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Abstract

Epidemiological data correlate exposure to ionising radiation (IR) with cataract formation. In 2012,
the International Commission on Radiological Protection reduced its recommended threshold for
IR effects on the eye lens to 0.5 Gy and acknowledged that the biological mechanisms underlying
IR-induced cataracts are largely unknown. To determine these processes, the influence of IR on the
lens epithelium, cholesterol and membrane proteins was investigated. CD1, C57BL/6J and B6C3F1
mice were exposed to 0.5 - 2 Gy at 0.3 or 0.063 Gy/ min. Lens epithelium cell density was examined
at 4 and/ or 12 months post-IR. Differential response to IR in these mice was observed in a strain-,
dose-, dose rate-, sex-, Ptch1*" and Ercc2*"- -dependent manner and the data indicated that low dose
IR-induced cataractogenesis requires a relatively long latency period, which is consistent with
epidemiological data from longitudinal studies. The plasma membranes of lens fibre cells are
among the cholesterol richest membranes in the human body and cholesterol has a vital role in
biophysical properties of these membranes. Analysis of IR exposed bovine eye lens membrane
extracts (5 and 50 Gy) and eye lenses taken from whole body irradiated mice (0.1 and 2 Gy) showed
that IR induced a significant increase in cholesterol oxides i.e. oxysterols. Unlike the isolated lens
membranes, the observed enhancement of oxysterol levels in vivo was transient. Furthermore,
adding a-tocopherol to isolated lens cortex membranes before exposure to IR prevented the build-
up of oxysterols. The increase of oxysterols in mice eye lenses was shown to also be age-related,
and was observed in the hippocampus as well. In addition, a dose-dependent increase in protein
glycation was noted after IR exposure of lens membrane extracts. Collectively, these data underline
that IR contributes to the cataractogenic load through compromising lens membrane integrity and

lens epithelium homeostasis.
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choices and environmental processes that contribute to gradual cataract development With age the
protective mechanism in the eye lens (e.g. anti-oxidant system, DNA repair and limited oxygen
transport) cannot tackle the damage occurring to the biomolecules (e.g. DNA damage, abberant
cellular proliferation, disorganisation of LECs PTMs including protein aggregation and lipid

oxidation), hence the cataractogenic 10ad INCIEASES. ........eervireiirieeiee e 51

Figure 1.7: Water radiolysis occurs when water is exposed to IR, this leads to the formation of free

radicals such as the reactive oxygen species hydrogen radical (H"), ionized water (HsO"), hydroxyl
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radical ("OH), hydrogen peroxide (H2O2) and superoxide (O2"") and reactive nitrogen species e.g.
peroxynitrite anioN (ONOO 7). .....iiici et sbeete e besreeseesre e 55

Figure 1.8: Mechanisms through which IR can induce damage to biomolecules in the lens. DNA
DSBs, protein modification and aggregation have been detected in irradiated LECs cell lines and
eye lens tissue post-IR exposure. Lipid oxidation has not been studied yet in this context. IR:

ionising radiation, DSBs: double stranded breaks (Modified from Uwineza et al., 2019, Mut. Res.).

Figure 3.1: After the exposure of mice to IR, eyes were removed and fixed with PFA. Subsequently,
the eye lenses were isolated for further exXperimentation. .............ccovvererereieieine e 69

Figure 3.2: Eye lenses isolated from IR-exposed mice were stained with Hoechst 33342 and imaged
with a CLSM. The generated images were stacked using Image J and analysed with an in-house
developed Matlab program. A line was manually drawn from the central zone to the end of the
meridional rows. The program divides this central line in 100 segments and uses the length of the
line included in each segment to calculate the cell number/pm, thereby a relative cell density
(normalised cell number/ segment) profile is generated when each value is plotted against the

corresponding segment number. CZ: central zone, MR: meridional FOWS. ...........ccccevevveveeieniennns 72

Figure 3.3: Shimadzu Ultra-High Performance Liquid Chromatography system linked to a hybrid
triple-quadrupole mass spectrometer using electrospray ionization used to analyse oxysterols and

advanced glycation €Nd ProQUCES..........cuiii i re b sre s 82

Figure 4.1: Schematic representation of the individual regions of the eye lens. The lens capsule
covers the entire eye lens, while the lens epithelium extends from the anterior pole till the equator.
The lens epithelium is divided into the central zone, germinative zone, transition zone and
meridional rows. LECs differentiate into LFCs and internalise at the equator. The outer layers of
the LFCs are part of the lens cortex and the inner layer is part of the lens nucleus (Ainsbury et al.,

2016, Mut. Res. Rev, used with permission of the journal). ...........ccocoiiiiiiiiii s 85

Figure 4.2: Diagram of the experimental design for analysis of IR-induced changes in cell density,
lens epithelium organisation and cell proliferation in C57BL/6J. CD1 and B6C3F1 mice. Section
numbers refer to the material and methods chapter section in which the protocol is described. CLMS:

confocal 1aser SCanNING MICTOSCOPE. .....cvevruieuiriertirieste ettt bbbt sb bt sn e 89

Figure 4.3: Wild type C57BL/6J, aged 6.5 months, flat mounted eye lens epithelium stained with
A) Ki67, B) Hoechst 33342, and C) an overlay of these images. Images were acquired using a 63x
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oil objective, CLMS. White arrows point to the proliferating cells. MR: meridional rows, CZ:

(e 010 |40 1IN 90

Figure 4.4: C57BL/6J wild type, aged 6.5 months, whole mount eye lens stained with A) Ki67 and
B) Hoechst 33342, overlay of these images was generated in C). Images were acquired using a 10x
dry objective. White arrows point to the proliferating cells. MR: meridional rows, GZ: germinative

zone, TZ: transition zone, CZ: CENLIal ZONE. ........evvii i 91

Figure 4.5: Hoechst 33342 staining of whole mount eye lenses of the CD1, C57BL/6J and B6C3F1
strain at an age 0f 6.5 MONTNS. .......ccoiiiiii s 93

Figure 4.6: Plot of relative cell density versus segment number for the lens epithelium spanning the
central zone to the furthest edge of the meridional rows for 6.5 month- old CD1 mice. This data
was combined with the other CD1 data to assess statistical significance with the Kruskal-Wallis test
using mutation, sex, dose rate and dose as independent factors and cell density as dependent factor.
n= 4 for female and n= 3 for male mice Rel.: relative, CZ: central zone, MR: meridional rows...94

Figure 4.7: Plot of relative cell density versus segment number for the lens epithelium spanning the
central zone to the furthest edge of the meridional rows of IR exposed CD1 mice at 10 weeks of
age. Comparison of male and female mice 4 months post-IR that were exposed to A) 0.5 Gy, B) 1
Gy and C) 2 Gy at a dose rate of 0.3 Gy/ min, and D) 0.5 Gy, E) 1 Gy and F) 2 Gy at a dose rate of
0.063 Gy/ min. This data was combined with the other CD1 data to assess statistical significance
with the Kruskal-Wallis test using mutation, sex, dose rate and dose as independent factors and cell

density as dependent factor. n= 3 for female mice and n= 3 for male mice. ...........ccccoeevveveinnnes 96

Figure 4.8: Plot of relative cell density versus segment number for the lens epithelium spanning the
central zone to the furthest edge of the meridional rows of 6.5 month- old wt with Ptch1*- CD1
mice. This data was combined with the other CD1 data to assess statistical significance with the
Kruskal-Wallis test using mutation, sex, dose rate and dose as independent factors and cell density
as dependent factor. n= 4 for wt and n= 3 for Ptch1*" mice Rel.: relative, CZ: central zone, MR:
Meridional rOWS, WE= Wil LY. .....ooiiiiiieeeee e 97

Figure 4.9: Plot of relative cell density versus segment number for the lens epithelium spanning the
central zone to the furthest edge of the meridional rows of IR exposed CD1 mice at 10 weeks of
age. Comparison of wt with Ptch1*- CD1 mice exposed to A) 0.5 Gy, B) 1 Gy and C) 2 Gy at a
dose rate of 0.3 Gy/ min, and D) 0.5 Gy, E) 1 Gy and F) 2 Gy at a dose rate of 0.063 Gy/ min 4
months post-IR. This data was combined with the other CD1 data to assess statistical significance
with the Kruskal-Wallis test using mutation, sex, dose rate and dose as independent factors and cell

density as dependent factor. n= 3 for wt and n= 3 for Ptch1*-mice per graph wt: wild type. ....... 98
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Figure 4.10: Plot of relative cell density versus segment number for the lens epithelium spanning
the central zone to the furthest edge of the meridional rows of 6.5 month- old C57BL/6J mice. This
data was combined with the other C57BL/6J data in this chapter to assess statistical significance
with the Kruskal-Wallis test using mutation, sex, dose rate and dose as independent factors and
maximum cell density as dependent factor. n= 4 for female and n=4 for male mice Rel.: relative,

CZ: central zone, MR: MENAIONAl FOWS. ......coiiiiiiiei e 99

Figure 4.11: Plot of relative cell density versus segment number for the lens epithelium spanning
the central zone to the furthest edge of the meridional rows of IR exposed C57BL/6J mice at 10
weeks of age. Comparison of male and female mice 4 months post-IR that were exposed to A) 0.5
Gy, B) 1 Gy and C) 2 Gy at a dose rate of 0.3 Gy/ min, and D) 0.5 Gy, E) 1 Gy and F) 2 Gy/ min
at a dose rate of 0.063 Gy/ min. This data was combined with the other C57BL/6J data in this chaper
to assess statistical significance with the Kruskal-Wallis test using mutation, sex, dose rate and dose
as independent factors and maximum cell density as dependent factor. n= 3 for female mice and n=
3 TOr Male MICE PEI GraPN. ..ot 101

Figure 4.12: Plot of relative cell density versus segment number for the lens epithelium spanning
the central zone to the furthest edge of the meridional rows of 6.5 month- old C57BL/6J mice. This
data was combined with the other C57BL/6J data in this chapter to assess statistical significance
with the Kruskal-Wallis test using mutation, sex, dose rate and dose as independent factors and
maximum cell density as dependent factor. n= 4 for wt and n= 4 for Ptch1*" mice Rel.: relative, CZ:

central zone, MR: meridional rows; Wt= Wild tyPe. ........cccooiiiiiiiie i 102

Figure 4.13: Plot of relative cell density versus segment number for the lens epithelium spanning
the central zone to the furthest edge of the meridional rows of IR exposed C57BL/6J mice at 10
weeks of age. Comparison of wt with Ptch1*- C57BL/6J mice exposed to A) 0.5 Gy, B) 1 Gy and
C) 2 Gy/ min at a dose rate of 0.3 Gy/ min, and D) 0.5 Gy, E) 1 Gy and F) 2 Gy/ min at a dose rate
of 0.063 Gy/ min 4 months post-IR. This data was combined with the other C57BL/6J data in this
chapter to assess statistical significance with the Kruskal-Wallis test using mutation, sex, dose rate
and dose as independent factors and maximum cell density as dependent factor. n= 3 for wt and n=
3 Ptch1*- per graph Wt Wild tYPE. .....c.cveviiriiiieieiiceeee e 104

Figure 4.14: Plot of relative cell density versus segment number for the lens epithelium spanning
the central zone to the furthest edge of the meridional rows of IR exposed B6C3F1 male mice at 10
weeks of age. Comparison of unexposed with IR exposed wt B6C3F1 mice (at a dose rate of 0.3
Gy/ min) to A) 0.5 Gy, B) 1 Gy, C) 2 Gy at 4 months post-IR exposure, and D) 0.5 Gy, E) 1 Gy,
and F) 2 Gy at 12 months post-IR. General Linear Model Analysis of Variance using time, mutation,

sex and dose as independent factors and maximum cell density as dependent factor was applied for
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statistical analysis on the collective B6C3F1 cell density data. n= 2 for unexposed and n= 4 for

exposed per graph, wt: wild type, IR: ionising radiation..............ccccocvviiiiiieiincie e 105

Figure 4.15: Plot of relative cell density versus segment number for the lens epithelium spanning
the central zone to the furthest edge of the meridional rows of IR exposed B6C3F1 male mice at 10
weeks of age. Comparison of unexposed with IR exposed wt B6C3F1 mice (at a dose rate of 0.3
Gy/ min) to A) 0.5 Gy, B) 1 Gy, C) 2 Gy at 4 months post-IR exposure, and D) 0.5 Gy, E) 1 Gy,
and F) 2 Gy at 12 months post-IR. General Linear Model Analysis of VVariance using time, mutation,
sex and dose as independent factors and maximum cell density as dependent factor was applied for
statistical analysis on the collective B6C3F1 cell density data. n= 2 for unexposed and n= 4 for
exposed per graph, IR: 10NIiSING FAAIALION. ........ccviiiiiiieeee e 107

Figure 4.16: Plot of relative cell density versus segment number for the lens epithelium spanning
the central zone to the furthest edge of the meridional rows of IR exposed B6C3F1 female mice at
10 weeks of age. Comparison of unexposed with IR exposed Ercc2*- B6C3F1 mice to A) 0.5 Gy
and B) 2 Gy at 4 months post-IR exposure, and C) 0.5 Gy and D) 2 Gy at 12 months post-IR.
Exposure was performed at a dose rate of 0.3 Gy/ min. General Linear Model Analysis of Variance
using time, mutation, sex and dose as independent factors and maximum cell density as dependent
factor was applied for statistical analysis on the collective B6C3F1 cell density data. n= 2 for

unexposed and n= 4 for exposed per graph, IR: ionising radiation. ............cccceecevvivieeveieiienen 108

Figure 4.17: Plot of relative cell density versus segment number for the lens epithelium spanning
the central zone to the furthest edge of the meridional rows of IR exposed Ercc2*- B6C3F1 female
mice at 10 weeks of age. Comparison of unexposed with exposed Ercc2*- B6C3F1 mice to A) 0.5
Gy, B) 1 Gy and C) 2 Gy at 4 months post-IR exposure, and D) 0.5 Gy, E) 1 Gy and F) 2 Gy at 12
months post-IR. Exposure was performed at a dose rate of 0.3 Gy/ min. General Linear Model
Analysis of Variance using time, mutation, sex and dose as independent factors and maximum cell
density as dependent factor was applied for statistical analysis on the collective B6C3F1 cell density

data. n= 4 for exposed and n= 2 for the unexposed paired CONtrol............cccoovvvriiiiniinencnenene. 110

Figure 5.1: Comparison of the membrane of typical cells and lens membrane. Typical membranes
contain phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine and sphingomyelin as
the predominant phospholipids. Besides integral membrane proteins and membrane-bound proteins,
they also contain low levels of cholesterol. Lens membranes contain more cholesterol which can
lead to the formation of cholesterol clusters and have dihydrosphingomyelin as the most abundant
phospholipid. Lens membranes typically show more membrane-bound crystallins as they age.

Schematic figure adapted from Borchman and Yappert, J Lipid Res, 2010. .........cccccecvvveernnene. 119

17


file:///C:/Users/smgh17/OneDrive%20-%20Durham%20University/Uwineza_Thesis/31052020_Examinors%20corrections.docx%23_Toc42160577
file:///C:/Users/smgh17/OneDrive%20-%20Durham%20University/Uwineza_Thesis/31052020_Examinors%20corrections.docx%23_Toc42160577
file:///C:/Users/smgh17/OneDrive%20-%20Durham%20University/Uwineza_Thesis/31052020_Examinors%20corrections.docx%23_Toc42160578
file:///C:/Users/smgh17/OneDrive%20-%20Durham%20University/Uwineza_Thesis/31052020_Examinors%20corrections.docx%23_Toc42160578
file:///C:/Users/smgh17/OneDrive%20-%20Durham%20University/Uwineza_Thesis/31052020_Examinors%20corrections.docx%23_Toc42160578
file:///C:/Users/smgh17/OneDrive%20-%20Durham%20University/Uwineza_Thesis/31052020_Examinors%20corrections.docx%23_Toc42160578
file:///C:/Users/smgh17/OneDrive%20-%20Durham%20University/Uwineza_Thesis/31052020_Examinors%20corrections.docx%23_Toc42160578
file:///C:/Users/smgh17/OneDrive%20-%20Durham%20University/Uwineza_Thesis/31052020_Examinors%20corrections.docx%23_Toc42160578
file:///C:/Users/smgh17/OneDrive%20-%20Durham%20University/Uwineza_Thesis/31052020_Examinors%20corrections.docx%23_Toc42160578
file:///C:/Users/smgh17/OneDrive%20-%20Durham%20University/Uwineza_Thesis/31052020_Examinors%20corrections.docx%23_Toc42160578
file:///C:/Users/smgh17/OneDrive%20-%20Durham%20University/Uwineza_Thesis/31052020_Examinors%20corrections.docx%23_Toc42160579
file:///C:/Users/smgh17/OneDrive%20-%20Durham%20University/Uwineza_Thesis/31052020_Examinors%20corrections.docx%23_Toc42160579
file:///C:/Users/smgh17/OneDrive%20-%20Durham%20University/Uwineza_Thesis/31052020_Examinors%20corrections.docx%23_Toc42160579
file:///C:/Users/smgh17/OneDrive%20-%20Durham%20University/Uwineza_Thesis/31052020_Examinors%20corrections.docx%23_Toc42160579
file:///C:/Users/smgh17/OneDrive%20-%20Durham%20University/Uwineza_Thesis/31052020_Examinors%20corrections.docx%23_Toc42160579
file:///C:/Users/smgh17/OneDrive%20-%20Durham%20University/Uwineza_Thesis/31052020_Examinors%20corrections.docx%23_Toc42160579
file:///C:/Users/smgh17/OneDrive%20-%20Durham%20University/Uwineza_Thesis/31052020_Examinors%20corrections.docx%23_Toc42160579
file:///C:/Users/smgh17/OneDrive%20-%20Durham%20University/Uwineza_Thesis/31052020_Examinors%20corrections.docx%23_Toc42160579
file:///C:/Users/smgh17/OneDrive%20-%20Durham%20University/Uwineza_Thesis/31052020_Examinors%20corrections.docx%23_Toc42160580
file:///C:/Users/smgh17/OneDrive%20-%20Durham%20University/Uwineza_Thesis/31052020_Examinors%20corrections.docx%23_Toc42160580
file:///C:/Users/smgh17/OneDrive%20-%20Durham%20University/Uwineza_Thesis/31052020_Examinors%20corrections.docx%23_Toc42160580
file:///C:/Users/smgh17/OneDrive%20-%20Durham%20University/Uwineza_Thesis/31052020_Examinors%20corrections.docx%23_Toc42160580
file:///C:/Users/smgh17/OneDrive%20-%20Durham%20University/Uwineza_Thesis/31052020_Examinors%20corrections.docx%23_Toc42160580
file:///C:/Users/smgh17/OneDrive%20-%20Durham%20University/Uwineza_Thesis/31052020_Examinors%20corrections.docx%23_Toc42160580
file:///C:/Users/smgh17/OneDrive%20-%20Durham%20University/Uwineza_Thesis/31052020_Examinors%20corrections.docx%23_Toc42160580
file:///C:/Users/smgh17/OneDrive%20-%20Durham%20University/Uwineza_Thesis/31052020_Examinors%20corrections.docx%23_Toc42160580
file:///C:/Users/smgh17/OneDrive%20-%20Durham%20University/Uwineza_Thesis/31052020_Examinors%20corrections.docx%23_Toc42160581
file:///C:/Users/smgh17/OneDrive%20-%20Durham%20University/Uwineza_Thesis/31052020_Examinors%20corrections.docx%23_Toc42160581
file:///C:/Users/smgh17/OneDrive%20-%20Durham%20University/Uwineza_Thesis/31052020_Examinors%20corrections.docx%23_Toc42160581
file:///C:/Users/smgh17/OneDrive%20-%20Durham%20University/Uwineza_Thesis/31052020_Examinors%20corrections.docx%23_Toc42160581
file:///C:/Users/smgh17/OneDrive%20-%20Durham%20University/Uwineza_Thesis/31052020_Examinors%20corrections.docx%23_Toc42160581
file:///C:/Users/smgh17/OneDrive%20-%20Durham%20University/Uwineza_Thesis/31052020_Examinors%20corrections.docx%23_Toc42160581
file:///C:/Users/smgh17/OneDrive%20-%20Durham%20University/Uwineza_Thesis/31052020_Examinors%20corrections.docx%23_Toc42160581

Figure 5.2: Schematic representation of experimental design of in vitro IR-induced oxysterol

FOrMAtioN ANAIYSIS. .....eoieiece e e renre e 120

Figure 5.3: Lipid membranes isolated from the cortex and the nucleus of bovine eye lenses were
exposed to 0, 5 and 50 Gy of X-rays and analysed by LC-MS (separated by cortex column). A)
Superposition of the chromatograms of the 0, 5 and 50 Gy BoN samples and B) quantification of
cholesterol levels in the membrane samples, error bars represent standard deviation, *p<0.05 n= 3,
n.s.: not significant, BON: DOVING NUCIEUS...........coviiiiiiiie e e 122

Figure 5.4: Superposition of oxysterol LC-MS chromatograms of bovine lens nucleus membrane
extracts exposed to 0 and 50 Gy of X-rays. BON: bovine nuCleus. ..........cccccvvveivicvniene i, 123

Figure 5.5: Superposition of LC-MS chromatograms of the 7p-hydroxycholesterol, 7—
ketocholesterol and 5, 6-epoxycholesterol -d7 with the 50 Gy BoN sample. BoN: bovine nucleus.

