
presented in Table 3. 

The total protein concentration in the PEX sample was 0.24 +/- 0.06 
mg/mL and in the control sample 0.14 +/- 0.06 mg/mL. This difference was 
not significant.  
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Table 3. Proteins identified in Paper I and II. 

 

CE LC LCFTICR

Protein Name Uniprot KB Entry a Accessionb MWc Mascot 
scored

No.of 
Pep.e PEX/control Mascot 

scored
No.of 
Pep.e PEX/control SCRᶠ Function

Transport/binding
Hemoglobin subunit 
epsilon HBE_HUMAN P02100 16 203 54 3 ↑↑ 3.888 Oxygen transport

Hemoglobin subunti beta HBB_HUMAN P68871 15 998 233 9 ↑↑ 1.635 426 11 ↑↑ 3.609 0.509 ↓↓ Oxygen transport

Hemoglobin subunit delta HBD_HUMAN P02042 16 055 102 6 ↑ 1.465 119 6 ↑↑ 3.312 0.462 ↓↓ Oxygen transport

Hemoglobin subunit alpha HBA_HUMAN P69905 15 258 120 7 ↑ 1.475 284 8 ↑↑ 2.892 0.450 ↓↓ Oxygen transport

Transthyretin TTHY_HUMAN P02766 15 887 53 1 ↓ 0.823 64 1 NC 0.839 2.843 ↑↑ Transport protein

Hemopexin HEMO_HUMAN P02790 51 676 141 9 NC 0.963 375 18 NC 0.931 0.305 ↓↓ Transport of heme

Haptoglobin HPT_HUMAN P00738 45 205 59 3 ↑↑ 0.622 41 6 ↓ 0.709 2.789 ↑↑ Transport protein

Apolipoprotein A-I APOA1_HUMAN P02647 30 778 127 6 NC 0.888 320 21 ↓ 0.786 0.758 ↓ Lipid transport

Apolipoprotein A-II APOA2_HUMAN P02652 11 175 118 4 ↓ 0.754 0.799 ↓ Lipid transport

Apolipoprotein A-IV APOA4_HUMAN P06727 45 399 54 5 NC 0.955 1.236 ↑ Lipid transport

Apolipoprotein E APOE_HUMAN P02649 36 154 35 9 NC 0.891 0.609 ↓↓ Lipid transport

Serum albumin ALBU_HUMAN P02768 69 367 1743 65 NC 0.858 2640 89 NC 0.838 0.633 ↓↓ Transport protein

Retinol-binding protein 3 IRBP_HUMAN P10745 135 
363 61 7 ↓ 0.769 0.937

NC
Transport protein

Serotransferrin TRFE_HUMAN P02787 77 050 534 31 ↓ 0.768 1184 56 ↓ 0.722 1.826 ↑↑ Iron transport

Histidine-rich glycoprotein HRG_HUMAN P04196 59 578 49 6 NC 0.943 0.379 ↓↓
Protein binding, several 
functions

Ceruloplasmin CERU_HUMAN P00450 122 
205 84 6 ↓ 0.714 327 17 NC 0.894 1.204 ↑ Metall binding protein

Prostaglandin-H2 D-
isomerase PTGDS_HUMAN P41222 21 029 58 3 ↓ 0.791 154 6 ↓ 0.7 0.522 ↓↓

Binding protein, several 
functions

Vitamin D-binding protein VTDB_HUMAN P02774 52 964 48 2 NC 1.031 71 6 NC 0.901 0.576 ↓↓ Binding protein

Beta-2-glycoprotein APOH_HUMAN P02749 38 298 38 2 NC 0.954 0.305 ↓↓
Phospholipid binding 
protein

Structural proteins/Extracellular matrix

Beta crystallin S CRBS_HUMAN P22914 21 007 43 6 ↑↑ 1.69 170 9 ↑↑ 2.178 1.066 NC

Structural protein of the 
human lens 
synonymous with γ-
crystallin S

Beta crystallin B2 CRBB2_HUMAN P43320 23 380 72 4 ↑↑ 1.63 Identified in 
PEX only

↑↑

Structural protein of the 
lens, lens developement

Beta crystallin B1 CRBB1_HUMAN P53674 28 023 65 5 ↑↑ 1.518 Structural protein of the 
human lens

Beta crystallin A3 CRBA1_HUMAN P05813 25 150 50 3 ↑ 1.284 Structural protein of the 
human lens

Calsyntenin-1 CSTN1_HUMAN O94985 109 
793 84 5 NC 1.025 1.231 ↑

Synapse transmission, 
celladhesion

Keratin, type II 
cytoskeletal 1 K2C1_HUMAN P04264 66 018 42 2 ↓↓ 0.595 61 8 ↓ 0.815 1.358 ↑

Cytoskeleton 
coexpressed with K10 
in squamous stratified 
epithelia.

Keratin, type I cytoskeletal 
10 K1C10_HUMAN P13645 59 511 156 4 ↓↓ 0.462 1.315 ↑

Cytoskeleton 
coexpressed with K1 in 
squamous stratified 
epithelia.