Figure 5.6: LC-MS peak quantification of oxysterols in 0, 5 and 50 Gy IR-exposed bovine lipid
membranes. A) 7B-hydroxycholesterol, B) 7-ketocholesterol and C) 5, 6-epoxycholesterol in
bovine lens cortex membrane extracts, and D) 7B-hydroxycholesterol, E) 7-ketocholesterol and F)
5, 6-epoxycholesterol in bovine lens nucleus membrane extracts, error bars represent standard
deviation, General Linear Model Analysis of Variance using dose, location and oxysterol as
independent factors and analyte peak area as dependent factor was applied for statistical analysis,
*p< 0.05 N=3, N.S.: NOL SIGNITICANT. ..c.veiiiiiice e e e e 126

Figure 5.7: Comparison of oxysterol levels 2 h and 18 days post-irradiation of bovine nucleus lipid
membranes with 50 Gy, General Linear Model Analysis of Variance using dose, time and oxysterol
as independent factors and analyte peak area as dependent factor was applied for statistical analysis,
*p<0.05N= 3, N.5.: NOL SIGNITICANT. ....oeiviiiiiicc e e s 128

Figure 6.1: The predominant oxysterols in the human body. A) Enzymatically formed oxysterols,
B) non-enzymatically formed oxysterols and C) oxysterols that can be formed via autoxidation and
enzymatic reactions. Figure adapted from Mutemberezi et al, Prog Lipid Res, 2016 OHC:

hydroxycholesterol; chol: CNOIESIEIOL............cviiiiiiii s 137

Figure 6.2: Schematic representation of the experimental design of the in vivo IR-induced oxysterol
formation analysis. Section numbers refer to the material and methods chapter section in which the

ProtoCOl Was AESCIIDRA. .......cviiiiiii e 139

Figure 6.3: LC-MS Chromatograms of 0, 0.1 and 2 Gy irradiated mice 2 hours post IR exposure

(eight eye lenses were pooled per sample). MOC: MOUSE COMEX. .....covvrververeeeerereeriesieesieseeens 140
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Figure 6.4: LC-MS quantification of in vivo formed oxysterols in mice irradiated with 2 Gy and
sacrificed at 2 hours, 24 hours and 7 days post-IR exposure. A) 7 B hydroxycholesterol, B) 7-
ketocholesterol, and C) 5, 6-epoxycholesterol in mice lens cortex, D) 7 B hydroxycholesterol, E) 7-
ketocholesterol and F) 5, 6-epoxycholesterol in mice lens nucleus, General Linear Model Analysis
of Variance using time and location as independent factors and rel. analyte peak area as dependent

factor was applied, *p< 0.05 n=2 x 8 pooled eye lenses, n.s.: not significant, rel: relative. ....... 141

Figure 6.5: The post hoc test Tukey Pairwise comparison was performed after General Linear
Model Analysis (Figure 6.4) using Minitab using time as independent factors and rel. analyte peak
area as dependent factor. Means are grouped in A or B, means sharing a letter are not significantly
different while those that do not share a letter are significantly different. ............ccccoceininenn. 142

Figure 6.6: 10 pL of lipid membranes isolated from the lens cortex and lens nucleus of mouse
exposed to2 Gy X-rays 2 hours, 24 hours and 7 days post exposure. The most prominent band
visible is AQPO (arrow). Protein identity suggestion was based on proteomics data in the appendix
(appendix table 1 and 2). Non-irradiated mice of the same age were used as the control. Lipid
membranes were solubilised with 1% (w/v) SDS buffer, run on a SDS-PAGE gel (15% (w/v)
acrylamide) and stained with Coomassie Blue. The molecular weight markers in the first lane of
each gel mark respectively 250, 130, 95, 72, 55, 36, 28, 17 and 10 kDa from top to bottom. ..... 143

Figure 7.1: Schematic representation of cholesterol turnover in the brain. Black, oxysterols
generated through autoxidation; Red; oxysterols that can be formed through enzymatic and non-
enzymatic pathways; blue, oxysterols that are uniquely produced via enzymatic reactions. The blue
arrows represent reactions that occur during cholesterol homeostasis, while the purple arrows
indicate reactions upregulated in AD. 7a-OHC: 7o-hydroxycholesterol, 4p-OHC: 4pB-
hydroxycholestrerol, 7-keto C: 7-ketocholesterol, 78-OHC: 7B-hydroxycholesterol, Sa, 6a-epoxy:
50, 6a-epoxycholesterol, 5B, 6 epoxy: 5B, 6B- epoxycholesterol, 27-OHC: 27-hydroxycholesterol
and 70-OH-3-0x0-4-CA: 7a-hydroxy-3-0x0-4-cholestenoic acid............ccocevevviviiiiiiicnciee 152

Figure 7.2: Schematic representation of experimental design of the age-related oxysterol levels
modifications in the hippocampus and eye lenses experiment. Section numbers in the diagram refer

to the material and methods chapter section in which the protocol is described..............cccceounee. 154

Figure 7.3: LC-MS quantification of cholesterol concentration in the eye lenses and hippocampi of
6 and 30 month-old mice. 20 uM of cholesterol-d6 was added as the internal standard and was
subsequently used to calculate the concentration (uM) of cholesterol in the samples. A) Cortical
fraction of the eye lens, B) nuclear fraction of the eye lens and C) hippocampus. General Linear

Model Analysis of Variance followed by Tukey pairwise comparison post hoc test using time and
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location as independent factors and concentration as dependent factor was applied for statistical

analysis, *p< 0.05 n= 3 for hippocampus and n= 2 x 8 pooled eye lenses, n.s.: not significant. . 156

Figure 7.4: Chromatogram of LC-MS of A) the hippocampus, B) the cortex and C) the nucleus of
the eye lens (8 pooled eye lenses per chromatogram) at 6 months (green) and 30 months (beige)

after birth. The identified oxysterols are indicated With arrows. ...........ccoceveveeie i, 157

Figure 7.5: LC-MS quantification of desmosterol in the hippocampus, the lens cortex and the lens
nucleus of 6 and 30 month-old mice. The absolute values of the integrated analyte peak area of
desmosterol are plotted for A) the hippocampus, B) the lens cortex and C) the lens nucleus. D), E)
and F) respectively represent the absolute peak area relative to the internal cholesterol concentration
for the hippocampus, the lens cortex and the lens nucleus. General Linear Model Analysis of
Variance followed by Tukey pairwise comparison post hoc test using time and location as
independent factors and (rel.) analyte peak area as dependent factor was applied for statistical
analysis, *p< 0.05 n= 3 for hippocampus and n= 2 x 8 pooled eye lenses, n.s.: not significant, rel.:
02T LSRR 159

Figure 7.6: LC-MS quantification of 7B-hydroxycholesterol in the hippocampus, the lens cortex
and the lens nucleus of 6 and 30 month-old mice. The absolute values of the integrated analyte peak
area of 7B-hydroxycholesterol are plotted for A) the hippocampus, B) the lens cortex and C) the
lens nucleus. D), E) and F) respectively represent the absolute peak area relative to the internal
cholesterol concentration for the hippocampus, the lens cortex and the lens nucleus. General Linear
Model Analysis of Variance followed by Tukey pairwise comparison post hoc test using time and
location as independent factors and (rel.) analyte peak area as dependent factor was applied for
statistical analysis, *p< 0.05 n= 3 for hippocampus and n= 2 x 8 pooled eye lenses, n.s.: not

SIGNIFICANT, Tel.: TEIALIVE. ...veceiie et st ae e e 160

Figure 7.7: LC-MS quantification of 7-ketocholesterol in the hippocampus, the lens cortex and the
lens nucleus of 6 and 30 month-old mice. The absolute values of the integrated analyte peak area
of 7-ketocholesterol are plotted for A) the hippocampus, B) the lens cortex and C) the lens nucleus.
D), E) and F) respectively represent the absolute peak area relative to the internal cholesterol
concentration for the hippocampus, the lens cortex and the lens nucleus. General Linear Model
Analysis of Variance followed by Tukey pairwise comparison post hoc test using time and location
as independent factors and (rel.) analyte peak area as dependent factor was applied for statistical
analysis, *p< 0.05 n= 3 for the hippocampus and n=2 x 8 pooled eye lenses, n.s.: not significant,

PRI TRIALIVE. ...ttt e e e et e e ettt e e e e e e e ettt eeeeesa s et eeeeeeesaeeanreeeeeeeeaaans 162
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Figure 7.8: LC-MS quantification of 5,6-epoxycholesterol in the hippocampus, the lens cortex and
the lens nucleus of 6 and 30 month-old mice. The absolute values of the integrated analyte peak
area of 5,6-epoxycholesterol are plotted for A) the hippocampus, B) the lens cortex and C) the lens
nucleus. D), E) and F) respectively represent the absolute peak area relative to the internal
cholesterol concentration for the hippocampus, the lens cortex and the lens nucleus. General Linear
Model Analysis of Variance followed by Tukey pairwise comparison post hoc test using time and
location as independent factors and (rel.) analyte peak area as dependent factor was applied for
statistical analysis, *p< 0.05 n= 3 for hippocampus and n= 2 x 8 pooled eye lenses, n.s.: not
SIGNITICANT, rel.: TRIALIVE. .oeeceei e ettt sre e e 163

Figure 8.1: Scheme of free radicals generated by ionising radiation and the non-enzymatic anti-
oxidants that can neutralise them. GSH, a-toco and Asc convert OH™ into H.O, while being oxidised
to GSSG, a-toco radical and DHA respectively. GSH, a-toco, Asc and carotenoids convert O, into
O while being oxidised to respectively GSSG, a-toco radical, DHA and carotenoids radicals. a-
toco: a-tocopherol, a-toco radical: a-tocopheryl radical, GSH: glutathione, GSSG: glutathione
disulphide, Asc: ascorbic acid and DHA: dehydroascorbate anion..........c.ccccoevevveieeieeneseesiesnnn, 174

Figure 8.2: Diagram of the activity of enzymatic anti-oxidants activity in the lens. SOD catalyses
the conversion of O, into H.O,. Subsequently H2O- can be neutralised by conversion into H20,
this is catalysed by CAT or GPx. SOD: superoxide dismutase, CAT: catalase, GPx: glutathione
peroxidase, GSH: glutathione, GSSG: glutathione disulphide.........c..ccccoeiiiiiiiiniiiciiee 175

Figure 8.3: Schematic representation of experimental design used during the anti-oxidants
protection of bovine lens membrane extracts from IR induced oxidative stress study. Section
numbers refer to the material and methods chapter section in which the protocol was described.

GSH: glutathione, LC-MS: liquid chromatography-mass Spectrometry. ........ccccccoveevveveveevennnn, 178

Figure 8.4: Scheme of experimental design of deuterated lipids membrane extract binding
experiment. Section numbers refer to the material and methods chapter section in which the protocol

was described. LC-MS: liquid chromatography-mass SPeCtrometry..........cccoovovvverenenerenenienns 179

Figure 8.5: LC-MS chromatogram of A) the cortical and B) nuclear fraction of bovine lens
membrane extracts to which anti-oxidants were added pre-IR exposure and were left to incubate at
37 °C forl8 days after exposure to 50 Gy. Arrows point to the identified oxysterols using deuterated
210 T 0 PSS 180

Figure 8.6: LC-MS chromatogram of A) the cortical and B) nuclear fraction of bovine lens

membrane extracts to which anti-oxidants were added post-IR exposure and were left to incubate
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at 37 °C forl8 days after exposure to 50 Gy. Arrows point to the identified oxysterols using
deUterated STANUAITS. .........oviiiirieieite et b e ettt bt na e 182

Figure 8.7: LC-MS chromatogram of lens nucleus membrane extracts to which A) tocopherol,
glutathione or ascorbic acid, B) the combination of glutathione and ascorbic acid or glutathione,
ascorbic acid and tocopherol, and C) ascorbic acid and tocopherol, or glutathione and tocopherol
were added, and were left to incubate at 37 °C for18 days after exposure to 50 Gy. Arrows point to
the identified oxysterols using deuterated StaNAards. ............cccoviiriiinineieees e 184

Figure 8.8: LC-MS quantification of the levels of A) a-tocopherol-d6, B) internal cholesterol and
C) internal tocopherol in bovine lens nucleus membrane extracts, and D) a-tocopherol-d6, E)
internal cholesterol and F) internal tocopherol in bovine lens cortex membrane extracts relative to
the levels in bovine lens membrane extracts to which no lipids or solvent was added. Control
represents membrane extracts to which DCM:MeOH was added. Error bars represent standard
deviation. General Linear Model Analysis of Variance followed by Tukey pairwise comparison
post hoc test using time, component-of-interest and location as independent factors and rel. analyte
peak area as dependent factor was applied for statistical analysis, *p< 0.05 n=2, n.s.: not significant,

L I =1 (AT TR 186

Figure 8.9: LC-MS quantification of the levels of A) cholesterol-d6, B) internal cholesterol and C)
internal tocopherol in bovine lens nucleus membrane extracts, and D) cholesterol-d6, E) internal
cholesterol and F) internal tocopherol in bovine lens cortex membrane extracts relative to the levels
in bovine lens membrane extracts to which no lipids or solvent was added. Control represents
membrane extracts containing DCM:MeOH. Error bars represent standard deviation. General
Linear Model Analysis of Variance followed by Tukey pairwise comparison post hoc test using
time, component-of-interest and location as independent factors was applied for statistical analysis,

*p< 0.05 n=2, n.s.: not significant, rel.: relative. ... 187

Figure 8.10: The images display the protein pattern of lens membrane proteins during the binding
of a-tocopherol-d6 or cholesterol-d6 to bovine lens membrane extracts. The most prominent band
visible is AQPO (arrow). Protein identity suggestion was based on proteomics data in the appendix
(appendix table 1 and 2). 15 g protein of 1% (w/v) SDS solubilised lens membrane proteins were
run on SDS-PAGE gels (15% (w/v) acrylamide) and stained with Coomassie Blue. The molecular
weight markers in the first lane of each gel mark respectively 250, 130, 95, 72, 55, 36, 28, 17 and
10 kDa from top to bottom. First row illustrates the cortical fraction and the second row the nuclear
fraction. H: NOUN(S), D: dAY(S). «.vevevereiriieiisiisieste sttt ettt 189
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Figure 9.1: Schematic representation of 19 AGEs identified in human lenses and their precursors.
With age, oxidative stress levels in the eye lens increase and stimulate the formation of advanced
glycation end products from ascorbic acid, glyoxal, methlyglyoxal and Amadori products. GOLA:
glyoxal lysine amide, MG-H1: methylglyoxal hydroimidazolone 1, CEA: N’-carboxyethyl arginine,
MG-H3: methylglyoxal hydroimidazolone 3, CML: NS-Carboxymethyl lysine, CMA: N¢-
carboxymethyl arginine, MODIC: methylglyoxal imidazolimine, THP: tetrahydropyrimidine, CEL:
NS-carboxyethyl lysine, GALA: glycolic acid lysine amide (source: Smuda et al., Biochemistry,
2015, image used with permission of the journal)...........ccooeiiiiiii e 198

Figure 9.2: Diagram of experimental set up of in vitro IR exposure induced advanced glycation end
products formation in 6 month-old bovine lens plasma membrane extracts. Section numbers refer
to the material and methods chapter section in which the protocol was described. SDS-PAGE:
sodium dodecyl sulphate polyacrylamide gel electrophoresis, LC-MS: liquid chromatography mass
SPECIIOMEBIIY. .ot r ettt r e nr e see e r e 200

Figure 9.3: Schematic representation of experimental set up of in vitro IR exposure induced post-
translational modifications in 6 month-old compared with 30 month-old bovine lens lipid
membrane extracts. Section numbers refer to the material and methods chapter section in which the
protocol was described. SDS-PAGE: sodium dodecyl sulphate polyacrylamide gel electrophoresis,

LC-MS: liquid chromatography mass SPECITOMELIY. .....c.cceiveiieieeieie e 201

Figure 9.4: Lens membrane extracts from the cortex and the nucleus of bovine eye lenses were
exposed to 0, 5 and 50 Gy of X-rays. Subsequently, 10 g protein of 1% (w/v) SDS solubilised lens
membrane proteins were run on a SDS-PAGE gel (15% (w/v) acrylamide) and stained with
Coomassie Blue. The most prominent band visible is AQPO (26 kDa, arrow). Protein identity

suggestion made above was based on proteomics data in the appendix (appendix table 1 and 2).

Figure 9.5: LC-MS extracted ion chromatograms of advanced glycation end products 2 hours after

exposure of bovine lens nucleus membrane extracts to 5 and 50 Gy X-rays. ........ccccvverererrennnn. 204

Figure 9.6: LC-MS extracted ion chromatograms of advanced glycation end products 2 hours after

exposure of bovine lens cortex membrane extracts to 5 and 50 Gy X-rays. .......ccccceevrererernennnn. 205

Figure 9.7: Membrane extracts were isolated from lenses of A) 6 month-old and B) 30 month-old
bovine eye lenses. The most prominent band visible is AQPO (26 kDa, arrow). The bands below 26
kDa include crystallins (20 kDa) and breakdown products of AQPO (dashed box). A major product
is indicated (*). The bands above 26 kDa contain vimentin, BFSP1 and AQPO dimers and tetramers

(green box). (Protein identity suggestions made above was based on proteomics data in the appendix
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(appendix table 1 and 2).). 15 g protein of 1% (w/v) SDS solubilised lens membrane proteins were
run on SDS-PAGE gels (15% (w/v) acrylamide) and stained with Coomassie Blue. The black box
encircled fractions were used for immunoblot analysis. BoOC: bovine outer cortex, BolC: bovine

inner cortex, BoON: bovine outer nucleus, BoIN: bovine inner NUCIEUS. ........coeevveeiiveiiiiieeeine, 206

Figure 9.8: Immunoblots of 6 and 30 month-old bovine eye lens membrane extracts. 15 g protein
of 1% (w/v) SDS solubilised lens membrane proteins were run on a SDS-PAGE gel (15% (w/v)
acrylamide). A) Oxyblot showing carbonylated proteins and B) same membrane immunoblotted
with AQPO antibody (1/2000 dilution). Full length AQPO has a molecular weight of 26 kDa (arrow),
with age AQPO protein undergoes complex PTMs involving truncations, and formation of dimers
and tetramers (green box). The inner nucleus, which contains older lens fibre cells than the outer
cortex, has more of these dimers (arrow head). Dashed box in figure 9.7 suggests that besides full
length AQPO, there are breakdown products of AQPO. A major product is indicated (*). The signals
for full length AQPO (arrow) and this major break down product (*) overlap at this exposure. BoOC:

bovine outer cortex, BoIN: DOVINE INNEI NUCIBUS. .......ovveeieeee ettt e e e e e e e 208

Figure 9.9: Immunoblots of 6 and 30 month-old bovine eye lens membrane extracts exposed to 50
Gy X-rays. 15 g protein of 1% (w/v) SDS solubilised lens membrane proteins were run on SDS-
PAGE gels (15% (w/v) acrylamide). A) Oxyblot showing carbonylated proteins and B) same
membrane immunoblotted with AQPO antibody (1/2000 dilution). Full length AQPO has a
molecular weight of 26 kDa (arrow), with age AQPO protein undergoes complex PTMs involving
truncation, and formation of dimers and tetramers (green box). The inner nucleus, which contains
older lens fibre cells than the outer cortex, has more of these dimers (arrow head). Dashed box in
figure 9.7 suggests that besides full length AQPO, there are breakdown products of AQPO. A major
product is indicated (*). The signals for full length AQPO (arrow) and this major break down
product (*) overlap at this exposure. Comparison of the oxyblot and the AQPO signals make the
unequivocal identification of AQPO as a carbonylated proteins impossible and therefore, the identity
of these proteins remains to be determined (red box vs. green box). BoOC: bovine outer cortex,

BOIN: DOVING INNEE NUCIUS. ...ttt ettt e e e e e e et et e e e e e e et e e e e e reennrees 210

Figure 9.10: 20 pg protein of SDS solubilised lens membranes were run on SDS-PAGE gels (15%
(w/v) acrylamide) stained with Coomassie Brilliant Blue. The image shows 6 month-old bovine
cortical and nuclear membrane extracts solubilised with 0, 0.1, 0.5, 1, 2, 4 % SDS. A) Membrane
proteins before solubilisation process, B) supernatant containing the solubilised proteins and C)
pellet containing not solubilised proteins. 1% SDS was selected as the optimal solubilisation
percentage (encircled). The molecular weight markers in the first lane of each gel mark respectively
250, 130, 95, 72, 55, 36, 28, 17 and 10 kDa from top to bottom. The most prominent band visible
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is AQPO (arrow). Protein identity suggestion made above was based on proteomics data in the

appendix (appendix table 1 and 2). BoOC: bovine outer cortex, BoIN: bovine inner nucleus. ... 212

Figure 9.11: SDS-PAGE gels (15% (wi/v) acrylamide) stained with Coomassie Brilliant Blue of
VC1 pull down eluates of A) 6 and B) 30 month-old bovine cortical and nuclear membrane extracts
exposed to 50 Gy X-rays. Protein bands pulled down by the VCL1 resin are encircled. BoIN: bovine
inner nucleus, BOOC: DOVINE OULET COMEX. ...ivuuuiiiiirriiiiiiriiiesssreessssreessssbessssabee s s sbbaeessssbeesssenens 214

Figure 9.12: Protein-protein interaction network and gene ontology analysis of the eight proteins
identified in the 0 and 50 Gy IR exposed 6 month-old bovine lens outer cortex membrane extracts
VCL1 pull down eluate generated using LC-MS and the computer program STRING. Proteins
connected through a line physically interact in vivo, while those that share a similar colour show a
functional interaction. PPI: protein-protein interaction, GO: gene ontology, avg.: average. ....... 216
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List of abbreviations

"NO: nitric oxide

"OH: hydroxyl radical

27-OHC: 27-hydroxycholesterol
4B-OHC: 4B-hydroxycholestrerol

5a, 60-epoxy: Sa, 6a-epoxycholesterol
5B, 6B epoxy: 5B, 6B-epoxycholesterol
7-keto C: 7-ketocholesterol
70-0OH-3-0x0-4-CA: 7a-hydroxy-3-oxo-4-cholestenoic acid
70-OHC: 7a-hydroxycholesterol
7B-OHC: 7p-hydroxycholesterol
A-bomb: atomic bomb

ACN: acetonitrile

ACSEF: artificial cerebrospinal fluid
ACTAZ2: a-actin 2

AD: Alzheimer’s disease

AGEs: advanced glycation end products
ANOVA: analysis of variance

AQPO, MIP: aquaporin 0

ARC: age-related cataract

Asc: ascorbic acid

Avg.: average

AB-peptides: amyloid B peptides

BCA: bicinchoninic acid

BFSP1/2: beaded filament structural protein 1 and 2
BoC: bovine cortex

BoN; bovine nucleus

BSA: bovine serum albumin

CAT: catalase



CDH2: cadherin-2

CEA: N’-carboxyethyl arginine
CEL: Né-carboxyethyl lysine
CLSM: confocal laser scanning microscope
CML.: carboxymethyl lysine
CRYAA: a-crystallin A

CRYBAA4: p-crystallin A4

CT: computed tomography
CTNNBL1: B-catenin

Ctrl: control

CZ: central zone

D: days

DCM:MeOH: dicholoromethane:methanol
DHA: dehydroascorbate anion
DNA: deoxyribonucleic acid
DNPH: 2,4-dinitrofenylhydrazine
DSBs: double stranded DNA breaks
DTT: dithiothreitol

DU: Durham University

e.g.: exempli gratia

e.i.. id est

e : electrons

ENEA: Italian National Agency for New Technologies, Energy and Sustainable Economic
Development

EPR: electron paramagnetic resonance
FA: formic acid

FHL124: fetal human lens-124
FLOTZ2: flotillin-2

GOLA: glyoxal lysine amide

GPx: glutathione peroxidase

GSH: glutathione

GSSG: glutathione disulphide

Gy: Gray
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GZ: germinative zone

h: hour(s)

H': hydrogen radical
H>O: water

H,O,: hydrogen peroxide

HsO*: ionized water

HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

HFBA: heptafluorobutyric acid

HILIC: hydrophilic interaction liquid chromatography
HLECL1: human lens epithelial cells 1

HMGU: Helmholtz Zentrum Miinchen

IAA: iodoacetimide

ICRP: International Commission on Radiation Protection
IPA: isopropanol

IR: ionising radiation

LC-MS: liquid chromatography mass spectrometry
LECs: lens epithelial cells

LFCs: lens fibre cells

LSSU: life sciences support unit

MG-H1: methylglyoxal hydroimidazolone 1
MGMT: methylguanine methyltransferase

Min : minutes

MMPs: matrix metalloproteinases

MoC: mouse cortex

MoN: mouse nucleus

MR: meridional rows

MRM: multiple reaction monitoring

n: amount

Ndrg2: N-Myc downstream regulated gene?2

O.: oxygen

O superoxide

OFZ: organelle free zone
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ONOO: peroxynitrite anion

PBS: phosphate buffered saline

PFA: paraformaldehyde

PHE: Public Health England

PR: peripheral zone

PSCs: posterior subcapsular cataracts
PTMs: post-translational modifications
QTOF: quadrupole Time-Of-Flight
RNS: reactive nitrogen species

ROS: reactive oxygen species

RT: room temperature

s: second(s)

SDS-PAGE: sodium dodecyl sulphate polyacrylamide gel electrophoresis

Shh: sonic hedgehog

SLC2AL: glucose transporter member 1
SOD: superoxide dismutase

Stdev: standard deviation

Sv: Sievert

TBS-T: tris buffered saline-Tween 20
TFA: trifluoroacetic acid

TFIIH: transcription factor 1I1H

TZ: transition zone

UK: United Kingdom

UL.: University of Leuven

US: United States

UV: ultraviolet

VS.: Versus

wt: wild type

a — alpha

a-toco radical: a-tocopheryl radical
a-toco: a-tocopherol

B — beta
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General Introduction
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1.1. lonising radiation in the human population

Awareness and understanding of radiation began in 1895 when Wilhelm Roentgen discovered X-
rays. Since then, radiation has been heavily investigated and besides natural occurring radiation e.g.
radioactive carbon-14 in living organisms and potassium-40 in bananas, man-made radiation
sources have been developed for societal use such as nuclear energy and medical treatment.
However, it also had its repercussions on human health including the crucial sense of sight. The
transparent eye lens that refracts incoming light onto the retina in collaboration with the cornea is

among the most radio-sensitive tissues in the human body (ICRP, 2007, Sievert and Failla, 1959).

1.1.1.  Whatis ionising radiation?
Depending on the amount of energy carried by radiation, absorption of radiation by molecules can

cause the movement of an electron to a higher energy orbital (excitation) or remove an electron
from a molecule (ionisation) (Hall and Giaccia, 1973). The dividing line has been defined based on
the amount of energy required to ionise water (H20), 1216 kJ/mol (Figure 1.1) (Brown et al., 2013).
Radiation that carries more energy than 1216 kJ/mol is referred to as ionising radiation (IR) and
radiation that is able to excite, but unable to ionise H»O is called non-IR. Power lines, radios, cell
phones, microwaves and visible light with long wavelengths are classified as non-IR (Figure 1.1).
Although also non-ionising by definition, the higher spectrum of ultraviolet (UV) (around 150 nm
wavelength) can induce IR-associated damage (Rendic and Guengerich, 2012). X-rays and y-rays

with short wavelengths are IR.

Given that IR can change the structure of atoms and therefore also the structure of the building
blocks of the human body, it can be damaging to human health. Radioactive materials, which emit
a, B, v, X-rays and neutron radiation, are the sources of IR (Hall and Giaccia, 1973, Brown et al.,
2013). Despite being unable to penetrate human skin, a-particles interact strongly with
biomolecules and are a health hazard when ingested, e.g. Alexander Litvinenko was poisoned by
polonium-210 (Scott, 2007).

B-particles, e.g. released by strontium-90 found in nuclear energy waste, can infiltrate a few layers
into the skin (Jacobsen et al., 1958). However, similar to a-particles, most damage from B-particles
occurs through internal contamination (Harrison and Stather, 1996). y- and X-rays, both emitted by
radon, can easily migrate through the human body and pose a serious external health hazard
(Graupner et al., 2017). Emitted by nuclear fission or cosmic radiation, neutron radiation has the
least ionising power. Although it cannot easily ionise biomolecules, neutron radiation renders other

molecules radioactive (Hall and Giaccia, 1973).

37



NON-IONIZING IONIZING

Wavelengths L | ' , , ' L
in meters » T
10 10

AN VavYa i
000000606

Radio &
Power Lines Cell Phones  Microwave Infrared Visible Ultra Violet X-ray Gamma ray

Less Energy More Energy q

Figure 1.1: Diagram showing different sources of non-IR (power lines, radio and cell phones,

microwaves, infrared and visible light) and IR (X- and y- rays) used for the benefit of society. Non-IR
sources have long wavelengths and thereby also less energy, while ionising radiation sources have
short wavelengths and more energy. Although also non-IR by definition, the higher spectrum of
ultraviolet (around 150 nm wavelength) can induce IR-associated damage. (Source Mirion

Technologies website, 02/01/2020, used with permission of the company).

1.1.2. IR ineveryday life and the societal benefits
IR is measured using two units, gray (Gy) and sievert (Sv). While Gy represents the absorbed dose

by the human body, Sv is defined as the effective dose because it also accounts for the damaging
level of the radiation type and the sensitivity of the exposed body part (Charles, 2001). Annually,
each person on earth is exposed to natural background radiation of averagely 2.4 mSv per year
(Charles, 2001) (Figure 1.2). The main sources of this natural background radiation are cosmic
radiation, radioactive gases in the air, alimentation, radionuclides found in rocks and soil, and
account for approximately 80% of the radiation each individual is exposed to (Mc Laughlin, 2015).
The other 20% is from man-made sources used during medical treatment.

1.1.2.1. Medicine
In the medical field, non-IR and IR sources are used during diagnostics and therapeutics (Institute-

of-Medicine, 1996). Non-IR are mainly used during diagnostics and applied external to the patient
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i.e. magnetic resonance imaging and ultrasounds. Furthermore, in diagnostics, IR can be
administered external or enteral. In radiology the core objective is to generate high resolution
anatomical images and this is achieved by external administration of X-rays (Figure 1.2). On the
other hand, radiopharmaceuticals that are injected into the human body and emit y-rays are used in

nuclear medicine, which aims to analyse physiologic functions.

Analogous to diagnostics, the use of IR in therapeutics is classified based on the whether the IR
source is implemented inside or outside of the patient. In the radiation oncology medical field,
cancer patients are treated with external X-rays and cobalt-60 y-rays sources (Institute-of-Medicine,
1996). This is called teletherapy. Internal sources are used during brachytherapy and therapeutic
nuclear medicine. Whilst in brachytherapy sealed sources of radionuclides, e.g. ceasium-137 and
iridium-192, are placed specifically into the target tissue or body cavities, in the therapeutic nuclear
medicine unsealed radionuclides, e.g. iodine-131 and strontium-89, are injected into the body and

migrate to the desired tissue.

1.1.2.2. Security and safety
X-rays have been used to scan objects for a long time in airports. However, since 9/11 body scanners

were gradually introduced to enhance airport security. These body scanner operate mainly based on
backscatter X-rays, though also transmission X-ray system is applied to examine suspected
smugglers (Vogel, 2010). Another way IR is used to assure security is the use of americium-241 in
smoke detectors (Bramlet, 1978). This isotope emits a-particles which ionises the air between two
electrodes inside a smoke detector, the presence of smoke interrupts this flow of current and
therewith signals danger. Furthermore, X- and y-rays are used to eliminate bacteria in food and
extend its shelf life (Ravindran and Jaiswal, 2019), and to sterilise medical and laboratory

equipment (Harrell et al., 2018).

1.1.2.3. Energy
With fossil fuels reserves decreasing, new sources of energy are in high demand (Armaroli and

Balzani, 2007). Fission of uranium-235 in nuclear power plants producing low-carbon energy offers

a solution to this request, while limiting the cost of energy production (Figure 1.2).
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Figure 1.2: Sources of IR people are exposed to during their everyday life. Left side represents
artificial radiation people are exposed to and the absorbed dose at each region is described in Gy,
right side describes the natural background radiation and the effective dose a person is exposed to
per year is illustrated in mSv. https://www.env.go.jp/en/chemi/rhm/basic-info/1st/02-05-12.html,

02/01/2020, used with permission of website owners.

1.1.3.  Radioprotection principals
The negative effects of radiation exposure on health are wide-raging. The international commission

on radiation protection (ICRP) classified these into deterministic and stochastic effects for the
purpose of regulating exposure dose limits (Hamada and Fujimichi, 2014). Stochastic effects were
defined as biological events arising as a function of dose without threshold (Beck, 1982). Effective
dose limits were suggested to minimise the probability of these stochastic effects occurring and
were based on the assumption that these manifest through a linear no-threshold dose-response
model. Cancer development and hereditary diseases were included in this category (Walker et al.,
1989). Deterministic effects, also called tissue reactions, were identified as detrimental biological
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activities that vary with dose and are tissue-specific, but all appear only above a certain dose
threshold (ICRP, 1991). The proposal of equivalent dose limits focused on preventing these tissue
effects by establishing the dose threshold for individual organs and tissues including dose limits to

avoid vision impairing cataracts in eye lenses (Stewart et al., 2012).

To minimise these negative radiation effects, the ICRP introduced three fundamental principles to
ensure effective radiation protection (Do, 2016, ICRP, 2007). The principle of justification
emphasises that every change applied in radiation exposure should have a beneficial impact, and
the principle of optimisation highlights the levels of radiation should be kept as low as reasonably
achievable, while also considering social and economic factors. For planned exposures, the
principle of dose limit applies, meaning that no individual should be exposed to more than the ICRP

recommended thresholds excluding during medical treatment.

1.1.4.  Epidemiology of IR-induced cataracts
Cataract is the opacification of the eye lens which leads to a progressive decrease of the eyesight,

and is the main cause of blindness in the world (Roodhooft, 2002) (Figure 1.3A). A small fraction
of these cataracts is inherited and congenital, however most cataracts are a consequence of multiple
factors and develop later in life (Graw, 2004, Shafie et al., 2006). The cataractogenic load is defined
as the combination of the genetic factors, lifestyle choices and environmental processes such as IR
that contribute to gradual cataract development (Uwineza et al., 2019). Based on the location in the
lens where the opacities appear, cataracts are classified into nuclear, cortical and posterior
subcapsular cataracts (PSCs) (Heyworth et al., 1993, Heruye et al., 2020) (Figure 1.3B, C and D).
Progressive opaqueness appears at the centre of the eye lens in nuclear cataracts, while in cortical
cataracts opacities are observed in the outer layers of the eye lens and clouding towards the back of

the eye lens is noted in PSCs.
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Figure 1.3: The clouding of the eye lens, also known as cataract, causes decreased vision. A) Left, image
seen by a person with healthy eve lenses and right, the same image seen by a cataract patient. Cataracts are
classified based on the location of where the clouding appears: B) in nuclear cataracts the clouding is
observed at the centre of the eye lens, C) in cortical cataracts the loss of transparency appears in the outer
layers of the eye lens and D) in poster subcapsular cataracts the clouding is identified at the back of the eye

lens. Figure adapted from Heruye et al. 2020, Pharmaceuticals.

Although IR caused enormous progress in the medical field (Figure 1.2), shortly after the discovery
of radiation, the first IR-induced cataracts in humans were reported (Chalupecky, 1897). The first
epidemiological data showing association between cataractogenesis and IR appeared in 1949 based
on atomic bomb survivors and cyclotron workers (Cogan et al., 1949, Abelson and Kruger, 1949).
Consequently, the ICRP recommended lens dose exposure limits (ICRP, 1955). Investigation of the
prevalence of cataract in a cohort of radiation therapy patients showed that while patients exposed
to radiation < 1.3 Gy did not develop cataracts, lens opacities were observed in patients acutely
exposed to > 1.3 Gy (Merriam and Focht, 1957). Therefore, cataracts were classified as tissue
effects, i.e. cataracts only developed above a certain threshold and the severity increases in a dose-
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dependent manner, with threshold for detectable lens clouding of 2 Gy for acute and 4 Gy for
fractioned exposure (ICRP, 1991, ICRP, 2007, Edwards and Lloyd, 1998).

Reanalysis of the Merriam and Focht study showed that a limited cohort (20 patients) received a
dose < 2 Gy, and that the monitoring time was 8 years post-IR on average, which only allowed the
detection of early onset IR-induced cataracts (defined as < 10 years latency period, (Hamada et al.,
2019)) (Shore, 2016). Further reinvestigation of other datasets, improved dosimetry systems and
statistical analysis, animal experimental work and epidemiological studies focused on lower doses
IR effects suggested a correlation between cataractogenesis and IR exposure at doses < 2 Gy
(Ainsbury et al., 2009, Shore, 2016, Shore et al., 2010).

1.1.4.1. Atomic bomb survivors
Systematic ophthalmologic examination of 873 atomic bomb (A-bomb) survivors up to 55 years

after exposure showed that IR-induced cataracts appeared as early and late onset effects (Miller et
al., 1967, Choshi et al., 1983, Minamoto et al., 2004). This cohort included survivors who were <
15 years old at exposure and were exposed to doses < 2 Gy. Using a standardized opacity scoring
system, they reported association between exposure to IR and cortical cataract and PSC at doses as
low as 1 Sv in contrast to nuclear cataracts for which no link with IR exposure was observed. A
long-term follow-up of non-cancer diseases in 10000 A-bomb survivors study showed higher
prevalence of cataracts among these individuals over the period of 1958 - 1998 in comparison with
the general Japanese population (Yamada et al., 2004). Using an updated data set, an upgraded
dosimetry system and lens photographs analysed by a single ophthalmologist for better
standardisation of cataract diagnosis, a threshold of 0.6 Sv was estimated for PSC and 0.7 Sv for
cortical cataracts, both showing statistically significant association with IR in contrast to nuclear
cataracts (Nakashima et al., 2006). Moreover, in the same study an inverse association between age
at exposure and risk for PSC was observed. In 2007, a linear dose response with no threshold for
IR-induced cataractogenesis was determined using a cohort of 3761 A-bomb survivors in which

479 surgical-cataract cases were documented (Neriishi et al., 2007).

1.1.4.2. Occupational workers
Chernobyl clean-up workers (n= 8600) examined 12 to 14 years after exposure revealed that 25%

of the cohort developed cortical or subcapsular cataracts (Worgul et al., 2007). Dose reconstruction
studies showed that 95% of these individuals were exposed to < 0.5 Gy y-rays and B-particles
(Chumak et al., 2007). Similar to Nakashima et al.’s study, this clean-up worker cohort showed that

those exposed at a younger age were at a higher risk of developing catarats .

Astronauts, flight attendants and pilots are exposed to higher levels of cosmic radiation than the
general public. Among 295 national aeronautics and space administration astronauts wearing a
personal thermoluminescence dosimeter for total exposure dose estimation, higher prevalence of

cataract was observed in astronauts exposed to doses > 8 mSv in comparison with those exposed to

43



lower doses (Cucinotta et al., 2001). During a follow-up study in which the IR dose was not
mentioned, a computer software was used to compare lens images of 171 astronauts who went into
space at least once to those that did not (n= 95) and 99 members of the military (Chylack et al.,
2009). This showed an increased incidence of PSC among astronauts who went into space. A
separate study analysing the occurrence of cataracts in aviation relative to space crew showed that
although cataract incidence was higher among astronauts, the average age of onset was significantly
lower in the United States (US) Air Force and Navy pilots (Jones et al., 2007). Interstingly, in a
group of 445 commercial airline pilots nuclear cataracts were significantly elevated among pilots
exposed to cosmic radiation compared to age-matched controls (non-pilots) (Rafnsson et al., 2005).

A long-term study in which of 35705 US radiation technologists were monitored by questionnaires
over 19.2 years showed that their eye lenses were exposed to averagely 0.028 Gy (range 0.005 -
0.06 Gy). Although these doses were far short of the ICRP recommended threshold, an association

between IR exposure and PSC and cortical cataracts was noted (Chodick et al., 2008).

1.1.43. Medical treatment
One of the initial reports showing association between medical treatment and low dose IR-induced

cataract was in 1968 during which comparison of 234 children treated with X-rays for scalp
ringworms to 232 children who did not receive X-rays treatment showed that minor opacities
appeared earlier in the eye lenses of children exposed to 0.5 Gy (Albert et al., 1968). A group of 20
individuals treated with radium-226 for skin hemangioma in and around the eyelid at a mean age
of 6 months were examined 30 - 45 years post-IR exposure for lens opacities (Wilde and Sjostrand,
1997). Dose-dependent PSC and cortical cataracts were observed with PSCs even appearing on
sites that received estimated doses of 0.1 Gy. Later, a bigger cohort of 484 Swedish patients with
skin hemangiomas treated with radium-226 and 89 controls showed that 37% of the cohort that
received radiation therapy developed PSCs and cortical cataracts, while this was equal to 20% in
controls at a mean age of 46 years (range 36 - 54 years) (Hall et al., 1999). Dose estimation suggest
that the lenses of these skin hemangiomas were exposed to an average of 0.4 Gy y-rays (range 0 -
8.4 Gy) (Lundell, 1994, Shore et al., 2010).

These epidemiological studies showing that doses of < 2 Gy are also linked to cataractogenesis
encouraged the ICRP to report that the lens is among the most radiosensitive tissues in the human
body. Moreover, they lowered the occupational equivalent dose limits for the lens from 150 to 20
mSv per year averaged over a 5 years period, with no single year exceeding 50 mSv (ICRP, 2007,
Stewart et al., 2012). The ICRP currently recognises cataracts as tissue effects with a nominal
threshold of 0.5 Gy independent of the dose rate (Figure 1.4). Following consultation, 20 mSv per
year dose limit for the eye lens during occupational exposure was incorporated into European Union

Basic Safety Standards (Mairs, 2016) and is still being considered elsewhere.
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Figure 1.4: Timeline marking important moments in IR-induced

cataract research.

1.1.4.4. Current development in radiation cataract epidemiology
Since the 2011 ICRP report, more studies with larger cohorts and longer follow-up time have been

conducted in patients receiving medical treatment including radiotherapy and occupational workers.

The association between head and neck computed tomography (CT) scans and cataractogenesis was
investigated in a cohort of 2776 Taiwanese patients with head, neck or brain tumours, aged between
10 and 50 years, who received one to four CT scans relative to a 27761 control group who did not
undergo a CT scan (Yuan et al., 2013). Although the dose absorbed by the eye lens during a CT
scan was unknown, estimated values for a head CT are 0.01 — 0.06 Gy depending on the protocol
and equipment used (Michel et al., 2012). Analysis of 10-year follow-up data showed that cataract

surgery and medication was more prevalent in the exposed group, and that the occurrence of
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cataracts increased with number of CT scans. Childhood cancer survivors in the US with a mean
age of 8.3 years at the time of treatment were followed-up during 21.4 years (Chodick et al., 2016).
The eye lenses of these 13902 patients received on average 2.2 Gy (range 0 — 66 Gy) IR. Based on
self-reports, a linear dose response was observed in the radiation exposed patients. Notably, this
study reported that the latency period decreased with increasing dose. A total of 8221 thyroid cancer
patients who were on average 43 years old when being treated, were followed up for 6 to 10 years
(Linetal., 2016). 69% were treated with iodine-131 and their eye lenses received an estimated dose
of 0.06 Gy. No increased risk for cataract surgery was observed among the group treated with
iodine-131. In comparison to other studies, this study has a limited incubation time and further
follow-up would be interesting to verify if this lack of association continues.