Keratin, type II 
cytoskeletal 2 epidermal K22E_HUMAN P35908 65 865 64 5 ↓ 0.711 1.357 ↑

Cytoskeleton expressed 
in  epidermis

Keratin type II 
cytoskeleton 4 K2C4_HUMAN P19013 57 285 66 2 ↓ 0.804 6.869 ↑↑

Cytoskeleton expressed 
in stratified epithelia of 
mucosa

Keratin, typeI, cytoskeletal 
9 K1C9_HUMAN P35527 62 129 42 2 NC 1.063 1.410 ↑

Cytoskeleton expressed 
in epidermis

Osteopontin OSTP_HUMAN P10451 33 713 101 2 ↓↓ 0.645 0.492 ↓↓ Matricellular protein 
EGF-containing fibulin-like 
extracellular matrix 
protein-1

FBLN3_HUMAN Q12805 54 641 34 1 NC 0.859 0.474 ↓↓
Extracellular matrix 
protein

Nuclear pore membrane 
glycoprotein 210 PO210_Human Q8EM1 205 

111 42 2 NC 0.852 identified in  
control only

↓↓ Membrane protein
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In Paper III, individual samples from 11 patients with PEX syndrome and 11 
controls, were collected and processed. One experiment gave overall very 
low ion signals and was therefore excluded in further analysis. Thus, 10 
PEX-control matched pairs remained for further analysis. They consisted of 
samples from 10 eyes with PEX syndrome, 7 females and 3 males with a 
mean age of 80 years (range 65-84). The controls consisted of AH from 10 
eyes, 7 females and 3 males with a mean age of 73 years (range 59-85).  In 
average, 110 proteins were identified in each sample (99-119 proteins per 
sample), which led to identification of 209 proteins in total. One hundred 
and eighty-four of the proteins were quantified based on heavy-to-light rati-
os, using isotopomeric dimethyl labels.  

Table 3. continued
CE LC LCFTICR

Protein Name Uniprot KB Entry a Accessionb MWc Mascot 
scored

No.of 
Pep.e 117/114 Mascot 

scored
No.of 
Pep.e 117/114 SCRᶠ Function

Immune response

Ig kappa chain C region KAC_HUMAN P01834 11 609 181 3 NC 0.932 1.296 ↑ Immune response

Ig gamma-2 chain C 
region IGHG2_HUMAN P01859 35 885 38 2 NC 0.945 37 4 NC 0.997 0.825 ↓ Immune response

Ig gamma-1 chain C 
region IGHG1_HUMAN P01857 36 106 66 4 NC 0.92 0.805 ↓ Immune response

Ig alpha-1 chain C region IGHA1_HUMAN P01876 37 655 86 2 NC 0.996 0.486 ↓↓ Immune response

Beta-2-microglobulin B2MG_HUMAN P61769 13 715 44 3 ↓ 0.77 1.066 NC Immune response

Alpha-1B-glycoprotein A1BG_HUMAN P04217 54 273 42 3 ↓ 0.817 98 6 ↓ 0.814 Identified in 
control only

↓↓ Immune response

Complement C3 CO3_HUMAN P01024 187 
148 69 17 NC 0.927 0.971 NC Complement system

Complement C4-A CO4A_HUMAN P0C0L4 192 
771 72 11 NC 0.865 0.822 ↓ Complement system

Complement factor B CFAB_HUMAN P00751 85 533 41 4 ↓ 0.783 61 3 ↓↓ 0.596 0.948 NC Complement system

Alpha-1-acid glycoprotein 
1 A1AG1_HUMAN P02763 23 512 42 2 NC 0.999 3.036 ↑↑

Inflammatory response, 
transport

Antithrombin-III ANT3_HUMAN P01008 52 602 73 5 NC 0.99 0.435 ↓
Coagulation, 
inflammatory response  

Metabolism/enzymes

Alpha-1-antitrypsin A1AT_HUMAN P01009 46 737 149 8 ↓ 0.77 0.914 ↓
Inhibitor of serine 
proteases. 

Alpha-2 macroglobulin A2MG_HUMAN P01023 163 
278 44 6 ↓ 0.764 0.079 ↓↓

Inhibitor of serine 
proteases. 

Cathepsin D CATD_HUMAN P07339 44 552 43 2 ↓ 0.73 0.609 ↓↓ Protease 

Cystatin-C CYTC_HUMAN P01034 15 799 84 1 ↓ 0.717 124 6 ↓ 0.724 0.558 ↓↓
Inhibitor of cystein 
proteinases

Serine protease inhibitor            
Kazal-type5 ISK5_HUMAN Q9NQ38 120 

759 34 2 ↓ 0.743 Inhibitor of serine 
proteases. 