Strikingly, during a nationwide study in France, 60% of the interventional cardiologist were found
to exceed the occupational eye lens dose limit of 20 mSv per year. The eyes of these 106
interventional cardiologist and 99 age and sex-matched controls were examined to determine the
cataract risk for interventional cardiologist (Jacob et al., 2013). The mean age of this cohort was 51
years and retrospective dose estimations indicated that their eye lenses were exposed to averagely
0.423 Gy (range 0.025 - 1.6 Gy). Results showed that the risk to develop PSCs was higher among
interventional cardiologist compared to the control group. However, no association between IR and
nuclear or cortical cataracts was noted. In China, 1401 radiographers exposed to a mean of 70 mSv
(range 0 - 236 mSv) and 1878 unexposed workers were examined regularly by ophthalmologists as
part of their employee medical program (Lian et al., 2015). The risk for PSC, cortical and mixed
cataracts development was higher in the radiographers compared to the unexposed group, however,
PSCs were the most widespread among the radiographers. A cohort of 67246 US technologists that
absorbed an estimated cumulative dose of 0.0557 Gy (range 0.0236 - 0.069 Gy) over 5 years was
examined for cataract risk with periodic questionnaires (Little et al., 2018), this study showed a

clear association between IR exposure and cataract at doses < 0.1 Gy.

The first report showing an association between nuclear cataracts and IR in a large cohort was a
study including 22377 occupational workers in the Mayak Production Association who received an
annual eye examination for averagely 30 years (Azizova et al., 2016). Regrettably, the doses the
eye lens were exposed to were unavailable (Khokhryakov et al., 2013). Hence, absorbed dose at a
point of fixation of a radiation dosimeter on the body was used to estimate the dose. During a mean
time of employment of 14 and 15 years, a cumulative dose of 0.46 and 0.54 Gy for female and male
respectively was measured. The risk PSC, cortical and nuclear cataract showed a linear increase
with dose (Azizova et al., 2018, Azizova et al., 2016). Furthermore, cataracts were more frequent

among women than men.
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Background radiation is generally perceived as low risk (ICRP, 2007). However, comparison of
lens opacities in 479 high natural background radiation region residents with 462 people living in a
low background radiation region in china showed that the prevalence of PSC and cortical cataracts
was higher in the high natural background radiation region population (Wang et al., 2016a). At time
of diagnosis, the average age of the examined group was 66 years. Lenses of people living in high
natural background radiation region received a cumulative dose of 141 mSv, while this was 43 mSv
in residents of low natural background radiation region population.

1.1.45. Sources of uncertainty in epidemiological data
Although epidemiological data offer a substantial amount of information, some aspects challenge

the value of the data and render data comparison difficult. Some studies used cataract surgery as
measure of vision impairment (Yuan et al., 2013, Lin et al., 2016, Neriishi et al., 2007), while others
employed the lens opacity classification system to grade lens clouding (Merriam and Focht, 1957,
Nirmalan et al., 2004). This grading was sometimes performed manually by a single or several
ophthalmologists (Yamada et al., 2004, Nakashima et al., 2006), or automatically by Scheimpflug
imaging (Birkeldh et al., 2015). Similarly, the dosimetry is not consistent between epidemiological
investigations and in some reports this was self-reported. At low doses, the contribution of
variations in dosimetry to uncertainty increases and the introduced errors could prevent the
detection of a true event (Gilbert, 2009).

Collectively, all these epidemiological studies confirm that the eye lens is a radio-sensitive tissue
and associate IR mainly with PSCs. Although in the past nuclear cataracts were not linked with IR-
induced cataractogenesis, a recent study with a large cohort and long follow-up period suggests the
contrary (Azizova et al., 2018). Moreover, the more current studies emphasise the need for further
investigation concerning the classification of cataracts as tissue effects with no dose rate effect.
Factors that affect radio-sensitivity of the eye lens such as sex and age at exposure warrant more
attention (Hamada et al., 2019). However, only in combination with a profound understanding of
the biological mechanisms underlying these IR-induced cataracts will epidemiological data
facilitate the refinement of the current ICRP recommendations and possibly the development of

novel therapies for IR-induced cataracts.
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1.2. The eye lens

Retina

Optic nerve
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Figure 1.5: Diagram of the eye. Adapted from Uwineza et al. 2019, Mut. Res.

1.2.1.  Anatomy and development
The eye lens is located between the cornea, sclera, aqueous humour on the anterior side and the

vitreous humour and the retina on the posterior side (Figure 1.5). Cornea and sclera protect the eye
from harmful components (Kolb, 1995), the agueous humour maintains the intraocular pressure and
contains nutrients for the surrounding tissue and the iris is a muscle that modifies the size of the
pupil to regulate the amount of light entering the eye. The vitreous humour sustains the spherical
structure of the eye. In collaboration with the cornea, the eye lens focuses incoming light onto the
retina which translates this light into electrical signals. Through the optical nerve, these signals

migrate to the brain and are translated into an image.

In humans, 4 to 5 weeks after fertilization (Carnegie stage 13 - 15) a lens vesicle is formed from
the overlying ectoderm (Oguni et al., 1994, Hamilton, 1949, Pearson, 1980). Posterior lens
epithelial cells (LECs) differentiate into primary lens fibre cells (LFCs) and fill the lens vesicle.
Around 8 weeks post fertilization (Carnegie stage 21 - 22) lens vesicle formation is complete and

lens polarity is established. During development, the cells in the LECs monolayer migrate from the
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anterior surface towards the lens equator. Proliferation of these cells peaks in the germinative zone
of the LECs layer, the daughter cells migrate and differentiate into LFCs (Rafferty and Rafferty,
1981, Srinivasan and Harding, 1965). This process is extremely active during prenatal development
as a logarithmic increase in lens size is observed until soon after birth, thereafter the growth of the
lens is linear (Augusteyn, 2007, McAvoy et al., 1991). The underlying mechanisms of this sudden
decrease in proliferation are not fully understood.

To maintain transparency and elasticity, vital properties for the lens function, the LECs layer is
covered by a capsule, a transparent basement membrane with collagens that contribute to the
elasticity of the lens (Wormstone and Wride, 2011). Furthermore, after LECs have differentiated
into LFCs, they internalise at the lens equator and elongate in the direction of the anterior and
posterior poles, and pack uniformly as a result of their hexagonal structure (Pearson, 1980, Menko
et al., 1984). Simultaneously, intracellular organelles are degraded leading to the formation of an
organelle free zone (OFZ) in mature LFCs and highly organised crystallins fill the cytoplasm of
these cells (Delaye and Tardieu, 1983). Throughout a lifetime, LFCs are not degraded, moreover
the formation of new LFCs continues. The youngest LFCs are found in the cortex alongside the
lens epithelium. The oldest cells are in the centre together with the primary LFCs in the core of the
lens, which is known as the nucleus. Completely depleted of cell organelles, these cells have to be
supplied with nutrients, ions and water. A circulation system established by gap junction, water
channels and Na*/K* pumps that removes waste at the lens equator and distributes ions and nutrients
at the central anterior has been suggested (Donaldson et al., 2001, Mathias et al., 2010).
Measurements with the “C bomb-pulse technique support the latter hypothesis given that younger
water-soluble proteins were detected in the nucleus, together with older water-insoluble proteins
(Stewart et al., 2013).

1.2.2.  Physiology and metabolic activity
The lens is a closed, avascular system with limited protein and lipid turnover. To assure these

proteins and lipids can last a lifetime, highly specialized systems are present in the lens:

Establishing the OFZ is necessary for transparency. However, this restricts transcription and
translation to the lens epithelium and the outer layers of the cortex and minimizes the metabolic
activity in the inner layers of the cortex and the nucleus (Zhu et al., 2010, Scharf et al., 1987, Dovrat
et al., 1984). The LECs and outer LFCs are metabolically active and provide metabolic support to
the rest of the lens (Donaldson et al., 2009). To enable this, cytoskeletal proteins optimise cell-to-
cell organisation. Vimentin, beaded filament structural protein 1 and 2 (BFSP1/2) are the most
highly expressed cytoskeletal proteins in the eye lens (reviewed by (Song et al., 2009)). BFSP1/2
help preserve the membrane organisation of LFCs and hereby also mediate the packing of LFCs
(Sandilands et al., 2003). Defects in vimentin leads to aberrations in the shape and size of LFCs

(Matsuyama et al., 2013), consequently disturbing the hexagonal structure required for transfer of
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molecules between cells. Optimal cell-to-cell organisation permits cell-to-cell communication via
connexins that form gap junctions for nutrient transport, AQPO to establish water channels, and
Na*/K* pumps and K* channels to collectively generate a negative electromotive potential
(Donaldson et al., 2017, Donaldson et al., 2001, Mathias et al., 2010). While cytoskeleton proteins
maintain cellular organisation, crystallins safeguard intracellular organisation. Ninety percent of
the proteins present in the lens are a-, B- and y- crystallins (Sharma and Santhoshkumar, 2009,
Hoehenwarter et al., 2006). The high concentration and tight order of these water-soluble, long-
lived, proteins in LFCs is essential for the transparency and refractive index of the lens (Delaye and
Tardieu, 1983). In addition to their structural activity, a-crystallins function as a molecular

chaperone, preventing protein misfolding (Horwitz, 1992).

The functionality of these long-lived proteins can last a lifetime due to the various protective
mechanisms that maintain a low oxidative stress environment in the lens. Firstly, the lens has low
oxygen levels relative to other tissues (Brennan et al., 2012, McNulty et al., 2004). The levels of
oxygen at the anterior side is 14 mm Hg and this gradually decreases across the lens (Helbig et al.,
1993), oxygen levels < 8 mm Hg have been measured on the posterior side of human lenses
(Holekamp et al., 2005). On the anterior side of the lens reside the cells that still have cell organelles;
these consume 90% of the oxygen in the lens and hereby limit the oxygen levels in the other parts
of the lens (McNulty et al., 2004). Secondly, the lens membrane provides protection through
changes in the lipid composition over time (reviewed by (Borchman and Yappert, 2010)). Human
lens membranes contain mainly the phospholipids phosphatidylethanolamine, sphingomyelin,
dihydrosphingomyelin, and a high concentration of cholesterol (Talbott et al., 2000, Huang et al.,
2005, Rujoi et al., 2003). The levels of dihydrosphingomyelin and cholesterol increase with age
rendering the membrane more rigid and less permeable for oxygen (Plesnar et al., 2018, Huang et
al., 2005, Mainali et al., 2017, Sargis and Subbaiah, 2006). Lastly, when oxidative stress penetrates
through the lens, an extensive antioxidant system is present to combat this. This anti-oxidant system
encompasses free-metal binding proteins; scavengers of free radicals including carotenoids,
glutathione (GSH), vitamins C (ascorbic acid), vitamin E (tocopherol), thioredoxin, peroxiredoxins,
GSH peroxidase, catalase, superoxide dismutase and GSH reductase; enzymes that mediate the
synthesis of these anti-oxidants; and chaperone proteins and thioltransferases that limit aggregation
of oxidized proteins (reviewed by (Brennan et al., 2012, Shang et al., 2001)). Tocopherol also

provides a defense mechanism for the lipids.
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1.3. Factors and mechanisms increasing the cataractogenic
load

The efficiency of the protective mechanism declines with age and thus, oxidative damage builds up
in cells. Most cell types break down the damaged biomolecules through upregulating the synthesis
of nucleases, lipases, proteases and glycosidases, and processes such as autophagy and proteasome
pathway (reviewed by (Dennis, 2015)). However, cells without a nucleus such as mature
erythrocytes and LFCs in the OFZ can make only limited use of this (reviewed by (Uwineza et al.,
2019, Kaestner and Minetti, 2017)). Erythrocytes are continuously replaced, in contrast to the LFCs
that last for life (Mathieson et al., 2018). Therefore, over time, biomolecules in the lens accumulate
damage (Figure 1.6). As a result, in the 5" decade of life, a large part of the human population
develop presbyopia i.e. gradually lose the ability to focus on close objects (Weale, 1962, Glasser
and Campbell, 1998).

DNA damage
Cellular proliferation
LECs disorganisation
PTMs and protein
aggregation

» Anti-oxidant system Lipid oxidation

» DNA repair
» Limited oxygen transport

Figure 1.6: The cataractogenic load is defined as the combination of the genetic factors, lifestyle

YV V V VY

Y

choices and environmental processes that contribute to gradual cataract development With age the
protective mechanism in the eye lens (e.g. anti-oxidant system, DNA repair and limited oxygen
transport) cannot tackle the damage occurring to the biomolecules (e.g. DNA damage, abberant
cellular proliferation, disorganisation of LECs PTMs including protein aggregation and lipid

oxidation), hence the cataractogenic load increases.
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1.3.1.  Damage to the lens epithelium
Deoxyribonucleic acid (DNA) damage can be repaired by non-homologous and homologous end

joining, base and nucleotide excision repair, and mismatch repair (Hamada and Fujimichi, 2015,
Kinsella, 2009). LECs express more than 92 genes involved in DNA repair (Wang et al., 2017b).
With increasing age, their expression decreases and DNA damage accumulates (Figure 1.6).
Accordingly, expression of the DNA repair gene methylguanine methyltransferase (MGMT),
involved in the maintenance of genomic stability, was shown to be repressed through
hypermethylation in the promotor region of the gene in lenses of people with age-related cataract
(ARC) (Li et al., 2014a). Epigenetic studied also demonstrated that UVB light (1000 J/m?), present
in sun light, induced hypermethylation in the promotor region of the DNA repair gene ERCC6 and
therewith repressed its transcription (Wang et al., 2016b).

Correlatively, increased double stranded DNA breaks (DSBs) have also been measured in ARC
lenses compared to transparent lenses (Schurman et al., 2012). On the cellular level, an age-related
decrease in cell proliferation and cell density have been observed in the lens epithelium
(Guggenmoos-Holzmann et al., 1989, Dawes et al., 2013). Furthermore, in older humans, the

cellular organisation in the meridional rows is gradually lost (Wu et al., 2015).

1.3.2.  Protein damage
Around the 5" decade of life, an increasing amount of soluble proteins becomes membrane

associated in the lens such as the age-dependent accumulation of a-crystallins on lens membranes
(Borchman and Tang, 1996). Therewith, their chaperone activity is gradually lost and
simultaneously a decrease in lens transparency is observed (Donaldson et al., 2017). Post-
translational modifications (PTMs), including isomeration, racemisation and truncations, have been
shown to be the cause of the observed insolubilisation and aggregation of crystallins (Michael and
Bron, 2011, Yanshole et al., 2013). Some amino acids are intrinsically unstable and are subjected
to spontaneous isomerisation, deamidation and racemisation (Zhu et al., 2018, Hooi and Truscott,
2011) (Figure 1.6). The site of these PTMs depends on the cellular environment, and secondary
structure, tertiary structure and sequence of the amino acids (Fujii et al., 2018). The accumulation
of all the aforementioned spontaneous PTMs in the long-lived lens proteins is associated to ARC
(Lampi et al., 2014, Hooi and Truscott, 2011, Lyons et al., 2014). Although glycation of proteins
and protein oxidation occurs at an order of magnitude lower than isomerisation, deamidation and
racemisation (Truscott and Friedrich, 2016), they are also associated with ARC (Nagaraj et al., 2012,
Truscott and Augusteyn, 1977, Smuda et al., 2015). The concentration of advanced glycation end
products (AGESs) is very low in human non-cataractous and cataractous lenses (Smuda et al., 2015),
and sample enrichment for these adducts is required to enable their investigation (Degani et al.,
2017, Smuda et al., 2015) in contrast to isomerisation, deamidation, racemisation and protein

oxidation which can be detected with standard enzymatic protein digestion and mass spectrometry
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(Fujii et al., 2012). Furthermore, changes in metabolic activities such as age-related increase in
calcium concentration can also contribute to increased PTMs in lens proteins (Tang et al., 2003a),
e.g. culturing rabbit lenses in medium with high concentrations of calcium induced formation of
high molecular weight proteins and lens clouding (Giblin et al., 1984). Besides crystallins, also
PTMs in other proteins present in much lower concentration, such as calcium-induced aggregation

of cytoskeleton (Clement et al., 1998), can also lead to cataractogenesis (Clark et al., 1999).

1.3.3. Lipid damage
The lipidome is a target for oxidative stress (Figure 1.6). Glycerophospholipids such as

phosphatidylethanolamine are more prone to oxidation than sphingomyelin (Oborina and Yappert,
2003). Over time, glycerolphospholipids, lysophosphatidylethanolamines excluded, decrease
simultaneously with the increase of sphingomyelin and dihydrosphingomyelin (Huang et al., 2005)
and cholesterol (de Vries et al., 1991). In line with this, it has been hypothesised that over the years
oxidized glycerophospolipids are broken down and replaced by sphingomyelins and cholesterol
(Borchman et al., 2004). The presence of phospholipase A2 that is able to recognise oxidised lipid-
induced modifications in membrane structure and eliminate these supports that hypothesis
(Noordam et al., 1982). The impact of the increased levels of sphingomyelin and cholesterol has
been debated. While some research groups have claimed that the augmentation of sphingomyelin
and cholesterol in lens plasma membrane leads to light scattering because of the increased
membrane stiffness (Huang et al., 2005, Tang et al., 2003b), others suggest a protective role due to
decreased oxygen permeability of the membrane (Girao et al., 1999, Plesnar et al., 2018, Mainali
et al., 2013). Supporting the latter claim is that increased levels of cholesterol oxidation products
are associated with ARC (Girao et al., 1998).

Lipids and proteins do not function in an isolated system e.g. the age-related increase of
sphingomyelins and cholesterol reduce the permeability of AQPO (Tong et al., 2013). How the
interactions between lens lipids and lens proteins are affected by the age-related changes is not fully

understood.

1.3.4.  Anti-oxidants
As mentioned before, the lens has an extensive anti-oxidant system (reviewed by (Pescosolido et

al., 2016)). The efficiency of this anti-oxidant system declines with time due to the decreased
expression of anti-oxidant enzymes and reduced levels of non-enzymatic anti-oxidants (Figure 1.6)
(Giblin, 2000). Curiously, around the 4™ decade of life the diffusion of the main anti-oxidant, GSH,
from the cortex into the nucleus stops (Sweeney and Truscott, 1998). The formation of this
glutathione barrier correlate(Eldred et al., 2011)s with increased protein oxidation in the lens
nucleus observed in age-related nuclear cataracts (Sweeney and Truscott, 1998, Truscott and
Friedrich, 2016).
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1.3.5.  Mechanisms underlying different types of cataracts
Cataract is a multifactorial disease (Uwineza et al., 2019). As mentioned above in section 1.1.4,

based on the location the opaqueness appears, it is classified in PSC, nuclear and cortical cataracts
(Heyworth et al., 1993). Nuclear cataracts are mainly caused by increased oxidative stress in the
lens nucleus induced by the glutathione barrier that forms around the 4™ decade of life (Sweeney
and Truscott, 1998, Truscott, 2005). Increased protein oxidation leads to the accumulation of
insoluble proteins and high molecular weight aggregates, this prevents the eye lens from focussing
light on the retina by eliciting light scattering and loss of elasticity (Michael and Bron, 2011). The
molecular basis of cortical cataracts is mostly associated with increased membrane permeability
(Michael and Bron, 2011), which could be a consequence of lipid peroxidation (Girao et al., 1999,
Mainali et al., 2015). With age, increased permeability to sodium and calcium dysregulates AQPO
water channels, Na*/K* pumps and stimulates protein aggregation and proteolysis leading to light
scattering (Németh-Cahalan et al., 2013, Michael and Bron, 2011, Borchman and Yappert, 2010).
The molecular mechanism predominantly associated with PSCs is aberrant LFCs differentiation
(Michael and Bron, 2011). Although each type of cataract has been chiefly associated with
irregularities in specific biological processes, most aetiologies are interlinked with all cataracts e.g.
abnormalities in the molecular and cellular organisation of the lens epithelium (Eldred et al., 2011).
The type of cataract developed by individual depends on the cataractogenic risk factors individuals

are exposed to during their lifetime.

1.3.6.  Mechanism via which IR adds onto the cataractogenic load
A prime example of environmental factors contributing to cataractogenic load is IR (Uwinezaet al.,

2019). Epidemiological data have clearly shown an association between cataract and IR (Shore et
al., 2010). Moreover, this data suggest that the lens cortex is more affected by IR than the lens
nucleus, IR dose is inversely correlated with latency period, and sex- and age-dependent response
to IR (Hamada et al., 2019). While in the past the main focus was on the aftermath of horrible events
such as Chernobyl and the A-bomb, currently, research chiefly concentrates on the effects of
occupational and medical exposures (Azizova et al., 2016, Little et al., 2018). Understanding the
underlying biological mechanisms is a vital component of being able to assure good working
conditions for occupational workers and safe medical treatment for patients. In this section an
overall introduction to known mechanisms underlying IR-induced cataracts is provided. Further

details of these mechanisms are presented in the associated results chapter.
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Figure 1.7: Water radiolysis occurs when water is exposed to IR, this leads to the formation of free
radicals such as the reactive oxygen species hydrogen radical (H°), ionized water (HsO™), hydroxyl
radical ("OH), hydrogen peroxide (H20O2) and superoxide (O2") and reactive nitrogen species e.g.

peroxynitrite anion (ONOO").

1.3.6.1. Direct and indirect damage induced by IR
IR can induce direct and indirect damage to macromolecules in cells. Direct damage entails

immediate ionisation of macromolecules such as the breakage of chemical bonds, while indirect
damage in the cell results primarily from water radiolysis inducing the formation of free radicals,
therewith increasing oxidative stress (Reisz et al., 2014). X-rays and y-rays mainly induce indirect
damage (Hall and Giaccia, 1973). In cellular environment, they react with water to generate ionized
water (HsO%), hydrogen radicals (H"), electrons (e”) and highly reactive hydroxyl radicals ("OH)
(Singh and Singh, 1982). Subsequently, other reactive oxygen species (ROS) products, hydrogen
peroxide (H.O,) and superoxide (O,™) are formed (Figure 1.7). Besides ROS, also reactive nitrogen
species (RNS) are formed in the cell. These species arise from reactions such as O, interacting
with intracellular nitric oxide ("NO) to form peroxynitrite anion (ONOQO") (Figure 1.7) (Darley-
Usmar et al., 1992). The formation of ROS and RNS occurs within picoseconds, and the reaction
of these radicals with proteins, DNA and lipids can create more reactive molecules (Reisz et al.,
2014).
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1.3.6.2. DNA damage
As mentioned before, although UV is classified as non-ionising, the higher spectrum of UV can act

similar to IR and induce damage (Rendic and Guengerich, 2012). Using the alkaline elution
technique (Koch and Giandomenico, 1994), DNA damage in rabbit LECs after exposure to UVA
(180 kJ/ m?) demonstrated that UVA exposure induced single stranded breaks (SSBs) in rabbit
LECs in a linear dose-dependent manner (Sidjanin et al., 1993). Interestingly, after 4 h, 80% of the
SSBs were repaired. YH2AX, RADS1 and 53BP1 are proteins involved in the repair of DSBs and
are therefore used as markers of DSBs. Measurement of yH2AX and RADS51 levels in X-ray (0.140
- 2.28 Gy) exposed fetal human lens-124 (FHL124) cell line showed a linear dose response 1 h
post-IR (Markiewicz et al., 2015). In contrast, exposure of human lens epithelial cells 1 (HLEC1)
to 0.025 - 1.5 Gy X-rays showed an exponential increase in DSBs 30 min after IR-exposure
(Hamada, 2017). However, this damage did not persist as 48 h post-IR the amount of 53P1 foci
were back at baseline levels. Furthermore, IR-induced DNA damage was also observed in LECs in
vivo. Whole body exposure of C57BL/6 mice to 0.5, 1 and 2 Gy y-radiation showed a linear dose
response at 4 and 24 h post-IR for 53BP1 foci per cell. However, the steepens of the linear dose
response curve was lower at 24 h than at 4 h (Barnard et al., 2019). Markiewicz et al. also observed
a linear increase of DNA damage with dose after exposing C57BL/6 mice to 0.02, 0.1 and 1 Gy X-
rays and measuring YH2AX foci formation (Markiewicz et al., 2015). At 24 h post-IR, yH2AX foci
levels were back to the same levels as in unexposed mice. Taken together, these studies suggest that
although IR-induced SSBs are quickly repaired, DSBs persist longer in the lens epithelium (Figure
1.8).
1.3.6.3. Aberrant gene expression

The increase of oxidative stress in HLECs by adding H2O; induced changes in gene expression
including the upregulation of the N-Myc downstream regulated gene2 (Ndrg2) protein expression
(Zhang et al., 2011). This protein mediates cellular processes such as proliferation and
differentiation. Direct evidence of IR triggering modifications in gene expression has been
produced by exposing HLECs and differentiating human LFCs to doses up to 4 Gy (55 mega-
electrovolt/ atomic mass unit of protons) (Chang et al., 2007). Real time quantitative polymerase
chain reaction showed the downregulation of matrix metalloproteinases (MMPSs) within 1 h post-
IR in HLECs while no changes were observed in the expression of MMPs in human LFCs, which

shows that IR-induced changes in the eye lens are cell type specific.

1.3.6.4. Protein damage and misfolding
Increased levels of crystallin water-insoluble aggregates is a phenotype associated with

cataractogenesis (Figure 1.8) (Truscott and Friedrich, 2016, Giblin et al., 1984, Lund et al., 1996).
Exposure of purified bovine a-crystallin to 1-50 J/ cm? UVC induced its oxidation and racemisation,
and reduced its chaperone activity (Fujii et al., 2004). The secondary structure of a-crystallin was

also affected given that with increasing dose a gradual loss of B-sheets was observed. Liquid
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chromatography mass spectrometry (LC-MS) of 5 Gy y-irradiated rabbit lenses showed that IR
caused an increase in oxidised y-crystallin levels in the water soluble and water-insoluble fractions.
The identified oxidised sites were similar to the ones detected in ARC (Kim et al., 2015). The

influence of lower doses of IR on lens proteins still has to be investigated.

1.3.6.5. Lipid damage
Research on IR-induced lipid damage in the lens is quite sparse. Given that increased cholesterol

oxides have been associated with ARC compared to their age-matched controls (Girao et al., 1998)
and IR-induced oxidative stress can oxidise the lipids in lens plasma membranes (Pamplona, 2008,
Halliwell and Gutteridge, 1986), it is reasonable to suggest that this is a possible biological

mechanism leading to the development of radiation cataracts (Figure 1.8).

1.3.6.6. Downstream effectors
The above mentioned damage to macromolecules and gene expression are accompanied by

unfavourable downstream effects stimulating the increase of the cataractogenic load (Uwineza et
al., 2019).

At a cellular level, IR has been shown to induce changes in the proliferation, organisation,
differentiation and migration of LECs (Ainsbury et al., 2016, Hayden et al., 1980). Irradiation of
eye lenses caused disorganisation of the meridional rows (Hayden et al., 1980) and aberrant
differentiation of the cells (Worgul et al., 1989) in the lens epithelium. However, the noted
responses of LECs proliferation and differentiation to IR exposure were quite variable depending
species, dose, age at exposure and region in the lens epithelium being studied (Hanna and O'Brien,
1963, Von Sallmann et al., 1955, Markiewicz et al., 2015).

Exposure of human LECs (HLECs) immortalized with simian virus40 T antigen (SRA01-04) to 50
UM H20: induced morphological changes three days post-exposure (Zhang et al., 2011). These
alterations included the accumulation of granular cytoplasmic inclusion, cell enlargement and
flattening. Time-lapse imaging after exposure of the same HLECs cell line to UV (up to 10 mJ/ cm?)
showed that at 12 h post-exposure the UV-irradiated cells exhibited morphological features of
apoptotic cells including disruption of the plasma membrane and chromatin condensation, and also
of necrotic cells such as swelling of the nucleus and cell body (Haines et al., 2013). IR also causes
morphological changes in the lens epithelium layer by decreasing the amount of cells (Markiewicz

et al., 2015) and eventually, in the entire eye lens by inducing lens clouding (Worgul et al., 1989).

Genomic instability, i.e. increased probability in genetic alterations during the lifetime of a cell
(Shen, 2011), is another downstream effector of IR-induced damage to the biomolecules in the lens.
IR-induced DNA damage of LECs in the germinative zone (Markiewicz et al., 2015) can be
transferred to their progeny cells, thereby possibly affecting their proliferation and differentiation

capacity. Moreover, oxidative stress triggered by IR has been shown to contribute to genomic
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instability in other cell types such as bone marrow and ovary cells (Clutton et al., 1996, Limoli et
al., 2001). Similarly, IR-induced oxidative stress could contribute to genomic instability in lens
cells. In line with this, oxidative stress-induced DNA damage has been observed in LECs of
cataractogenic lenses (Osnes-Ringen et al., 2016). Another possible mechanism through which IR
could induced genomic instability is lipid peroxidation, reactive oxygen species produced via lipid

peroxidation have been shown stimulate spontaneous DNA damage (Tappel, 1973).

Non-irradiated cells displaying traits of their neighbouring irradiated cells is defined as radiation-
induced bystander effects. This phenomena was observed in cell types other than lens cells, and has
been shown to occur through intercellular communication via gap junctions, extracellular vesicles
and release of signalling molecules such as cytokines and free radicals (Kadhim et al., 2013,
Hamada et al., 2011, Ainsbury et al., 2016). Although radiation-induced bystander effects have not
been demonstrated yet in LECs or LFCs, the processes involved are present in the eye lens and

could be contributing to radiation cataracts.
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Figure 1.8: Mechanisms through which IR can induce damage to biomolecules in the lens. DNA DSBs,
protein modification and aggregation have been detected in irradiated LECs cell lines and eye lens
tissue post-IR exposure. Lipid oxidation has not been studied yet in this context. IR: ionising radiation,
DSBs: double stranded breaks (Modified from Uwineza et al., 2019, Mut. Res.).

Ultimately, the occurrence of these modifications in the lens depends not only on IR, but also on
the genetics, lifestyle and other environmental factors. The level of contribution of each factor to
the cataractogenic load is different for each individual. Studies with mononzygotyic human twins
raised under different environmental factors showed that these affect aging and lifespan (Fraga et
al., 2005, Talens et al., 2012). Genetic factors mediate approximately 30% of our lifespan (Cournil
and Kirkwood, 2001), the other 70% depends on lifestyle and environmental factors such as

59



smoking, exercise and place of habitation (Timmers et al., 2019, Wang et al., 2016a, Csiszar et al.,
2009). These factors can induce epigenetic changes (Fraga et al., 2005), affect the levels of
oxidative stress in the human body (Csiszar et al., 2009), and therefore accelerate or slow down

ageing.
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Chapter 2:

Aims of the project
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Cataracts are the main cause of blindness in the world (Roodhooft, 2002). The aetiology of cataracts is
multifactorial and not fully understood. To encapsulate this, the term cataractogenic load has been
redefined as the damage to proteins, lipids, nucleic acids and metabolic activity that occurs as a
consequence of genetic, lifestyle and environmental factors (Uwineza et al., 2019). lonising radiation
(IR) is one of these factors and is predominantly associated with posterior subcapsular cataracts
(Ainsbury et al., 2009, Shore, 2016, Shore et al., 2010, Uwineza et al., 2019). Mainly based on
epidemiological data, the international commission for radiation protection reduced the occupational
equivalent dose limits for the lens from 150 to 20 mSv per year averaged over a 5 years period, with no
single year exceeding 50 mSv (Stewart et al., 2012). Moreover, IR-induced cataracts were defined as
tissue effects with a nominal threshold of 0.5 Gy independent of the dose rate. Recent epidemiological
data suggest that this threshold might be lower (Azizova et al., 2018, Hamada et al., 2019, Little et al.,
2018). The biological mechanisms involved in IR-induced cataractogenesis are largely unclear.
Therefore, the EU CONCERT LDLensRad project was initiated to work towards a better understanding
of low dose IR-induced cataracts. For this, research groups from Durham University, Public Health
England, Helmholtz Zentrum Miinchen, Italian National Agency for New Technologies, Energy and
Sustainable Economic Development and Oxford Brooks University collaborated to unravel the
underlying biological mechanisms and to determine whether the lens model could be used as a
biomarker for early low dose IR effects. This thesis work was executed as part of LDLensRad and had

the following objectives:

2.1. Aim 1. Study IR-induced cell density changes

Several research groups showed that females of the human species are more radiosensitive than their
male counterpart (Azizova et al., 2016, Chodick et al., 2008). Moreover, lower doses have been
associated with longer latency period (Chodick et al., 2016) and an inverse correlation between dose
rate and double stranded breaks in the lens epithelium has been reported (Barnard et al., 2019). To gain
more insight in how sex, dose, dose rate, genetic background and genetic mutations affect
radiosensitivity, multiple strains of male and female mice were exposed to various doses and dose rates.
Subsequently, their eye lenses were collected at different time points post-IR and changes in cellular
organisation and cell density of the lens epithelium were examined. To ensure the full range of lens
epithelium regions was analysed, from the central zone to the meridional rows, and to allow comparison
between these different regions, relative cell densities (defined as normalised cell number/ segment)
were determined and profiles of normalised cell numbers across the lens epithelium were plotted. This
experiment was performed with multiple strains, wild type and mutants, to study the influence of genetic

background on IR-sensitivity.
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2.2. Aim 2: Test hypothesis of IR-induced cholesterol oxidation

in vitro and in vivo
The lens plasma membrane is among the most cholesterol enriched membrane in the human body

(Borchman and Yappert, 2010, Mainali et al., 2017). Furthermore, cholesterol oxides were shown to
accumulate in eye lens of patients with age-related cataracts compared to their age-matched controls
(Girao et al., 1998). Therefore, it was hypothesised that IR-induced oxidative stress leads to cholesterol
oxidation and that the gradual accumulation of cholesterol oxidation adducts caused lens opacities. First,
this was examined in vitro by exposing bovine lens membrane extracts to IR and studying cholesterol
oxidation adducts via lipid chromatography followed by mass spectrometry (LC-MS). Secondly, to
verify whether the findings in vitro also occur in vivo, mice were exposed to IR and their eye lenses

were studied for changes in cholesterol and cholesterol oxides levels.

2.3. Aim 3: Comparison of age-related cholesterol oxidation

changes in the eye lens and hippocampus
With approximately 25% of the total cholesterol in the human body, the brain is the tissue with the

highest concentrations of cholesterol (Dietschy, 2009). To study whether the age-related changes in
cholesterol and cholesterol oxides levels observed in the eye lens are correlated with those occurring in
the brain, 6 and 30 month- old murine hippocampus and eye lenses were collected for cholesterol and

oxysterols analysis via LC-MS.

2.4, Aim 4: Examine the protective role of anti-oxidants in IR-

induced lens membrane damage
The lens has an extensive anti-oxidant system (Brennan et al., 2012), which could provide the lens with

a protection mechanism against IR-induced oxidative stress. To study this, non-enzymatic anti-oxidants
were added to bovine lens membrane extracts pre- and post-IR exposure and the levels of oxysterols
were measured. Furthermore, to study the mechanism through which a-tocopherol performs its anti-
oxidative function, a membrane binding experiment with bovine membrane extracts and a-tocopherol-

d6 was conducted.
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2.5. Aim 5: Investigate the influence of IR in lens membrane

proteins
Lastly, the effect of IR on lens membrane proteins was examined using sodium dodecyl sulphate

polyacrylamide gel electrophoresis (SDS-PAGE), OxyBlots and immunoblots. A focus was put on
advanced glycation end products (AGEs) given that the accumulation of these has been reported in
human age-related cataracts (Smuda et al., 2015) and non-IR has been shown to induce their formation
in lens proteins (Prabhakaram and Ortwerth, 1992). IR-induced modifications in the levels of AGEs in
bovine lens membrane extracts were studied using LC-MS and the novel VC1-pull down method
(Degani et al., 2017).
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Chapter 3:

Materials and Methods
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3.2. Objectives

The methodologies used for studying alterations in lens epithelium cell density, cellular organisation
and proliferation as a consequence of IR, the influence of IR on cholesterol oxidation in bovine lens
membrane extracts, modification in oxysterol levels in vivo after IR exposure, age-related changes in
oxysterol levels in hippocampi and eye lenses, the effect of anti-oxidants on IR-induced oxysterol
formation, and whether the concentration of advanced glycation end products in bovine lens membrane
extracts is affected by IR are all presented in this chapter. The individual results chapters refer to specific
section in this chapter in which the materials and methods used to address their research question are
presented in detail.
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3.3.

Animal maintenance

3.3.1. Ethical approval
The experiments were performed according to the Council Directive 2012/707/EU (of 14/11/2012),

regarding the protection of animals used for experimental and other scientific purposes. All work was

carried out under specific authorizations for personnel, establishment and animal facility licenses. Every

person handling animals holds a special permission/license from the independent local governmental

administration:

Durham University (DU): C57BL/6J mice were bred and housed in the life sciences support
unit (LSSU). The experimental procedures involving these mice were performed according
to the UK Animals (Scientific Procedures) Act 1986, and ethical approval was obtained
from the United Kingdom Home Office and the local Animal Welfare and Ethical Review
Body at DU.

Public Health England (PHE): Female mice C57BL/6JOla/Hsd (C57BL/6J) were obtained
from Envigo RMS (UK) Ltd. (Blackthorn, Bicester, Oxfordshire OX25 1TP) and received
standard care at PHE. Similar to DU, the conducted experiments followed the UK Animals
(Scientific Procedures) Act 1986, and ethical approval was acquired from the United
Kingdom Home Office and the local Animal Welfare and Ethical Review Body at PHE.
University of Leuven (UL): C57BL/6J mice were locally bred. The housing conditions and
procedures performed with the hippocampus and eye lenses were approved by the KU
Leuven Ethical Committee (P203/2012) and in accordance with European Directive
2010/63/EU.

Helmholtz Zentrum Miinchen (HMGU): B6C3F1 mice were housed in the German Mouse
Clinic according to the German Law of Animal Protection, the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research, and the tenets of the Declaration of
Helsinki (approved by the government of Upper Bavaria ROB-55.2-2532.Vet_02-16-80).
Italian National Agency for New Technologies, Energy and Sustainable Economic
Development (ENEA): housing and experimental procedures performed with CD1 and
C57BL/6J mice followed the Directive 2010/63/EU of the European Parliament on the
protection of animals used for scientific purposes and were approved by Institutional
Animal Care and Use Committees of ENEA.

All animals were fed ad libitum and received standard care including social housing at constant

temperature.
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All animal work carried out at DU, UL, PHE, HMGU and ENEA followed the 3Rs principals:

o Replacement: The development of cataract cannot be studied in cell lines. Therefore, living
mice were irradiated and examined post-mortem. The time points, doses and dose rates
implemented during the cell density mouse experiments were chosen based on in vitro
investigations.

e Reduction: The experimental aspects of this proposal have been carefully planned to
maximise the amount of information that will be forthcoming while minimising the number
of mice needed.

e Refinement: Where possible, power analysis for each experimental endpoint has been
carried out by experienced statisticians to ensure that sufficient mice will be available for
statistical significance. Skilled experimentation also allowed optimal use of the animals.

3.3.2. Cholesterol oxidation work
Bovine eyes were obtained from Linden Burradon Food Supply (FSA approved Scientific Research

Material collection No. 2056). The cows lived on farms in the United Kingdom (UK) and were

sacrificed to provide meat for human consumption.

Mice tissues were collected at various collaborating institutions. Brain and eye lens tissues were

harvested at DU and UL. Collaborators at PHE provided shap frozen IR-exposed eye lenses.

3.3.3. Cell density work
Samples received for this work were from HMGU and ENEA in accordance with the EU CONCERT

LDLensRad project scheme.
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3.4. Hoechst staining and Ki-67 immuno-labelling of LECs

3.4.1. Dissection of the eye lens
The mice were sacrificed by cervical dislocation, eyes were surgically removed (Figure 3.1). To fix the

tissue, a small incision around the optic nerve was made and the lenses were submerged in 4%
paraformaldehyde (PFA) (Sigma/ Merck, UK) in phosphate buffered saline (PBS) (VWR, US) (for 1 h
30 min. Subsequently, they were washed three times with PBS for 10 min and stored at 4 °C. To isolate
the eye lenses, a deep incision around the optic nerve was made and the vitreous fluid removed utilizing

a dissection microscope (Leica, Germany).

Figure 3.1: After the exposure of mice to IR, eyes were removed and
fixed with PFA. Subsequently, the eye lenses were isolated for further

experimentation.

3.4.2. Generating flat mounts
With the help of a dissection microscope (Leica, United Kingdom), the eye lens was orientated with the

anterior region facing the surface of the microscope slides. With micro scissors (Sigma, UK), a cross
cut was made in the capsule at the posterior region and using forceps (Sigma, UK) the capsule with the
adherent LECs were peeled of the remaining of the lens. To create a water-repellent barrier around the
tissue on a microscope slide (Agar Scientific, UK), a circle was drawn around the capsule using a
hydrophobic barrier pen. The lens epithelium was submerged in PBS and stored in a wet chamber at
4°C.
3.4.3. ' Whole mount Hoechst staining

The eye lenses were washed one time with PBS for 5 min and subsequently stained with 1 in 50 dilution
in PBS of 10 mM Hoechst 33342 (Thermo Fisher Scientific, US) dissolved in 100% ethanol (Merck,

United Kingdom) for 45 min under gentle agitation. After washing the eye lenses three times with PBS
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for 10 min, these were visualized with the confocal laser scanning microscope (CLSM) (Leica,

Germany) using a 10x dry objective.

3.4.4. Double staining: Hoechst and Ki-67
The staining of flat mounted LECs was performed on a microscope slide in a wet chamber while whole

mount staining was performed in Eppendorf tubes (Starlab, UK). The LECs were permeabilised with
0.5% (v/v) Triton-X 100 (Sigma, UK) in PBS for 30 min at room temperature (RT) and incubated in 1%
(w/v) bovine serum albumin (BSA) (VWR, US) and 0.05 % (v/v) Triton-X 100 diluted in PBS for 1 h.
After this blocking step, conjugated Ki-67 antibody (SolA15, Thermo Fisher Scientific, United States
(US)) at 1 in 500 dilution in PBS was added to the samples and incubated for 45 min at RT. The samples
were washed three times with PBS for 10 min followed by staining them with a 1 in 50 dilution of 10
mM Hoechst 33342 (Thermo Fisher Scientific, US) for 45 min. As a last step, the samples were washed
with PBS for 10 min three times. These samples were imaged using the 63x oil objective on the CLSM

for flat mounts and the 10x dry objective for whole mounts.