Transmembrane 
protease, serine 13 TMPSD_HUMAN Q9BYEZ 62 680 58 2 NC 0,998 56 3 NC 1,038 Protease 

Isocitrate dehydrogenase 
[NAD] subunit alpha, 
mitochondrial

IDH3A_HUMAN P50213 39 592 33 3 NC 0.862
Catalytic activity, 
located in 
mitochondrion

Probable E3 ubiquitine 
protein-ligase HECTD3 HECD3_HUMAN Q5T447 97 113 35 2 ↓ 0.713

Proteosomal ubiquitin-
dependent protein 
catabolic process 

Hormone

Angiotensinogen ANGT_HUMAN P01019 53 154 61 2 ↓↓ 0.652 0.474 ↓↓

Component of the 
renin- angiotensin 
system, several 
functions

Miscellaneous

Alpha-2-HS-glycoprotein FETUA_HUMAN P02765 39 325 35 2 NC 0.906 74 5 NC 1.09 0.508 ↓↓
Promotes endocytosis, 
opsonic properties

Clusterin CLUS_HUMAN P10909 52 495 50 5 NC 0.848 129 5 NC 0.897 0.681 ↓ Apoptosis

Serologically defined 
colon cancer antigen 1 SDCGI_HUMAN O60524 122 

970 40 6 NC 0.842 Identified in 
PEX only

↑↑ Cancer antigen

Pigment epithelium-
derived factor PEDF_HUMAN P36955 46 342 203 7 ↓ 0.731 344 15 ↓ 0.794 0.598 ↓↓

Inhibitor of 
angiogenesis

a Uniprot knowledgebase entry
b Primary accession number from Uniprot knowledge base
c Molecular weight in Da given by Uniprot including signal peptide
d Proteins were found and identified by integrated mascot database batch search of all MS/MS in Uniprot and MDBS. All matches are identified significantly. Identified proteins 

are considered as positive match on at least a 99 % significance level (p < 0.01) corresponding to a significance threshold ionscore of 34.
e Number of tryptic peptides with an ionscore higher than 15 that match the identified protein. At least one matching peptide for each identified protein must fulfill significance criteria.

ᶠ Spectral count score ratio (SCR) adjusted to  total spectral count for PEX and controls respectively.

↑↑ Increase (Ratio of disease vs. control ≥ 1.50)

↓↓ Decrease (Ratio of disease vs. control ≤ 0.67)

↑ Increase (Ratio of disease vs. control ≥ 1.20 < 1.50)

↓ Decrease (Ratio of disease vs. control > 0.67 ≤ 0.83)

NC No change (Ratio of disease vs. control between 0.83 and 1.20

Numbers in italicis from the second run that were not detected in the 
first
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Proteins quantified in at least 8 out of 10 replicates were evaluated statis-
tically. A total number of 71 proteins were quantified in patients with PEX 
and control samples. The significantly up-or-down-regulated proteins are 
listed in Table 4. Next, we analyzed our data by considering protein quanti-
fication in at least 4 out of 10 replicates and identified a group of 3 signifi-
cantly and strongly up-regulated proteins. All these proteins were crystallins; 
Beta-crystalline B1, β-crystalline B2, and γ-crystalline D.  

In Paper IV, the spectral data was normalized to the primary ion dose and 
evaluated regarding the inner and outer ROI in both PEX and controls. Un-
paired t-statistics revealed significant changes between ion signals in PEX 
and controls. The intensity for choline (m/z 104), sodium (m/z 23), and ami-
no acid fragments (m/z 88), were more intense in both inner and outer ROI 
in PEX compared to controls. In the PEX capsules, the intensity for the 
sphingomyelin headgroup (m/z 264), was lower in both ROI compared to 
controls. Two unknown compounds had different intensities within the PEX 
capsules. The outer ROI in PEX had higher intensity for m/z 62 compared to 
the inner ROI, and the intensity for m/z 57, had a lower intensity in the outer 
ROI compared to the inner ROI in the PEX samples. 

Table 4. Proteins identified in Paper III. 

 

In Paper V, 564 cases of cataract surgery were identified by the end of the 
study. Of these, 224 had PEX in either eye at baseline. The SMR for exposed 
versus unexposed subjects was 2.25 (95% confidence interval 1.90–2.67), 
signifying an increased risk for cataract surgery in subjects with PEX. The 
SMRs for a number of potential risk factors are presented in Table 5. Ocular 
hypertension and OAG, increased the risk for cataract surgery in individuals 
without PEX, and lens opacities and myopia increased the risk of cataract 

 

Protein name Gene name Uniprot p-value 
[8 of 10] 

PEX/ctrl 
[8 of 10] 

p-value 
[4 of 10] 

PEX/ctrl 
[4 of 10] 

Function 

 
Calsyntenin-1 

 
CLSTN1 

 
O94985-2 

 
0.0141 

 
-0.79 

 
0.0141 

 
-0.79 

 
Synapse transmission, cell 
adhesion 

Complement C3 C3 P01024 0.0203 0.26 0.0203 0.26 Complement activation, 
coagulation, inflammation 