3.4.5. Analysis of cell density with MATLAB
Images acquired with the CLSM were exported from the LAS X software as TIFF file. Using Image J,

the individual images were assembled into a z-stacked image. Subsequently, an in-house developed
Matlab program was used to calculate the relative cell density changes between the central zone and the

meridional rows (Figure 3.2; code see appendix 1):

3.4.5.1. Nuclei detection
Using a Gaussian kernel defined by the radius, the z-stacked image was converted into a likelihood 3D

map of Hoechst 33342 signal maxima (nuclei). Subsequently, the position of each nucleus was
estimated using grayscale morphological dilation of the image. The dilation process entailed gradually
enlarging the boundaries of regions of foreground pixels while holes within those regions became
smaller. This allowed to assign the maximal pixel value detected over the neighbourhood of a Hoechst
33342 signal defined by the spherical shape and the radius to a nucleus. The spherical shape and Hoechst
33342 signal threshold was defined by the user and required to be redefined for each image to ensure

maximal detection of all Hoechst 33342 stained nuclei.

3.45.2. Region of interest analysis
To calculate the relative cell density, the user defined the starting point (in the central zone) and end

point (top of the meridional rows) of the region of interest. The length of this central line for the lenses
analysed in this thesis was kept constant. This allowed the relative cell density profile to be assessed
for each lens epithelium allowing lenses to be compared and differences tested for significance. The
program counted the nuclei in contact with the user-defined central line as a sampling approach and
then used a nearest neighbour approach to count all the nuclei that either touched or were directly

adjacent to the central line (Appendix Figure 1).
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3.45.3. Calculation of relative cell density
The region of interest and its central line was divided into 100 equal rectangular grids (= segments).

Within each segment, the number of nuclei was normalised to ‘number of nuclei per pm' (Appendix
Figure 1). Given that each LEC has one nucleus, normalised nuclear number is equivalent to a
normalised cell number. The output values representing normalised cell number (= number of nuclei
per um) in each segment were referred to as relative cell densities and when plotted against segment

number, produced a profile of the cell number and how it changed across the lens epithelium.

3.4.5.4. Histograms
Profile plots of normalised cell number/ segment (= relative cell density) for the epithelium of each lens

were considered the most appropriate to answer the research questions posed in this thesis. Numerical
values of relative cell density have been uploaded on STORE and can be accessed through the following
link (CD1 [DOI:10.20348/STOREDB/1116/1232], B6C3F1 [DOI:10.20348/STOREDB/1116/1234]
and C57BL/6J [DOI:10.20348/STOREDB/1116/1233]). Additional data collection and analysis is still
ongoing in collaboration with the LDLensRad group.

3.4.55. Statistical analysis
Statistical analysis was performed with R and R studio together with collaborators. The Kruskal-Wallis

test using mutation, sex, dose rate and dose as independent factors, and relative cell density as dependent
factor was applied for the CD1 and C57BL/6J strain because their distribution was not normal. Kruskal-
Wallis is a ranked test and allows the detection of significant differences in the course/ gradient of the
graphs. Power calculations were carried out and maximum relative cell density was selected as the most
appropriate value to compare the responses in the B6C3F1 data. General Linear Model Analysis of
Variance using time, mutation, sex and dose as independent factors and maximal relative cell density
as dependent factor was applied during statistical analysis on the collective B6C3F1 cell density data

which showed a normal distribution.
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Figure 3.2: Eye lenses isolated from IR-exposed mice were stained with Hoechst 33342 and imaged with
a CLSM. The generated images were stacked using Image J and analysed with an in-house developed
Matlab program. A line was manually drawn from the central zone to the end of the meridional rows. The
program divides this central line in 100 segments and uses the length of the line included in each segment
to calculate the cell number/um, thereby a relative cell density (normalised cell number/ segment) profile
is generated when each value is plotted against the corresponding segment number. CZ: central zone,

MR: meridional rows.

72



3.5. X-rays exposure and extraction of lipid membranes

3.5.1. Bovine lenses membrane extraction
Bovine eyes were obtained from Linden Burradon Food Supply (FSA approved Scientific Research

Material collection No. 2056). To collect the cholesterol enriched lens membranes, a protocol used to
purify lens membrane fractions was adapted from Taopodi et al. (Tapodi et al., 2019): decapsulated eye
lenses were agqua-dissected by stirring them in a low salt phosphate buffer (10 mM Na;HPO. [pH 7.4]
(VWR, US), 100 mM NaCl (Sigma/ Merck, UK) and 5 mM EDTA [pH 8.0] (VWR, US)) to first collect
the cortical fraction of the LFCs followed by the nuclear fraction. Subsequently, a series of buffer
extractions designed to enrich for integral membrane proteins and lipid membranes were performed
(Gold et al., 2012). The LFCs were centrifuged, resuspended and consecutively homogenised using a
Dounce homogeniser (Sigma/ Merck, UK) in a high salt buffer (10 mM Na;HPO4 [pH 7.4], 1.5 M KClI,
5mM EDTA [pH 8.0]), an ammonium bicarbonate buffer (100 mM NH4HCOs (Sigma/ Merck, UK), 1
mM EDTA [pH 8.0]), an urea buffer (10 mM Na;HPO4 [pH 7.4], 8 M Urea (Sigma/ Merck, UK), 5 mM
EDTA [pH 8.0]) and a sodium hydroxide buffer (100 mM NaOH) (Sigma/ Merck, UK), with a low salt
phosphate buffer wash between each buffer. The final cortical (BoC) and nuclear (BoN) membrane
fractions were dissolved in the low salt phosphate buffer and stored at 4 °C until analysis.

3.5.2. Invitro X-rays exposure
The BoC and BoN fractions (10 mg wet weight) were resuspended in 1 mL of the low salt phosphate

buffer and exposed to 5 and 50 Gy in a single X-ray dose using a X-ray chamber irradiator calibrated
to national standard (IRR320, aluminium filtered 320 kV, dose rate 5 Gy/min) (AGO Ltd., UK, model
no.: CD160/1 Serial no.: 1032-1109). Dose delivery was verified at the exact site where the samples

were placed with aluminium oxide chips (Vertec Scientific Ltd., UK) to confirm accurate dose delivery.

3.5.3.  Whole body X-rays exposure
At 3 months of age, female mice were exposed in groups of four to 0.1 or 2 Gy in a single X-ray dose

(CD160/1, AGO X-ray Ltd., UK, aluminium and copper filtered (~1 mm) containing a VVarian NDI-320
source; 250 kVp; dose rate 0.5 Gy/min). Dosimetry was performed with a calibrated reference ionisation
chamber for the applied exposure setup. The monitoring of the exposures was accomplished with a
calibrated UNIDOS E electrometer and ‘in-beam’ monitor ionisation chamber (PTW). To verify
whether the dose was delivered to the entire area of the box, spatial dose uniformity was measured with
Gafchromic EBT2 films (Vertec Scientific Ltd., UK). Subsequently, the mice were returned to their

cages and received standard care until the time of sacrifice.

3.5.4.  Murine lenses membrane extraction
The mice were sacrificed by cervical dislocation and eyes were surgically removed. To isolate the eye

lenses, a deep incision around the optic nerve was made, and the vitreous fluid and eye lens capsule
were removed utilizing a dissection microscope (Leica, Germany). The eye lenses were snap frozen and
stored in the -80 °C.
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Eight lenses were removed and processed together as described above for bovine eyes using the
following buffer sequence: low phosphate, urea, low phosphate and sodium hydroxide buffer. The final
cortical (MoC) and nuclear (MoN) membrane fractions were resuspended in the low salt phosphate
buffer and kept at 4 °C until further analysis.

3.5.5. Dissection of the hippocampus
After cervical dislocation, the brain was removed and submerged in ice-cold artificial cerebrospinal

fluid (ACSF), saturated with carbogen gas (95% 02, 5% CO2). ACSF consisted of 124 mM NaCl, 4.9
mM KCI, 1.3 mM MgSO4 (Sigma/ Merck, UK), 2.5 mM CaCl2, 1.2 mM KH,PO4 (Sigma/ Merck,
UK), 25.6 mM NaHCOs (Sigma/ Merck, UK) and 10 mM glucose (pH 7.4) (Sigma/ Merck, UK)
(Schreurs et al., 2017). The hippocampi were snap frozen and stored at -80 °C.
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3.6. Protective mechanism of anti-oxidants

3.6.1. Anti-oxidants protection from IR-induced oxidative stress
Ascorbic acid (3 mM) (Sigma/ Merck, UK), a-Tocopherol (1 mM) (Sigma/ Merck, UK) and glutathione

(4 mM) (Sigma/ Merck, UK) were added to the cortical and the nuclear fractions of bovine lens
membrane extracts (10 mg wet weight) dissolved in 1 mL of low salt phosphate buffer pre- and post-
IR exposure. After the addition of 0.02 % sodium azide (Sigma/ Merck, UK), the samples were
incubated for 18 days at 37 °C in the dark.

3.6.2. Deteurated lipids membrane binding assay
The BoC and BoN fractions (10 mg wet weight) were dissolved in 1 mL of the low salt phosphate buffer

and 2 UM of tocopherol-d6 (Avanti Polar Lipids, US), cholesterol-d6 (Avanti Polar Lipids, US) and
dicholoromethane:methanol (DCM:MeOH) (Thermo Fisher Scientific, US) and low salt phosphate
buffer as control were added. After the addition of 0.02 % sodium azide (Sigma/ Merck, UK) and
vortexing, the samples were incubated at 37 °C and harvested at the following time points: 0 h, 1 h, 8
h, 1 day, 3 days and 7 days. The lipid bound membranes were collected via centrifugation at 14 000 g
for 10 min (RT) followed by a wash with low salt phosphate buffer. These samples were stored at 4 °C.
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3.7. Sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE)

Polyacrylamide gels (10 and 15 % (wi/v)) were prepared and the samples were resuspended in an SDS
buffer (1 mM EDTA pH7.8, 50 mM Tris pH 6.8 (VWR, US) and 1% (w/v) SDS (Sigma/ Merck, UK)
((Laemmli, 1970) as modified in (Tapodi et al., 2019)). After diluting the samples in 4x sample buffer
(250 mM Tris-HCI pH 6.8, 10% (w/v) SDS, 0.008% (w/v) Bromophenol Blue (Sigma/ Merck, UK),
2.854 M B-mercaptoethanol (Sigma/ Merck, UK), 40 % glycerol (Sigma/ Merck, UK)) and loading
them on the gels along with a Precision Plus Protein Standards ladder (Thermo Fisher Scientific, UK),
they were run in 1x running buffer (3 g/ L Trizma (VWR, US), 2% (w/v) SDS, 14.4 g/ L glycine (Sigma/
Merck, UK)) at a voltage of 100 V. To visualise the proteins, the gels were transferred into fixing
solution (50% (v/v) methanol, 10% (v/v) acetic acid) for 30 min, stained with Coomassie blue (50%
(v/v) methanol (Thermo Fisher Scientific, US), 10% (v/v) acetic acid (Thermo Fisher Scientific, US),
0.25% (w/v) Coomassie brilliant blue (Sigma/ Merck, UK)) during 30 min and destained by performing
5 min washes with destaining buffer (10% (v/v) methanol, 5% (v/v) acetic acid).
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3.8. Blotting

3.8.1.  Western blotting
Equal amounts of proteins were separated via SDS-PAGE. Subsequently, the gels were immersed in

buffer B (0.025 M Tris, 20% methanol). Per gel, 18 pieces of Whatman™ chromatography paper (3mm)
(Thermo Fisher Scientific, US) and one nitrocellulose or PDVF membrane (0.2 um pore size, Millipore,
UK) were cut to the same sizes as the gel (8 cm x 6 cm). 6 pieces of the Whatman™ paper were soaked
in buffer A (0.3 M Tris, 20% methanol (MeOH)), 3 pieces in buffer B (0.025 M Tris, 20% MeOH) and
the other 9 pieces were submerged in buffer C (0.025 M Tris, 20% MeOH, 0.04 M glycine). The pieces
of paper soaked in buffer A, 3 pieces in buffer B, the membrane which first submersed in buffer B, the
gel and the 9 pieces in buffer C were respectively stacked in the semi-dry western blotting machine
(Thermo Fisher Scientific, US). The transfer was run at 38 mA for 90 min. After the transfer, the
membrane was rinsed extensively with ultrapure H>O, stained with Ponceau red dye for 5 min (0.5%
(w/v) Ponceau (Sigma/ Merck, UK), 1% (v/v) acetic acid (Thermo Fisher Scientific, UK)) followed by
three times 5 min with ultrapure H2O to verify whether the transfer was successful. Subsequently, the
membrane was blocked with 1.5% (w/v) BSA, 5% (w/v) milk powder (Sigma/ Merck, UK) dissolved
in TBS-T (25 mM Tris-HCI (pH= 7.4), 100 mM NacCl, 0.1% (v/v) Tween-20 (Sigma/ Merck, UK)).
After a 2 h incubation at RT under gentle agitation, the membrane was washed three times in TBS-T
(Sigma/ Merck, UK) and transferred into a plastic bag. The primary antibody (rabbit anti-AQPO0, 1/2000,
in-house developed) diluted in 5% (w/v) BSA in TBS-T was added and the bag was sealed for an
overnight incubation at 4°C, under gentle agitation. Following morning the membrane was removed
from the bag and washed three times with 5% (w/v) milk powder in TBS-T. The nitrocellulose
membrane was transferred to a new bag, secondary antibody (goat anti-rabbit 1/10000, Sigma/ Merck,
UK) diluted in 5% (w/v) BSA added and incubated for 1 h under gentle agitation at 4 °C. After washing
the membrane five times with 5% (w/v) milk powder in TBS-T, the blots were developed using ECL
western blotting substrate (Thermo Fisher Scientific, US). This mixture was left for 5 min on the
membrane in a dark room and subsequently, the blot was imaged using chemiluminescence imaging
(FUJIFILM IR LAS-1000 Pro v. 3.02, UK).

3.8.2. OxyBlot
Detection of carbonylated proteins was performed with the OxyBlot protein oxidation detection Kit

(Millipore, UK). Analogous to Western blotting, equal amounts of proteins were separated via SDS-
PAGE and electroblotted to a PDVF membrane via a semi-dry system. The blotted PDVF membrane
was washed with ultrapure H,O for 5 min, submerged in 100% MeOH for 15 s and allowed to air dry.
Subsequently, the membrane was incubated for 5 min in the following solutions: respectively, 20%
MeOH in PBS, 2,4-dinitrophenylhydrazine (DNPH) (Sigma/ Merck, UK) in 2 N HCI (Sigma/ Merck,
UK), three times in 2 N HCI and five times in 100% MeOH. Blocking was performed with 5% (w/v)

milk powder in TBS-T for 1 h under gentle agitation. The membrane was left overnight at 4 °C
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submerged in rabbit anti-2,4-dinitrophenol (DNP) (1:1000 dilution in 5% (w/v) milk powder in TBS-
T) (Sigma/ Merck, UK) under gentle agitation. After washing the membrane three times with TBS-T
for 5 min each time, it was incubated with anti-rabbit HRP (1/10000 dilution in 5% (w/v) milk powder

in TBS-T) for 1 h under gentle agitation. The blot was washed five times with TBS-T and developed
using the ECL system described above (3.8.1).
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3.9. Preparation of samples for Mass Spectrometry

3.9.1. Lipid purification
Lipids were purified using a modified Bligh-Dyer method (Bligh and Dyer, 1959). All glassware was

rinsed with methanol and hexane. The bovine lens membranes (10 mg of wet weight) or mouse lens
membrane extracts of eight eye lenses were transferred into clean glass culture tubes and 2 mL of 2:1
methanol:dichloromethane (MeOH:DCM) was added. Full left hippocampi were first transferred into a
Dounce homogenizer (Sigma/ Merck, UK) and gently homogenised in 1 mL of 2:1 MeOH:DCM. The
homogenate was transferred into glass culture tubes containing 1 mL of 2:1 MeOH:DCM. These
samples were vortexed for 30 seconds and left to incubate for 30 min at RT. Subsequently 0.67 mL of
DCM and 1.2 mL of 0.9% (w/v) KCI were added consecutively, with a 30 s vortex step after adding
each solution. The samples were centrifuged at 1000 g for 5 min at RT and the lower lipid phase layer
was transferred into a fresh glass tube with a Pasteur pipette (VWR, US). The lipids were dried under
N> gas (nitrogen evaporator, VLM, US).
3.9.2.  Acid protein hydrolysis

To study IR-induced advanced glycation end products (AGEs) formation, the acid protein hydrolysis
protocol provided by Smuda et al. was modified (Smuda et al., 2015). Bovine lipid membranes (10 mg
wet weight) were dissolved in 400 pL of 6 N HCI and heated overnight at 110 °C. Subsequently, the
samples were freeze-dried (liquid nitrogen) resuspended in 1 mL of 0.1 N HCI, sonicated for 10 minutes
in a water bath (VWR, US), followed by a 5 min centrifugation at maximal speed. Aliquots of the

supernatant were diluted with 9 volumes of 85% acetonitrile (ACN) (Thermo Fisher Scientific, US).

3.9.3. Optimisation of solubilisation of lipid membranes
BoC and BoN lipid membrane fractions were centrifuged at 12000 g, 15 min, 4 °C and after removal

of the supernatant, the pellet was dissolved in 0%, 0.1%, 0.5%, 1%, 2% or 4% SDS, 1 mM EDTA pH
7.8, 50 mM Tris pH 6.8. Following an incubation at RT under gentle agitation for 30 min, the samples
were centrifuged at 12000 g, 15 min, 4 °C. The supernatant was transferred to new tubes, the pellet was
resuspended in an SDS buffer (see section 3.7) and the proteins in these samples were separated via

SDS-PAGE system along with SDS untreated lipid membranes.

3.9.4. Determination of protein concentration
The protein concentration in solubilised lipid membranes was measured via the bicinchoninic acid

(BCA) assay according to manufacturer’s instructions (Thermo Fisher Scientific, US) (Smith et al.,
1985, Olson and Markwell, 2007).

3.9.5. VC1 pull down
The VC1 pulldown assay was performed using an adapted version of the Degani et al., 2017 (Degani

et al., 2017). Streptavidin magnetic beads (Sigma/ Merck, US) were washed with buffer 1 (20 mM 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (Sigma/ Merck, US) pH 7.1, 100 mM
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NaCl), followed by a 1 h incubation at 4 °C with recombinant VC1 protein (in house made) and buffer
1 for the control beads. To remove the excess of VC1, beads were washed with buffer 1. Subsequently,
samples diluted to 0.21 mg/ mL in buffer 2 (20 MM HEPES pH 7.1, 100 mM NacCl, 0.5% Triton-X100
(Sigma/ Merck, UK)) were added to the beads and incubated 3 h under gentle agitation at 4 °C. The
unbound fractions were collected in new Eppendorf tubes and the beads were washed with buffer 2. To
elute, 4x Laemmli sample buffer (8% (w/v) SDS, 0.4% (w/v) Bromophenol blue, 40% (v/v) glycerol,
200 mM Tris-Cl, pH 6.8) (Laemmli, 1970) was added to the beads and incubated 1 h at RT and overnight
at 4 °C. The eluate was collected and 15 uL of buffer 1 was added to the beads. After collecting the
supernatant in corresponding elution tubes, SDS-PAGE and an in-gel trypsin digest was performed with
these samples.

3.9.6. In-gel trypsin digestion
Following SDS-PAGE and Coomassie Blue staining, the proteins-of-interest were cut out of the gel.

The collected bands were chopped into small pieces and transferred to an Eppendorf tube. First the gel
pieces were destained by adding 50% ACN, 50 mM NHsHCO; (Thermo Fisher Scientific, UK) and
incubating the samples at 37 °C under maximum rotation per minute (rpm). This step was repeated until
no staining solution was visible on the gel pieces. Subsequent to removing the solvent, 100% ACN was
transferred into the tubes and incubated for 5 min, max rpm, 37 °C. After removal of ACN with the
pipette, 100 mM dithiothreitol (DTT) (Sigma/ Merck, UK) was added and incubated for 1 h, 500 rpm,
56 °C. DTT was discarded and the gel pieces were washed with 50 mM NHsHCO; and incubated with
55 mM iodoacetimide (IAA) (Sigma/ Merck, UK) for 45 min at RT in the dark, shaking at 500 rpm.
Lastly, IAA was removed, gel pieces were washed with 50 mM NH;HCO3 and dried with 100% ACN
before 0.2 pg of trypsin (Sigma/ Merck, UK) diluted in 50 mM NHsHCO; was added to each sample
and incubated overnight at 37 °C, 500 rpm. The next day, a quick spin was given to the samples and the
solution was transferred to new tubes i.e. recovery tubes. In the tubes containing the gel pieces, the
following solutions were added respectively, incubated at 37 °C for 10 min at max rpm followed by
transferring the recovered solution in the corresponding recovery tubes: 150 pL of extraction solution
(30% (v/v) ACN, 3% (v/v) trifluoroacetic acid (TFA)), 75 uL of extraction solution, 75 pL of 100%
ACN and 50 pL of 100% ACN. Lastly, the tubes were dried in a SpeedVac (VWR, US) and stored at -
20 °C.