Kininogen-1 KNG1 P01042-2 0.0350 0.23 0.0350 0.23 Coagulation, inflammation 
Retinol-binding 
protein 3 

RBP3 P10745 0.0368 -0.85 0.0369 -0.85 Transport protein, retinoid 
binding 

Antithrombin-III SERPINC1 P01008 0.0392 0.17 0.0392 0.17 Coagulation, inflammation  
Carboxypeptidase E CPE P16870-2 0.0399 -0.85 0.0399 -0.85 Cell adhesion, Zn2+-

binding 
Glutathione 
peroxidase 3 

GPX3 P22352 0.0422 -0.83 0.0422 -0.83 Oxidative stress, 
oxidoreductase  

Vitamin  
D-binding protein 

GC D6RF35 0.0439 0.09 0.0439 0.09 Transport protein, vitamin 
D-binding 

Beta-crystallin B1 CRYBB1 P53674   0.0318 8.07 Structural protein of the 
lens,  

Beta-crystallin B2 CRYBB2 P43320   0.0244 5.97 Structural protein of the 
lens 

Gamma-crystallin D CRYGD P07320   0.0111 3.89 Structural protein of the 
lens, oxidative stress 

Protein AMBP AMBP P02760   0.0206 0.57 Protease inhibitor, host-
virus interaction 
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surgery for both groups. Males had a lower risk for cataract surgery than 
females. 

Cox proportional hazards models included age, gender, smoking habits, 
diabetes mellitus, systemic hypertension, ischemic heart disease, chronic 
obstructive pulmonary disease (COPD), glaucoma, lens opacities, myopia, 
and PEX. Lens opacities were the first, and PEX the second most important 
predictor for cataract surgery, the later accounting for a 2.38-fold increased 
risk. The hazards for lens opacities were not proportional, indicating a re-
duced risk over time. Both COPD and diabetes mellitus were predictors for 
cataract surgery, but not the other covariates. 

Table 5. Association between potential risk factors and cataract surgery, with and 
without pseudoexfoliations. 

 

 

PEX 
(n=406)

No PEX 
n=1065)

Baseline characteristics Cases SMR (95% CI) Cases SMR (95% CI)
Age ≥70 years 122 1.22 (0.86–1.46) 153 1.04 (0.84-1.29)
Male gender 65 0.81 (0.61–1.08) 130 0.77 (0.62–0.95)
Medical history factors
Current smoking 19 1.03 (0.64–1.67) 37 0.84 (0.59–1.19)
Diabetes mellitus 27 1.02 (0.68–1.52) 42 1.28 (0.93–1.77)
Blood pressure lowering 
treatment

91 1.20 (0.91–1.56) 107 1.06 (0.84–1.33)

Ischaemic heart disease 35 1.06 (0.74–1.52) 35 0.75 (0.53–1.07)
COPD 15 1.08 (0.64–1.83) 31 1.41 (0.97–2.04)
Ocular factors, any eye
Open-angle glaucoma,
treated OH

87 1.08 (0.82–1.42) 46 1.40 (1.02–1.92)

Lens opacities 140 2.29 (1.73–3.04) 185 3.09 (2.45–3.91)
Myopia 42 1.60 (1.14–2.24) 48 2.02 (1.49–2.74)
PEX = pseudoexfoliation; Cases = cataract surgery; SMR = standard morbidity ratio;
CI = confidence interval; COPD = chronic obstructive pulmonary disease; OH = ocular hypertension;
myopia = spherical equivalent ≤ -1.00 dioptre.
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Discussion 

It is of interest to investigate the proteome in eyes affected with PEX to 
deepen the knowledge about the pathophysiology. The clinical relevance and 
the biological roles of these proteins in the AH are not fully understood, but 
information on alterations are of interest for better understanding of the 
pathogenesis of PEX or the effects of PEX on the eye. In Paper I, II, and III, 
no eyes with glaucoma were included in the studies in order to avoid differ-
ences that might be due to the disease or its treatment. 

Paper I was a pilot study, aimed at development of methods for adequate 
sampling of AH, sample handling, and analysis of small samples. In Paper 
II, we were interested in comparing CE and LC as separation techniques, and 
to study differences in the AH proteome in eyes with and without PEX. The 
quantitative differences were obtained by labelling the samples with iTRAQ 
reagents. The maximum volume of AH obtained from each individual was 
approximately 100 µL, since larger volumes cannot be collected from human 
eyes in vivo. Even though technical progress has been made, small sample 
volumes still are a challenging. During method development it is important 
to have adequate amounts of sample. In the phase of method development, 
we therefore chose to pool the samples in Paper I, and II. Pooling samples 
removes variability due to differences between individuals108.  