80



3.10. Liquid Chromatography — Mass Spectrometer (LC-MS)

3.10.1. Lipidomics - sterols
Samples were analysed based on the methodology developed by McDonald and colleagues (McDonald

et al., 2012). Quantitative analysis was performed with a Shimadzu UHPLC system linked to a hybrid
triple-quadrupole mass spectrometer using electrospray ionization in positive (ESI+) mode (QTRAP
6500, AB Sciex) (Figure 3.3). For oxysterol analysis, the samples were dissolved in 50 pL of 1:1
acetonitrile:isopropanol (ACN:IPA) (Thermo Fisher Scientific, US) and separated on a Kinetex Cig
HPLC column (150 x 2.1 mm, 2.6 um particle size; Phenomenex,UK) with mobile phases A (60:40
ACN: H;0, 10 mM NH4HCO,, 0.1% formic acid (FA) (Sigma/ Merck, UK)) and B (50:50 ACN:IPA,
10 mM NH4HCO,, 0.1% FA). For cholesterol analysis, the samples were dissolved in 500 pL 1:1
ACN:IPA and run under the same conditions on a Cortecs C1s UPLC column (100 x 2.1 mm, 1.6 um
particle size; Waters, UK). The flow rate was 140 pL/ min, and the column was maintained at 60 °C.

The mice IR-exposure time course experiment samples were dissolved in 84 L of 70:30 MeOH:H-0
and analysed with a liquid chromatography UltiMate 3000 HPLC system (Dionex, Thermo Scientific
Ltd., US) coupled on-line with a electrospray tandem triple quadrupole-linear ion trap mass
spectrometer (QTRAP 5500, AB Sciex, US). The samples were separated using a reverse phase Cig
column (100 x 3.2 mm, 5.0 um particle size; Macherey-Nagel, Germany) with mobile phases A (70:30
MeOH:H20 0.1% FA) and B (90:10 IPA:MeOH, 0.1% FA). The flow rate used to run these samples is

200 pL/ min, and the column was maintained at 45 °C.
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to a hybrid triple-quadrupole mass spectrometer using electrospray ionization used to

analyse oxysterols and advanced glycation end products.

3.10.2. Quantitation and statistical analysis of sterols
The areas under the elution curves on the generated chromatograms were integrated to generate

quantitative values (analyte peak area) using quantification mode of the Analyst® 1.6.2 software. The
bovine sample experiments were repeated three times, while two biological repeats were produced for
the mice experiments. Minitab 18 was used to perform statistical analysis (State College, 2017). General
Linear Model Analysis of Variance (ANOVA) followed by Tukey’s post hoc test for pairwise
comparison using dose, time and location as independent factors and (relative) analyte peak area as
dependent factor was applied for statistical analysis. Retrospective power analysis was also performed
using Minitab 18 (2 sample t-test, for a power of 80% (beta, acceptable chance of a type 2 error, of 0.20)
and with an alpha, acceptable chance of a type 1 error, of 0.05). Qualitative consideration of the sources
of uncertainty was carried out for each quantitative experiment, in order to narrow these down to

guantitatively calculate the most appropriate estimate of standard error associated with the each
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endpoint. Furthermore, qualitative power analysis was performed to estimate the advised sample size
and actual power of each comparison using Minitab and qualitative uncertainty budget were determined

to identify all the factors that contribute to uncertainties in measurement results during an experiment.

3.10.3. Advanced glycation end products
The samples were analysed by hydrophilic interaction liquid chromatography (HILIC) using a Waters

amide column (1 mm x 100 mm) (Waters, UK) combined with mass spectrometric detection with
QTRAP 6500 (AB Sciex, US) in ESI+ mode. Chromatographic separations were performed with mobile
phase A (H20, 1.2 mL/ L heptafluorobutyric acid (HFBA)) and B (7:3 MeOH: H,0, 1.2 mL/ L HFBA).
Compounds-of-interest were monitored by multiple reaction monitoring (MRM) using conditions
optimized for a QTRAP instrument as described by Smuda et al., 2015 (Smuda et al., 2015).

3.10.4. Proteomics
Samples were analysed analogous to the methodology described by Carne et al. (Carne et al., 2019)

using an Ekspert™ LC 425 system (Eksigent, US) coupled to a quadrupole Time-Of-Flight (QTOF)
mass spectrometer (TripleTOF 6600, SCIEX, US) equipped with ESI. After dissolving the samples in
2% (v/v) ACN and 0.1% (v/v) FA to a concentration of 1 pg/ uL, 5 uL was injected for LC-MS. Peptides
were separated via microflow liquid chromatography by trap-and-elute methods using reverse phase
Cig Trap column (5 x 0.5 mm, 5 pm particle size, Phenomenex,UK) and Cig analytic column (150 x 0.3
mm, 3 um particle size, Phenomenex,UK) with mobile phase A (0.1% (v/v) FA in H,0) and B (0.1%
(v/v) FA in ACN). The MS platform was used in positive high-sensitivity mode and data-dependent
acquisition of the top 30 ions (based on intensity) selected from precursor ion scans performed. Using
the MSConvert tool of the ProteoWizard software, precursor and fragment-ion lists were generated.
Subsequently, the proteins were identified through ProteinPilot™ 2.5.1. Software and Bovine data

subtracted from Uniprot.
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Chapter 4: IR-induced changes in cell density,
organisation and proliferation
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4.1. Introduction

A single layer of lens epithelial cells (LECs) under the lens capsule covers the anterior hemisphere of
the eye lens. Based on the proliferation capacity, the epithelium can be divided into the central zone,
germinative zone, transition zone and meridional rows (Figure 4.1). While cell proliferation in the
central zone occurs at a very low rate, it peaks in the germinative zone (Rafferty and Rafferty, 1981,
Lovicu and McAvoy, 1999). The progeny cells from the germinative zone migrate to the transition zone
where they exit cell cycle and differentiate into lens fibre cells (LFCs) (Srinivasan and Harding, 1965).
These cells withdraw from the lens epithelium through lining up in the meridional rows and internalising
at the equator and start breaking down their cell organelles to become mature LFCs. Collectively,

germinative and transition zone are called the peripheral zone.

Central zone

Lens epithelial cells

Germinative

' zone
Transitional
B

zone

Meridional rows ——»

Lens capsule

Figure 4.1: Schematic representation of the individual regions of the eye lens. The lens capsule covers
the entire eye lens, while the lens epithelium extends from the anterior pole till the equator. The lens
epithelium is divided into the central zone, germinative zone, transition zone and meridional rows.
LECs differentiate into LFCs and internalise at the equator. The outer layers of the LFCs are part of
the lens cortex and the inner layer is part of the lens nucleus (Ainsbury et al., 2016, Mut. Res. Rev, used

with permission of the journal).
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4.1.1. lonising radiation-induced changes in the lens epithelium
A wide variety of studies showed that changes occur in the lens epithelium after exposure to ionising

radiation (IR) (reviewed by (Ainsbury et al., 2016)). Exposure of solely the peripheral zone to radiation
induced opacification of rabbit lenses (Goldmann and Liechti, 1938) while shielding the same area from
IR exposure prevented cataract development (Alter and Leinfelder, 1953, Leinfelder and Riley, 1956,
Rothstein et al., 1982). Measurements of cell proliferation after acute IR exposure of 15 Gy
demonstrated an increase in proliferation in the germinative zone of rabbit lenses in vivo (Von Sallmann,
1952, Von Sallmann et al., 1953, Von Sallmann et al., 1955, Pirie and Drance, 1959). Interestingly, this
effect was transient and after several weeks cell proliferation was similar to pre-exposure capacity. The
latter research output strongly suggests that the peripheral zone is the most radiosensitive zone of the
lens epithelium. This can be attributed to active dividing cells in the peripheral zone harbouring
chromatin in a more relaxed state than their non-dividing counterpart cells in the central zone. Although
the organisation of the cells in lens epithelium, LECs differentiation and cell density have received less
attention, these traits are also affected by IR exposure. Similar to ageing (Wu et al., 2015), IR exposure
was found to lead to the disorganisation of meridional rows and changes in cell density of frog LECs
(Hayden et al., 1980). Aberrations in the differentiation of LECs (Hanna and O'Brien, 1963) and
temporal decrease in cell density (Von Sallmann, 1952) have been observed after exposure to IR.

Notably, all the aforementioned research was performed with doses >2 Gy of IR and studies including
lower exposure doses started to emerge only recently. Similar to the data of these high dose studies,
increased proliferation and cell density was measured in mice for doses <0.5 Gy 1 h post-IR exposure
(Markiewicz et al., 2015), and the proliferative capacity returned to pre-exposure baseline levels 24 h
post-exposure. However, in contrast to the observations in mice exposed to doses >0.5 Gy, the increase
in cell density was still detected 24 h after exposure to doses <0.5 Gy (Markiewicz et al., 2015). In
addition to dose, dose rate is another factor that should be taken into account when investigating IR-
induced cataracts. Exposing mice to X-rays <2.2 Gy at low dose rates, commonly defined as <0.005
Gy/ min (ICRP, 2007), leads to less double stranded breaks (DSBs) in lymphocytes in comparison to
when the same dose was delivered at a higher dose rate (Turner et al., 2015). This implies that delivering
IR during medical treatment at a low dose rate would induce less DNA damage. However, the same
amount of damage was observed at a low dose rate as at a high dose rate in murine lymphocytes when
mice were exposed to 4.45 Gy. In mice eye lenses, a study using only high dose rates showed that
reducing the dose rate from 0.3 Gy/ min to 0.063 Gy/ min while delivering 2 Gy y-rays correlated with
an increased number of DSBs (Barnard et al., 2019). Strikingly, the effect of dose rate on the

proliferative capacity, cell density and epithelial organisation is quite limited in the eye lens.
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4.1.2. Mouse strains in IR-induced cataractogenesis research
Comparison of the eye lenses of mice, rats, guinea pig and rabbits exposed to various sources of IR

(doses between 1 and 3 mega-electrovolt) revealed that mice were the most radio-sensitive among these
vertebrates with lens opacities appearing at 8 months of age, which was 5 months earlier than in the
control mice (Upton et al., 1956), making them the most suitable model organism to study IR-induced
cataracts. IR-induced cataracts studies using CD1 mice heterozygous for Ptchl mutation showed that
Ptch1*" mice developed cataracts averagely 3 weeks sooner than their wild type (wt) counterparts when
exposed to 3 Gy at 2 days of age (De Stefano et al., 2015). Remarkably, the trend of Ptch1*" mutants
to develop cataracts sooner than wt was also observed in unexposed mice, but lens opacities were
detected much later in these mice compared to the irradiated ones (around 27 weeks later in Ptch1™"
mice). Analogous, introduction of the heterozygous Ser737Pro mutation into the Ercc2 gene of the
C3HeB/FeJ made mice more susceptible to cataractogenesis (Kunze et al., 2015). Furthermore, the
Ercc2* mutants were shown to be less efficient in repairing IR-induced DSBs in comparison to wt
C3HeB/FeJ after exposure to 1 Gy. Interestingly, a lifespan study with B6C3F1, F1 hybrid of
C3HeB/FeJ and the radio-resistant C57BL/6J (Nowosielska et al., 2012, Kataoka et al., 2006), exposed
to 0.5 Gy at a dose rate of 0.063 Gy/ min at 10 weeks of age showed that IR increased lens opacities
only by 1% over a time course of two years (Dalke et al., 2018). Comparable to the human species, a
lot of genetic variation is present between mice strains. However, the contribution of genetic variation
to IR-induced cataractogenesis has typically been studied by introducing mutations in a specific mouse

strain, while genetic differences between strains have been largely overlooked.
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4.2. Objectives and experimental design

Cell density and proliferation analysis has classically been done through flat mounting the lens
epithelium. An in-house developed cell density imaging technique of whole mount nuclei stained eye
lenses was compared to the use of flat mounts (Figure 4.2; as described in chapter 3). Previous IR lens
research using the CD1 and B6C3F1 strain focused mainly on DNA damage and the cataract phenotype
(see section 4.1.2). Furthermore, CD1 and C3HeB/FeJ (the parental strain of B6C3F1) mice were shown
to become more radio-sensitive when respectively Ptch1*- and Ercc2*- mutations were introduced. In
the past no attempt has been done to compare the radio-sensitivity of the CD1 and B6C3FL1 strain with
radio-resistant C57BL/6J mice. To gain more insight into the biological mechanism through which dose,
dose rate, genetic background and sex contribute to IR-induced modifications in lens epithelium, at 10
weeks of age male and female CD1 and C57BL/6J strains (wt and Ptch1*") were exposed to 0.5, 1 and
2 Gy using Co® y-rays at 0.3 and 0.063 Gy/ min dose rates. 4 months post-IR exposure, the eye lenses
were collected and the cell density across the lens epithelium was measured (Figure 4.2). Furthermore,
10 week- old male and female B6C3F1(wt and Ercc2*") mice were exposed to 0.5, 1 and 2 Gy using
Co% y-rays at a dose rate of 0.3 Gy/ min and harvested at 4 and 12 months post-IR exposure to study
IR-induced alterations in cell density over time. Following nuclear staining, lenses were 3D-imaged
with a confocal laser scanning microscope (CLSM) and subsequently analysed with Image J and an in-
house relative cell density calculation MatLab script (code see appendix). The generated plots portrayed

normalised cell number/ segment across the lens epithelium.
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\

CD1

Dose: 0, 0.5, 1 and 2 Gy

Dose rate: 0.3 and 0.063 Gy/ min
Radiation type: Co®Cy-rays

Sex: male and female

Mutation: wt and Ptchl *~

IR exposure

B6C3F1

IR exposure

Dose: 0, 0.5, 1 and 2 Gy
Dose rate: 0.3 Gy/ min
Radiation type: Co® y-rays
Sex: male and female
Mutation: wt and Ptchl **

v

Collection of eyes
(Methods section 3.3.1)

4 and 12 months post-IR: sacrifice

mice and collect eye lenses
(Methods section 3.3.1)

/

4 months post-IR: sacrifice

mice and collect eye lenses
y (Methods section 3.3.1)

Generating flat mounts \

(Methods section 3.3.2)

Hoechst staining and 3D-
imaging with LCSM
(Methods section 3.3.3)

v
Hoechst and Ki-67 staining

and LCMS imaging
(Methods section 3.3.4)

Cell density analysis
(Methods section 3.3.5)

Figure 4.2: Diagram of the experimental design for analysis of IR-induced changes in cell density, lens
epithelium organisation and cell proliferation in C57BL/6J. CD1 and B6C3F1 mice. Section numbers

refer to the material and methods chapter section in which the protocol is described. CLMS: confocal

laser scanning microscope.
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4.3. Results

4.3.1. Whole mounts allowed rapid measurement of cell density

CZ
L2
[
(]
v
>
2
o e
[
(e
H— el
2]
S
o

Nuclei

Overlay

7
C
-~ 4
A
e e
7
Figure 4.3: Wild type C57BL/6J, aged 6.5 months, flat mounted eye lens epithelium

stained with A) Ki67, B) Hoechst 33342, and C) an overlay of these images. Images

were acquired using a 63x oil objective, CLMS. White arrows point to the proliferating

cells. MR: meridional rows, CZ: central zone.
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The use of flat mounts and whole mounts to study epithelial organisation, cell density and proliferation
was compared. Nuclear staining of flat and whole mounts allowed visualisation of the cellular

organisation of the lens epithelium (Figure 4.3B and Figure 4.4B, respectively).

However, only whole mount staining maintained the full 3D structure of the lens epithelium, allowing
easier and more detailed reconstruction of distinct areas, i.e. central zone, germinative zone, transition
zone and meridional rows (Figure 4.4B).

Proliferative cells were visualised by Ki-67 staining. Although the staining worked flat and whole
mounts, the proliferating cells were more easily distinguished from the background in flat mounts in
comparison with whole mounts in which the staining was weak (Figure 4.3A and Figure 4.4A,
respectively). Overlay of the nuclear and proliferation staining showed that proliferative mainly reside

in the peripheral zone (Figure 4.3C and Figure 4.4C).

Proliferative cells Nuclei Overlay

Figure 4.4: C57BL/6J wild type, aged 6.5 months, whole mount eye lens stained with A) Ki67 and
B) Hoechst 33342, overlay of these images was generated in C). Images were acquired using a 10x
dry objective. White arrows point to the proliferating cells. MR: meridional rows, GZ: germinative

zone, TZ: transition zone, CZ: central zone.
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4.3.2. Strain specific lens epithelium organisation
To compare the organisation of cells in the lens epithelium of various mice strains, whole mount nuclear

staining of eye lenses of wt CD1, C57BL/6J and B6C3F1 was performed (Figure 4.2). All mice strains
showed big nuclei in the central zone, whilst in the germinative and transition zone nuclei were smaller
and the cell density was higher than in the central zone (Figure 4.5). The cells lined up in the meridional
rows where the cell density was lower than in the germinative and transition zone, but still higher than
in the central zone. The images illustrated that in contrast to the C57BL/6J and B6C3F1, in which the
lining up of cells in the meridional rows is clearly observed, the cells in the meridional rows of the CD1

strain were less organised.
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Figure 4.5: Hoechst 33342 staining of whole mount eye lenses of the CD1, C57BL/6J and B6C3F1

strain at an age of 6.5 months.



4.3.3. IR reduced cell density in the PZ and MR of the CD1 strain
Calculation of relative cell density illustrated that the cell density in the CD1 strain was relative constant

in the central zone, but a lot of variation between individual CD1 mice was observed towards in the PZ
and MR (Figure 4.6).
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Figure 4.6: Plot of relative cell density versus segment number for the lens epithelium spanning the

central zone to the furthest edge of the meridional rows for 6.5 month- old CD1 mice. This data was
combined with the other CD1 data to assess statistical significance with the Kruskal-Wallis test using
mutation, sex, dose rate and dose as independent factors and cell density as dependent factor. n=4

for female and n= 3 for male mice Rel.: relative, CZ: central zone, MR: meridional rows.

Exposure to IR caused a decrease in the relative cell density variation in the PZ and MR (Figure 4.7).
In the CZ, the relative cell density remained constant 4 months post-IR (Figure 4.7). Comparison of the
0.5, 1 and 2 Gy exposed CD1 mice with their unexposed counterparts demonstrated an IR dose-
dependent decrease in relative cell density in the PZ and MR, with exception of two 2 Gy irradiated
female mice that exhibited higher relative cell density than all the other IR-exposed mice (p= 0.072;
Figure 4.7A, B, D, E, F vs. C). In contrast to the 0.5 Gy exposed CD1 mice, which showed higher
relative cell density in the PZ and MR of mice exposed at a dose rate of 0.063 Gy/ min than those
exposed at 0.3 Gy/ min (Figure 4.7A vs. D), the relative cell density in the PZ and MR of CD1 mice

irradiated with 1 and 2 Gy at a dose rate of 0.063 Gy/ min was consistently lower compared to mice
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exposed at a dose rate of 0.3 Gy/ min (p=0.059; Figure 4.7B and C vs. E and F). The overall differences

observed between male and female were not significant (p= 0.153; Figure 4.7).
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Figure 4.7: Plot of relative cell density versus segment number for the lens epithelium spanning the central
zone to the furthest edge of the meridional rows of IR exposed CD1 mice at 10 weeks of age. Comparison
of male and female mice 4 months post-IR that were exposed to A) 0.5 Gy, B) 1 Gy and C) 2 Gy at a dose
rate of 0.3 Gy/ min, and D) 0.5 Gy, E) 1 Gy and F) 2 Gy at a dose rate of 0.063 Gy/ min. This data was
combined with the other CD1 data to assess statistical significance with the Kruskal-Wallis test using
mutation, sex, dose rate and dose as independent factors and cell density as dependent factor. n= 3 for

female mice and n= 3 for male mice.
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4.3.4. Ptch1* mutation in CD1 did not affect cell density or response to IR exposure
Plots comparing unexposed wt and Ptch1*~ CD1 mice showed no Ptch1*" associated relative cell

density alterations in the CZ, PZ and MR (Figure 4.8). The variation of relative cell density in the PZ
and MR was lower in Ptch1™" mutants compared to wt CD1 (Figure 4.8).
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Figure 4.8: Plot of relative cell density versus segment number for the lens epithelium spanning the
central zone to the furthest edge of the meridional rows of 6.5 month- old wt with Ptch1*- CD1 mice.
This data was combined with the other CD1 data to assess statistical significance with the Kruskal-
Wallis test using mutation, sex, dose rate and dose as independent factors and cell density as
dependent factor. n= 4 for wt and n= 3 for Ptch1*- mice Rel.: relative, CZ: central zone, MR:

meridional rows, wt= wild type.

Comparison of the relative cell density across the lens epithelium of 0.5, 1 and 2 Gy exposed wt and
Ptch1™ CD1 mice 4 months post-IR with their unexposed counterparts indicated that the Ptch1*"
mutation did not affect the response of CD1 mice to IR at both dose rates (p= 0.521; Figure 4.9A and
Dvs.Band E vs. C and F).
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Figure 4.9: Plot of relative cell density versus segment number for the lens epithelium spanning the

central zone to the furthest edge of the meridional rows of IR exposed CD1 mice at 10 weeks of age.
Comparison of wt with Ptch1*- CD1 mice exposed to A) 0.5 Gy, B) 1 Gy and C) 2 Gy at a dose rate
of 0.3 Gy/ min, and D) 0.5 Gy, E) 1 Gy and F) 2 Gy at a dose rate of 0.063 Gy/ min 4 months post-
IR. This data was combined with the other CD1 data to assess statistical significance with the
Kruskal-Wallis test using mutation, sex, dose rate and dose as independent factors and cell density

as dependent factor. n= 3 for wt and n= 3 for Ptch1* mice per graph wt: wild type.
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4.3.5. Dose significantly influenced IR response of C57BL/6J
The gradient of the relative cell density graph of male and female C57BL/6J mice illustrated low relative

cell density in the CZ that gradually increased and peaked in the PZ (Figure 4.10). Relative to the PZ,
the relative cell density decreased in the MR, though it remained higher than in the CZ. No differences

between male and female were observed.
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Figure 4.10: Plot of relative cell density versus segment number for the lens epithelium spanning

the central zone to the furthest edge of the meridional rows of 6.5 month- old C57BL/6J mice. This
data was combined with the other C57BL/6J data in this chapter to assess statistical significance
with the Kruskal-Wallis test using mutation, sex, dose rate and dose as independent factors and
maximum cell density as dependent factor. n= 4 for female and n=4 for male mice Rel.: relative,

CZ: central zone, MR: meridional rows.