In Paper I, and II, alterations in the protein content were noted in PEX. 
The β-crystallin B1, B2, and γ-crystallin S were increased, and the levels of 
osteopontin and angiotensinogen were decreased in eyes with PEX com-
pared to controls. Even though the separation and MS techniques differed, 
these alterations in AH were consistent, and had not been described previ-
ously. Since these results were based on analysis of pooled samples, it was 
of interest to investigate the AH on an individual basis. Thus, individual 
samples were investigated in Paper III. In Paper III, more than 200 proteins 
including candidates with significant up- or down- regulation, were identi-
fied. Four proteins were increased in 8 out of 10 patients with PEX; Com-
plement factor 3, kininogen-1(KNG1), antithrombin III and vitamin D bind-
ing protein (DBP). The proteins retinol binding protein 3 (RBP3), glutathi-
one peroxidase 3 (GPx3), carboxypeptidase E (CPE), and calsyntenin-1 were 
decreased in 8 out of 10 of the individuals with PEX.  

Complement factor 3 is an important part of the immune system109, and 
has been identified in PEX material previously33. Kininogen-1 functions as a 
co-factor in the coagulation cascade and in the plasma bradykinin forming 
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cascade, initiated by tissue damage, resulting in inflammatory response110. 
Antithrombin III, previously identified in trabecular meshwork, Schlemm´s 
canal, lens epithelium, and aqueous humor, inhibits thrombin and formation 
of blood clots, but has also anti-inflammatory properties88,111,112. The plasma 
protein DBP, has various functions, such as modulation of immune and in-
flammatory responses, regulation of vitamin D, transportation, and bone 
remodeling113. The protein RBP3 is synthesized in the ciliary epithelium, and 
secreted into the aqueous humor, also acts as a transportation protein in the 
retinal pigment epithelium114,115. The concentration of RBP3 in AH is de-
creased or absent in AH during autoimmune uveitis and treatment of the 
disease with immunosuppressant medication restores the concentration of 
RBP3 to normal concentration in AH116. As described previously, oxidative 
stress seems to be involved in the pathogenesis of PEX, and decreased GPx3 
in Paper III, indicate a depletion of the enzyme, thus confirming previous 
studies35,40. The protein CPE, previously identified in ciliary epithelium, 
photoreceptors, and in ganglion cells of the retina, is involved in the biosyn-
thesis of peptide hormones, and neurotransmitters, and has a neuroprotective 
role in CNS by protecting neural cells from apoptosis when exposed to dif-
ferent kinds of stress, such as oxidative stress or behavioral stress117–119. 
Calsyntenin is a calcium-binding postsynaptic membrane protein abundant 
in the brain120,121. Gao et al. investigated the vitreous in eyes with prolifera-
tive diabetes retinopathy and found that calsyntenin-1 and RBP3 were de-
creased compared to eyes without diabetes122. 

The proteins described above, are involved in various processes such as 
oxidative stress, inflammation and coagulation. The coagulation and immune 
systems are two host-defense systems with complementary roles. Tissue 
damage, or invading pathogens, leads to activation of coagulation, and coag-
ulation affects inflammatory response112. Their functions in the eye are not 
clear in the context of PEX, but it is reasonable to assume that oxidative 
stress, and inflammation to some degree is involved in the pathogenesis of 
PEX.  

In Paper I, and II, the β-crystallins B1, and B2 were increased, in eyes 
with PEX. In paper III, the β-crystallins were B1, B2, and γ-crystalline D 
had up to 8-fold increased concentration in PEX in 4 of the PEX-control 
pairs. Furthermore, β-crystallin B2 was significantly increased in 5 out of 10 
samples with PEX. In the remaining PEX-control pairs, the crystallins were 
below detection level. These results might indicate a subdivision within in-
dividuals with PEX. 

The β- and γ- crystallins are structural proteins of the lens and have calci-
um binding properties123,124.  In the lens, the crystallins undergo constant 
modifications, such as deamidation, truncation, oxidation, phosphorylation, 
acetylation, methylation, carbamylation and glycation with increasing age. 
These modifications affect the structure and functions of the crystallins 
which may result in protein aggregation, diminished transparency, and light 
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scattering in the aged lens77. Outside the lens, crystallins have been identi-
fied in the retina. The functions of the crystallins are not clear, but several 
reports indicate changes in their expression during oxidative stress and in-
flammation. For instance, Sakaguchi et al., reported increased content of 
crystallins in the retina after intense light exposure, and Yoshimura et al. an 
increased expression of crystallins following ischema-reperfusion 
injury125,126. The concentration of β-crystallin B2 is increased in the vitreous 
in eyes with uveitis, and has been identified in drusen in eyes with age relat-
ed maculopathy127,128. Injection of β/γ-crystallin in the vitreous promotes 
axon outgrowth, induced expression of ciliary neutrophic factor in astrocytes 
and Müller cells, and inflammatory reactions with infiltration of macrophag-
es in the retina129. One can speculate over the increased concentration of β-
crystalline B1, B2 and γ-crystallin D in the present study. An elevation of 
these crystallins in AH might represent a part of a stress-response reaction in 
the anterior segment in eyes with PEX.    

Different principles for separation and injection volumes are used in LC, 
CE, and 1D gel electrophoresis. Therefore, one cannot expect to obtain the 
same results using these three separation methods. In LC, the separation is 
based on differences in hydrophobicity, and in CE and 1D gel electrophore-
sis, molecular weight and charge. In Paper II, the minute injection volume 
analyzed with CE was 120 nL (72 ng tryptic peptides), and the injection 
volume separated by LC, was larger, 10 µL (1.5 µg tryptic peptides). Thus, it 
is not surprising that low abundance proteins not are identified with CE as 
separation technique. Different MS techniques have different capacity re-
garding mass resolution, sensitivity and mass accuracy. For instance, the 
LTQ FTICR mass spectrometer has a mass resolution of 106, compared to 
MALDI TOF/TOF MS with a resolution of 103-104, or the Orbitrap with a 
resolution of >150,00091,130.  

Quantification of proteins can, as mentioned previously, be obtained us-
ing different methods. In Paper II and III, different techniques were used for 
quantitation, iTRAQ and isotope dimethyl labeling. Underestimation of fold 
change in iTRAQ have been noted when iTRAQ quantitation has been com-
pared with antibody-based methods, such as western blotting. An underesti-
mation may be due to interference of immonium ion, derived from peptide 
fragmentation, or isotopic impurities in the reporter ion region131. Thus, the 
reagents in iTRAQ are not as stable as in isotope dimethyl labeling. Stable 
isotope dimethyl labeling is limited to quantitate 3 samples at the same time 
compared to iTRAQ 4-plex, or 8-plex. However, stable isotope dimethyl 
labeling is less expensive than iTRAQ95. The results in Paper I, and II should 
be seen in the perspective of the fast development of proteomics from the 
time when the work with Paper I begun, with comprehensive method devel-
opment, until today. The results in Paper III are based on analyses of indi-
vidual samples, a robust quantitation technique, and with a higher accuracy 
mass spectrometer, and are therefore more robust and reliable. 
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Paper IV was a small pilot study and the aim was to develop an appropri-
ate sampling technique, and to study potential differences in the metabolome 
of lens capsules with PEX using TOF-SIMS. The intensity for choline, sodi-
um and amino acid fragments were higher, and the intensity for sphingomye-
lin was lower in capsules in individuals with PEX compared to controls. 
Two unknown compounds had different intensities within the PEX capsules. 
Thus, there were differences in the lipid composition in the capsules in PEX 
compared to controls, but there were also differences regarding the distribu-
tion of compounds within individual capsules in PEX. The biological func-
tions of the described alterations in lens capsules in individuals with PEX are 
unclear, and remain to be further elucidated. 

In Paper V, the study on a defined population spans over 30 years, and is 
the longest follow-up study on predictors for cataract surgery reported. The 
presence of PEX at baseline was associated with an increased risk for cata-
ract surgery, which is in agreement with previous studies81,82. In the multi-
variate analyses, PEX was the second most important predictor after lens 
opacities for cataract surgery. With the confidence level of 95% and a power 
of 80%, the study had the capacity for detecting a 31% increased risk. There-
fore, the association between PEX and cataract requiring lens extraction 
seems to be most likely in the examined population. In addition to lens opac-
ities, and PEX, COPD and diabetes mellitus were identified as predictors for 
cataract surgery. Diabetes mellitus is a well-known risk factor for cataract132. 
Treatment with corticosteroids might explain the association with COPD, as 
corticosteroid medication is also known to be a risk factor for cataract133.  

There are some limitations in the study. The baseline examination extend-
ed during a time of 30 years which might give rise to bias. However, almost 
all the PEX diagnoses were made by the same examiner. Cataract was diag-
nosed with a clinical examination, which might have underestimated the 
frequency of lens opacities and the cases of cataract surgery were made by 
reviewing of glaucoma case records and medical records, and some cases 
might have been missed. The possible misclassification of disease is howev-
er, not dependent on the exposure to PEX, and should therefore not have any 
effect on the estimates of risks.  
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Conclusions and Future Perspectives 

In this thesis, I have been able to identify changes in the proteome in the AH 
of eyes with PEX. With different techniques for separation and mass spec-
trometry, hundreds of proteins have been identified. Separation by cap LC is 
regarded as a more appropriate separation technique for quantitative compar-
ison between samples compared to CE. By using high resolution mass spec-
trometry, it is possible to analyze small samples of body fluids such as AH, 
in individual patients. These studies have increased the body of knowledge 
regarding the biological changes in PEX. The changes in the proteome in 
AH, identified in Paper III, indicate that oxidative stress, and perhaps low-
grade inflammation are parts of the pathogenesis of PEX. Indeed, previous 
studies indicate oxidative stress in the anterior chamber in PEX, and, these 
theories are strengthened by our results34,35,40. The β/γ-crystallins are in-
creased in the AH in eyes with PEX, which is a novel finding. One can spec-
ulate over the increased concentration of β/γ in PEX. An elevation of these 
crystallins in AH might represent a part of a stress-response reaction in the 
anterior segment in eyes with PEX. It would be interesting to investigate the 
relationship between the crystallins and PEX further in the future.  

It is now possible to collect lens capsules, and analyze them with imaging 
techniques. The changes in the lipid composition in lens capsules, identified 
with TOF-SIMS, are yet unclear in the context of PEX. The imaging tech-
niques are developing, and further knowledge about the spatial distribution 
of small compounds and metabolites in the lens capsule in PEX, is within 
reach. Furthermore, it would be interesting to investigate lens capsules from 
individuals with PEX with other techniques, such as DESI, or nano-DESI in 
the future. The cohort study in Tierp examined the association between PEX 
and cataract surgery with 30 year follow-up. PEX proved to be the second 
most important predictor for cataract surgery after lens opacities in the popu-
lation.  

It is not possible to prevent, or even ameliorate many of the consequences 
of PEX presently, as one would wish. However, this thesis adds to the over-
all knowledge of the pathophysiology of PEX. Hopefully, it will contribute 
to future treatment of PEX related morbidity. 
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Sammanfattning på svenska 

Pseudoexfoliationsyndrom (PEX) är ett åldersrelaterat tillstånd som karakte-
riseras av produktion och ackumulation av extracellulärt fibrillärt material i 
den främre delen av ögat. Den finske oftalmologen John Lindberg var den 
förste som beskrev PEX, vilket han gjorde år 19171. Personer med PEX har 
en ökad risk för att utveckla glaukom och ökad risk för att drabbas av kom-
plikationer i samband med kataraktkirurgi2. Glaukom är en kronisk sjukdom 
i synnerven som ger upphov till karakteristiska skador på synnerven och 
typiska synfältsdefekter. Det intraokulära trycket är ofta högt vid glaukom, 
men ett högt tryck är inte ett kriterium för diagnosen. Glaukom är en vanlig 
ögonsjukdom, och man uppskattar att ca 112 miljoner människor i världen 
kommer att vara blinda på grund av glaukom år 20403. Glaukom vid PEX, sk 
exfoliationsglaukom, kännetecknas av högre intraokulära tryck och snabbare 
progress av synfältsdefekter jämfört med kroniskt öppenvinkelglaukom5. De 
flesta vävnaderna i främre delen av ögat påverkas vid PEX och proteininne-
hållet i kammarvattnet skiljer sig från normala ögon vid PEX12. Åldrande är 
kopplat till utveckling av PEX, men patofysiologin vid PEX är inte klarlagd, 
sannolikt är den multifaktoriell7. Omfattande genetiska studier från Island 
och Sverige har dock visat att genetiska faktorer med avvikelser i genen som 
kodar för enzymet lysyl oxidase-like-1 (LOXL1) predisponerar för PEX15.   

Målen med denna avhandling var att utveckla provtagningsteknik och se-
parationstekniker som är lämpliga vid hantering av mycket små provtag-
ningsvolymer, användbara i klinisk praxis, och att studera kammarvattnets 
proteinsammansättning vid PEX för att öka förståelsen kring patofysiologin 
vid detta tillstånd. Att studera små molekyler såsom peptider och lipider i 
linskapslar från individer med PEX var också en målsättning med avhand-
lingen. Associationen mellan PEX och kataraktkirurgi studerades ur ett epi-
demiologiskt perspektiv.  

I samband med kataraktoperationer samlades kammarvattenprover in från 
personer med katarakt och samtidig PEX, samt från personer med enbart 
katarakt, ögonfriska för övrigt. Eftersom man endast kan ta små volymer av 
kammarvatten från ögat, ca 100 µL, så var en omfattande metodutveckling 
nödvändig för att kunna utföra analyser. Till att börja med blandades ett 
antal prover från PEX-gruppen och motsvarande antal prover från kontroll-
gruppen, så kallad poolning. Dessa sammanslagna prover separerades med 
kapillär vätskekromatografi och analyserades med masspektrometri. Ett tret-
tiotal proteiner i PEX respektive kontrollgruppen identifierades. Protein-
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sammansättningen skiljde sig åt mellan grupperna. Dessa fynd beskrivs i 
artikel I. I det fortsatta arbetet ville vi kunna mäta vilka proteiner som even-
tuellt hade en ökad, eller minskad koncentration i kammarvattnet vid PEX. 
Vid den kemiska inmärkningen av proverna användes en isotopmärkning för 
relativ och absolut kvantifiering (iTRAQ) som möjliggör kvantifiering av 
proteiner94. Även i denna studie poolades proverna i två grupper, en med 
PEX och en utan. Här ville vi också se hur olika separationsmetoder funge-
rade vid analys av denna typ av prover. Hälften av materialet separerades 
med kapillär vätskekromatografi och andra hälften med kapillärelektrofores 
innan masspektrometri utfördes med matrix-assisterad laser desorp-
tion/jonisation flygtidsmasspektrometri (MALDI-TOF/TOF MS). Nu identi-
fierades 54 proteiner efter separation med kapillär vätskekromatografi och 
24 proteiner efter separation med kapillärelektrofores. Analyserna komplet-
terades också med separation via gelelektrofores och masspektrometri med 
linear ion-trap quadrupole Fourier transform ion cyclotron resonance (LTQ 
FTICR), vilket ledde till identifiering av totalt 635 proteiner. Proteinsam-
mansättningen skiljde sig åt mellan PEX och kontroller. I PEX-proverna var 
halten av flera kristalliner: β-kristallin B1 och B2 samt γ-kristallin S, ökade 
jämfört med kontrollerna. Angiotensinogen och osteopontin var lägre i PEX-
gruppen. Dessa resultat beskrivs i artikel II. Fynden inspirerade till ytterli-
gare studier och nu kunde individuella prover kvantifieras med isotop dime-
tyl inmärkningsteknik och analyseras med Orbitrap masspektrometern. I 
minst 8 av 10 prover från individer med PEX var koncentrationen av kom-
plementfaktor 3, kininogen, antithrombin III och vitamin D-bindande protein 
ökade, och retinolbindande protein 3, glutationperoxidas 3, calsyntetin och 
carboxypeptidas E minskade, jämfört med kontroller. De proteiner som iden-
tifierades har flera funktioner i kroppen, men de flesta av dem är involverade 
i processer som oxidativ stress eller inflammation. Det finns ett flertal stu-
dier sedan tidigare som indikerar att oxidativ stress kan vara en del av pa-
tofysiologin vid PEX35 och resultaten i artikel I-III stödjer dessa teorier. 
Flera kristalliner: β-kristallin B1 och B2 samt γ-kristallin D, var mångfaldigt 
ökade vid PEX i ca hälften av PEX-fallen, och var inte detekterbara i reste-
rande prover, vilket möjligen tyder på att det kan finnas olika undergrupper 
av patienter med PEX.  

Med avbildningsteknik (imagingteknik) kan man identifiera och studera 
utbredning av proteiner, peptider, lipider eller mindre molekyler på plats i 
vävnader96. I samband med kataraktkirurgi avlägsnas rutinmässigt alltid en 
bit av linsens kapsel, och vid PEX ansamlas fibrillärt material på denna loka-
lisation. I en pilotstudie, artikel IV, samlades linskapselmaterial in från ett 
par av ovan beskrivna patienter i samband med kataraktoperationer. Materi-
alet analyserades med flygtidssekundärjonmasspektrometri (TOF-SIMS), en 
teknik som är användbar vid analyser av mindre kemiska föreningar, t ex 
lipider96. Vid analyserna identifierades högre intensiteter av kolin, natrium 
och aminosyrafragment, samt lägre intensiteter för lipiden sphingomyelin i 
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linskapslar från individer med PEX jämfört med kontrollerna. Det finns en-
staka rapporter kring lipidförändringar i kammarvattnet vid PEX där man 
identifierat förändringar kopplade till oxidativ stress35. Förändringar i lins-
kapselns lipidsammansättning vid PEX är dock inte kända och artikel IV i 
avhandlingen kan ses som en bra start inför fortsatta studier inom detta om-
råde.  

Kohorten som studerades i artikel V bestod av flera delar som beskrivs i 
detalj i avhandlingen. Sammanfattningsvis rekryterades 1471 personer i ål-
dern 65-74 år, de flesta hemmahörande i Tierps kommun, men också perso-
ner från Älvkarleby och Uppsala kommun. Undersökningen startade med 
befolkningsundersökningen i Tierp 1984-1986. Alla deltagare genomgick en 
noggrann oftalmologisk undersökning där bland annat förekomsten av PEX 
och katarakt noterades. Data kring rökning och övriga sjukdomar insamla-
des. Kohorten följdes till och med augusti 2014. Alla individer i denna ko-
hort som genomgick kataraktoperation, noterades via journalgenomgång på 
såväl privata som landstingsdrivna ögonkliniker. Vid studiens avslutande 
noterades 564 fall av kataraktkirurgi. Av dessa hade 224 personer PEX i 
något av sina ögon vid bas-undersökningen. Standardiserad morbiditetsrisk 
(SMR) beräknades och förekomst av PEX utgjorde en 2.25% ökad risk för 
att genomgå kataraktoperation. Förekomst av linsgrumlingar och myopi, dvs 
närsynthet, ökade risken för att bli opererad för katarakt för individer både 
med och utan PEX. Okulär hypertension var endast en riskfaktor för indivi-
der utan PEX. Ytterligare multivariatanalys visade att diabetes mellitus och 
kronisk obstruktiv lungsjukdom också var riskfaktorer för kataraktoperation-
er. En styrka med denna studie är att den har en mycket lång uppföljningstid 
på 30 år, vilket är den längsta uppföljningstiden i denna typ av studier hitin-
tills. Sammanfattningsvis så finns det således en association mellan PEX och 
kataraktkirurgi. 
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