C57BL/6J mice showed variable responses to the IR depending on dose (p< 0.001; Figure 4.11). 4
months after exposure, a gradual decrease in relative cell density of the PZ compared to the control
mice was observed in the C57BL/6J mice irradiated with 0.5 and 1 Gy (Figure 4.11A, B, D, and E vs.
Figure 4.10). Mice irradiated at 0.3 Gy/ min presented no significant dissimilarities in response to IR
from the ones exposed at a dose rate of 0.063 Gy/ min (p= 0.151; Figure 4.11A and B vs. D and E).
Interestingly, the female mice exposed to 2 Gy at a dose rate of 0.3 Gy/ min showed similar relative

cell density levels as the controls, contrary to the male mice which presented decreased relative cell

99



density in the PZ compared to their unexposed counterparts (Figure 4.11C vs. Figure 4.10). At the lower
dose rate of 0.063 Gy/ min, the dissimilarity in response to 2 Gy IR exposure between male and female
mice was more pronounced than at 0.3 Gy/ min, with female C57BL/6J mice demonstrating increased
relative cell density in the PZ and their male counterpart showing decreased relative cell density in the
same zone in comparison to the unexposed mice (Figure 4.11F vs. Figure 4.10). However, Kruskal-
Wallis statistical test indicated that these observed differences between male and female were not
significant (p=0.110).
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Segments from central zone to meridional rows

Figure 4.11: Plot of relative cell density versus segment number for the lens epithelium spanning the
central zone to the furthest edge of the meridional rows of IR exposed C57BL/6J mice at 10 weeks of age.
Comparison of male and female mice 4 months post-IR that were exposed to A) 0.5 Gy, B) 1 Gy and C) 2
Gy at a dose rate of 0.3 Gy/ min, and D) 0.5 Gy, E) 1 Gy and F) 2 Gy/ min at a dose rate of 0.063 Gy/ min.
This data was combined with the other C57BL/6J data in this chaper to assess statistical significance with
the Kruskal-Wallis test using mutation, sex, dose rate and dose as independent factors and maximum cell

density as dependent factor. n= 3 for female mice and n= 3 for male mice per graph.
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4.3.6. Ptch1" mutants react more severely to 2 Gy IR than wt C57BL/6J
To investigate the effect of Ptch1* on the lens epithelium cell density of C57BL/6J mice, plots

comparing wt and Ptch1*" C57BL/6J mice were generated. Ptch1*mutants illustrated the same relative
cell density in the CZ, PZ and MR as wt C57BL/6J mice (Figure 4.12).
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Figure 4.12: Plot of relative cell density versus segment number for the lens epithelium spanning the
central zone to the furthest edge of the meridional rows of 6.5 month- old C57BL/6J mice. This data
was combined with the other C57BL/6J data in this chapter to assess statistical significance with the
Kruskal-Wallis test using mutation, sex, dose rate and dose as independent factors and maximum cell
density as dependent factor. n= 4 for wt and n= 4 for Ptch1*" mice Rel.: relative, CZ: central zone,

MR: meridional rows; wt= wild type.

Comparison of the response to IR of Ptch1*~ mutants with the response of wt C57BL/6J mice showed
no apparent differences at 0.5 and 1 Gy at the dose rates 0.3 and 0.063 Gy/ min 4 months post-IR (p=
0.130; Figure 4.13). Similar to the comparison of female with male mice (Figure 4.11C and F), at 2 Gy
irradiated Ptch1*" mutants demonstrated higher relative cell density in the peripheral zone than the wt
C57BL/6J mice (Figure 4.13C). This divergence was more distinct at the 0.063 Gy/ min dose rate
(Figure 4.13F).
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Lastly, quantitative comparison of lens epithelium relative cell density in the CD1 and C57BL/6J strains
revealed that the observed differences were significant (p= 0.037; Figure 4.6, Figure 4.7, Figure 4.8,
Figure 4.9, Figure 4.10,Figure 4.11, Figure 4.12 and Figure 4.13).
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Figure 4.13: Plot of relative cell density versus segment number for the lens epithelium spanning

the central zone to the furthest edge of the meridional rows of IR exposed C57BL/6J mice at 10
weeks of age. Comparison of wt with Ptch1*- C57BL/6J mice exposed to A) 0.5 Gy, B) 1 Gy and
C) 2 Gy/ min at a dose rate of 0.3 Gy/ min, and D) 0.5 Gy, E) 1 Gy and F) 2 Gy/ min at a dose rate
of 0.063 Gy/ min 4 months post-IR. This data was combined with the other C57BL/6J data in this
chapter to assess statistical significance with the Kruskal-Wallis test using mutation, sex, dose rate
and dose as independent factors and maximum cell density as dependent factor. n= 3 for wt and

n= 3 Ptch1*" per graph wt: wild type.
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4.3.7. Eye lenses of mice collected 4 and 12 months post-IR showed minimal differences

in cell density
4 months post-IR 12 months post-IR
A = = =: Unexposed wt D

25

Exposed wt

0.5 Gy

1.0 Gy

Relative cell density (Normalised cell number/segment)

Segments from central zone to meridional rows
Figure 4.14: Plot of relative cell density versus segment number for the lens epithelium spanning the

central zone to the furthest edge of the meridional rows of IR exposed B6C3F1 male mice at 10 weeks
of age. Comparison of unexposed with IR exposed wt B6C3F1 mice (at a dose rate of 0.3 Gy/ min) to
A) 0.5 Gy, B) 1 Gy, C) 2 Gy at 4 months post-IR exposure, and D) 0.5 Gy, E) 1 Gy, and F) 2 Gy at 12
months post-IR. General Linear Model Analysis of Variance using time, mutation, sex and dose as
independent factors and maximum cell density as dependent factor was applied for statistical analysis
on the collective B6C3FL1 cell density data. n= 2 for unexposed and n= 4 for exposed per graph, wt:

wild type, IR: ionising radiation.
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To study the changes in cell density of the lens epithelium over time in irradiated B6C3F1, 10 week-
old mice were exposed to 0.5, 1 and 2 Gy at a dose rate of 0.3 Gy/ min and the eye lenses were collected
at 4 or 12 months post- IR exposure (Figure 4.2). The individual graphs showed minimal differences
between the relative cell density in the CZ, PZ and MR of exposed wt B6C3F1 male mice in comparison
with the relative cell density across the lens epithelium of the unexposed matched controls (Figure 4.14).
No significant differences between 4 and 12 months post-IR were observed in the 0.5, 1 and 2 Gy IR-
exposed wt B6C3F1 male mice (p> 0.05; Figure 4.14). Interestingly, comparison of the peak of the
relative cell density in the PZ of the 0.5, 1 and 2 Gy irradiated mice indicated decreased relative cell
density in 1 and 2 Gy relative to 0.5 Gy irradiated mice (p< 0.005; Figure 4.14C and F vs. A, B, D and
E).

The involvement of the Ercc2 gene in the response of B6C3F1 lens epithelium cell density to IR was
investigated by exposing heterozygous mutated mice to 0.5, 1 and 2 Gy at a dose rate of 0.3 Gy/ min
(Figure 4.2). Similar to the trend noted in wt male B6C3F1 (Figure 4.14), the graphs showed minimal
differences between the lens epithelium relative cell density of exposed male mice and their paired
unexposed male mice (Figure 4.15). A dose-dependent decrease in the PZ was observed at 4 (Figure
4.15A, B vs. C) and 12 (Figure 4.15D, E vs. F) months post-IR exposure in Ercc2”” mutants.
Comparison of the peak of relative cell density noted at 4 and 12 months showed that the relative cell
density in PZ was lower at 12 months in the 0.5, 1 and 2 Gy irradiated B6C3F1 male mice than at 4
months post-IR, though these differences were not statistically significant (p> 0.05; Figure 4.15A, B
and C vs. D, E and F). The Ercc2*" mutants demonstrated a similar, but more pronounced response to
IR as wt B6C3F1 mice. Collective statistical analysis of the B6C3F1 mice data revealed that the
Ercc2*” mutants were significantly more sensitive to IR (p= 0.009; Figure 4.15 vs. Figure 4.16).
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Segments from central zone to meridional rows
Figure 4.15: Plot of relative cell density versus segment number for the lens epithelium spanning the
central zone to the furthest edge of the meridional rows of IR exposed B6C3F1 male mice at 10 weeks
of age. Comparison of unexposed with IR exposed wt B6C3F1 mice (at a dose rate of 0.3 Gy/ min) to
A) 0.5 Gy, B) 1 Gy, C) 2 Gy at 4 months post-IR exposure, and D) 0.5 Gy, E) 1 Gy, and F) 2 Gy at 12
months post-IR. General Linear Model Analysis of Variance using time, mutation, sex and dose as
independent factors and maximum cell density as dependent factor was applied for statistical analysis

on the collective B6C3F1 cell density data. n= 2 for unexposed and n= 4 for exposed per graph, IR:

ionising radiation.
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4.3.8. B6C3F1 female mice are more sensitive to IR than their male counterpart

4 months post-IR 12 months post-IR
5 p220° . . 510
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Relative cell density (Normalised cell number/segment)

Segments from central zone to meridional rows
Figure 4.16: Plot of relative cell density versus segment number for the lens epithelium spanning the
central zone to the furthest edge of the meridional rows of IR exposed B6C3F1 female mice at 10
weeks of age. Comparison of unexposed with IR exposed Ercc2*- B6C3F1 mice to A) 0.5 Gy and B)
2 Gy at 4 months post-IR exposure, and C) 0.5 Gy and D) 2 Gy at 12 months post-IR. Exposure was
performed at a dose rate of 0.3 Gy/ min. General Linear Model Analysis of Variance using time,
mutation, sex and dose as independent factors and maximum cell density as dependent factor was
applied for statistical analysis on the collective B6C3F1 cell density data. n= 2 for unexposed and

n= 4 for exposed per graph, IR: ionising radiation.
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To investigate whether the perceived trends in the IR-response of male B6C3F1 mice were sex specific,
wt female B6C3F1 were exposed to 0.5 and 2 Gy (Figure 4.16). Comparison of relative cell density at
4 and 12 months post-IR showed minimal differences between both time points at 0.5 and 2 Gy (Figure
4.16A and B vs. C and D). Similar to their male counterparts (Figure 4.14), B6C3F1 female mice
showed decreased relative cell density in the PZ of the 2 Gy in comparison with 0.5 Gy irradiated mice
(Figure 4.16A and C vs. B and D).

Ercc2*" B6C3F1 female mice were exposed to 0.5, 1 and 2 Gy to examine whether the mutation affected
lens epithelium cell density response to IR exposure in female mice (Figure 4.2). Although minimal
differences were detected between the exposed and their paired controls (Figure 4.17A, B, C, D, E and
F), a dose-dependent decrease in the relative cell density in the PZ was observed (Figure 4.17A and D
vs. B and E vs. C and F). This decline was more notable 12 months post-IR (Figure 4.17A, B and C vs.
D, E and F). At 12 months post-IR exposure, the 2 Gy irradiated Ercc2*- female mutants showed

decreased relative cell density compared to their paired controls.

Comparison of the male Ercc2*" mutants and wt B6C3F1 with their female counterparts revealed that
although both sexes showed analogous responses to IR, female mice were significantly more sensitive
to IR (p= 0.029; Figure 4.14,Figure 4.15, Figure 4.16 and Figure 4.17).
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Figure 4.17: Plot of relative cell density versus segment number for the lens epithelium spanning the

central zone to the furthest edge of the meridional rows of IR exposed Ercc2*- B6C3F1 female mice

at 10 weeks of age. Comparison of unexposed with exposed Ercc2*- B6C3F1 mice to A) 0.5 Gy, B) 1
Gy and C) 2 Gy at 4 months post-IR exposure, and D) 0.5 Gy, E) 1 Gy and F) 2 Gy at 12 months post-
IR. Exposure was performed at a dose rate of 0.3 Gy/ min. General Linear Model Analysis of Variance

using time, mutation, sex and dose as independent factors and maximum cell density as dependent

factor was applied for statistical analysis on the collective BGC3F1 cell density data. n= 4 for exposed

and n= 2 for the unexposed paired control.
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4.3.9. Uncertainty budget
An uncertainty budget summarises all the factors that contribute to uncertainties in measurement results

during an experiment. This can be completed quantitatively by calculating the combined uncertainty
value or qualitatively by determining all the factors that contribute to uncertainty, estimating their
contribution and addressing the critical uncertainties. All factors which can be estimated via statistical
analysis of repeated measurements are accounted for as type A (random) errors and are associated with
a normal (Gaussian) distribution. The uncertainty contributors that cannot be estimated using statistics
are grouped in type B (systematic) errors, these factors are coupled with a continuous uniform
(rectangular) distribution because of their constant probability in variation. Twelve uncertainty
contributors were identified during the quantification of IR-induced changes in cell density (Table 4.1).
All factors were Gaussian distributed besides sex, which showed a rectangular distribution. “Age
variability within a group of mice”, phenotypic variability, animal house conditions, time of sacrifice,
dose exposure, “efficiency of evenly staining across the lens epithelium”, “distance from MR to CZ”,
time of sacrifice and “accurate detection of nuclei by the Matlab program” had a minor contribution in
contrast to sex, dose rate, genetic variability and repeatability of cell density measurements which had

a significant contribution to uncertainty.

Table 4.1: Uncertainty budget for the quantification of IR-induced alterations in cell density

measurements.
Uncertainty contributor Qualitative | Parameter Unit Type of Distribution
uncertainty Evaluation

Age variability within a group of minor months A Gaussian
mice
Phenotypic variability minor density A Gaussian
Genetic variability significant density A Gaussian
Animal house conditions minor density A Gaussian
Time of sacrifice minor density A Gaussian
Dose exposure minor density A Gaussian
Sex significant density B Rectangular
Dose rate significant density A Gaussian
Efficiency of evenly staining minor intensity A Gaussian
across the lens epithelium
Distance from MR to CZ zone minor cm A Gaussian
Accurate detection of nuclei by minor intensity A Gaussian
the Matlab program
Repeatability of cell density significant density A Gaussian
measurements
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4.4. Discussion

4.4.1. Strain with shorter lifespan has poorly organised cells in the MR
Transitioning from flat mounts to whole mounts provided an easier method to study cellular

organisation in the lens epithelium (Figure 4.3 andFigure 4.4). However, the results showed further
work is required to enable the use of this technique to directly study cell proliferation. The main
challenge encountered during whole mount staining of proliferative cells was the migration of the
conjugated Ki-67 antibody through the lens capsule which has very limited permeability, this could be

surpassed by using EdU staining.

Whole mount imaging revealed that the lens epithelium of the CD1 strain was differently organised
than the C57BL/6J and B6C3F1 strains at an age of 6.5 months (Figure 4.5). This was also reflected in
the quantification of lens epithelium cell density that illustrated comparable curves of relative cell
density from the CZ to the MR for C57BL/6J and B6C3F1 in contrast to the curve observed in CD1
mice (Figure 4.6 vs. Figure 4.10 andFigure 4.14). Comparison of lens epithelium cellular organisation
across various species and strains noted in previous studies showed similar cell densities in CZ, PZ and
MR as the ones observed the C57BL/6J and B6C3F1 mice during this investigation (Hayden et al., 1980,
Wu et al., 2015) (Figure 4.10 and Figure 4.14). The poorly organised cells in the MR detected in CD1
mice correspond to the lens epithelium cellular organisation observed in aged mammals (Wu et al.,
2015). Possibly, the ill organised MR are associated to the shorter lifespan of CD1 mice in comparison
to C57BL/6J and B6C3FL1 strains. The CD1 strain has an average lifespan of 15 months, while
C57BL/6J and B6C3F1 live respectively around 31 and 27 months (Dalke et al., 2018, Pérez et al.,
2009, Masoro and Austad, 2011). Interestingly, at 8 weeks of age CD1 mice already show a weaker
visual performance than C57BL/6J mice (Abdeljalil et al., 2005, Redfern et al., 2011). Lifespan studies
examining change in the cellular organisation of lens epithelium in CD1 versus C57BL/6J mice are

needed to confirm the hypothesis of lens epithelium cellular organisation reflecting life expectancy.

4.4.2. Effect of dose on lens epithelium cell density is significant in all tested strains
The in-house developed cell density measuring Matlab program offered an approach of quantifying IR-

induced changes in relative cell density across the different zones of the lens epithelium. Improvement
to this tool is ongoing with the focus on removing the uncertainty contributor “distance from MR to CZ”
that is manually determined in the current program. For this, the aim is to combine the reconstruction
of the position of each nuclei in 3D space and automatically establishing the distance from the MR to
the CZ (Table 4.1).

Comparison of the relative cell density in the CZ of CD1, C57BL/6J and B6C3F1 at 4 months post-IR
showed that it remained constant between strains and was not affected by IR (Figure 4.6,Figure 4.7,
Figure 4.8, Figure 4.9, Figure 4.10, Figure 4.11, Figure 4.12, Figure 4.13, Figure 4.14, Figure 4.15,
Figure 4.16 and Figure 4.17). Measurements of IR-induced DNA damage and cell proliferation
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modifications up to 24 hours post-IR in C57BL/6J showed that the CZ, though less than the PZ, is
sensitive to IR (Barnard et al., 2019, Markiewicz et al., 2015, Barnard et al., 2018). These studies
suggest that DNA repair in the CZ occurs significantly faster than in the PZ, and therefore, it is
conceivable that by 4 months any IR-induced changes in cell density in the CZ have been restored while

the modifications in the PZ still persist.

In contrast to the CZ, the cell density in the PZ was more affected by IR exposure in all strains (Figure
4.7,Figure 4.11 and Figure 4.14). Compared to unexposed mice, 0.5 and 1 Gy exposed mice showed
decreased relative cell density in the PZ of the lens epithelium at 4 months post-IR (Figure 4.7A, B, D
and E;Figure 4.11 A, B, D and E; Figure 4.14 A, B, D and E, and Figure 4.16A and C). However, the
response to 2 Gy was variable between the strains (Figure 4.7C and F, Figure 4.11C and F, Figure 4.14C
and F, and Figure 4.16B and D). The relative cell density in the PZ increased in 2 Gy C57BL/6J mice
relative to the unexposed mice (Figure 4.11C and F vs. Figure 4.10), while in B6C3F1 and CD1 mice
the dose-dependent decreasing trend compared with their unexposed counterparts was maintained
(Figure 4.7C and F vs. Figure 4.6, Figure 4.14C and F, and Figure 4.16B and D). Non-linear response
to IR in the lens epithelium has been reported before for DNA repair in the PZ of C57BL/6J
(Markiewicz et al., 2015). The presented data suggest that C57BL/6J mice react differently to high (>
2 Gy) and low (< 2 Gy) doses. However, also that the threshold for defining high and low dose might
be different between strains and still needs to be determined for the B6C3F1 and CD1 strain.

4.4.3. Dose rate effects are stronger at higher doses
IR-induced DNA damage in LECs was shown to increase with decreasing dose rate (Barnard et al.,

2019). In line with this, exposing CD1 and C57BL/6J mice to IR at 0.3 and 0.063 Gy/ min showed that
although the same dose response trends are observed at both dose rates, the lower dose rate caused a
more pronounced response to IR which was nearly significant in CD1 (p= 0.059; Figure 4.7A, Band C
vs. D, E and F), but not in the C57BL/6J strain (p=0.151; Figure 4.11A, B and C vs. D, E and F). These
differences in dose rate dependent responses were more noticeable at 2 Gy (Figure 4.7C vs. F and Figure
4.11C vs. F). During the IR-induced DNA damage in LECs study, eye lenses were collected 4 and 24
h post-IR (Barnard et al., 2019), the presented data in this thesis showed that the dose rate effect can

remain up to 4 months post-IR exposure.

4.4.4. Cell proliferation modifying mutations make the mice more sensitive to IR
The PTCHL1 protein is a repressor of the sonic hedgehog (Shh) signalling pathway that regulates cell

proliferation and differentiation through transcriptional activation of the transcription factor Glil (Jiang
and Hui, 2008). Mutations in the Ptchl gene were found to induce hypersensitivity to radiation in
humans with the affected patients being more prone to develop skin cancers and interestingly, also
showing higher prevalence of cataracts compared to the general population (Evans et al., 1993, Saran,
2010, O'Malley et al., 1997). Follow-up studies using CD1 mice showed increased cell proliferation in

LECs of Ptch1*" mutants in comparison to wt, and that this difference in proliferative activity decreased
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with age (De Stefano et al., 2015). Reasoning that increased proliferative activity results in elevated
relative cell density, Figure 4.8 and Figure 4.12 suggested that by the age of 6.5 months these
dissimilarities in proliferative activity and thus also in relative cell density no longer exist in CD1 mice.
Alternatively, small differences in cell proliferation were present, but due to the large variation in the
peripheral zone cell density, these mutation-induced modifications were not detected. Increasing the
amount of mice per cohort would be a possible way to overcome this. Retrospective power analysis
needs to be performed to determine the amount of mice required to detect significant differences.
Although C57BL/6J strain also showed no differences in relative cell density between Ptch1*" mutants
and wt at 6.5 months (Figure 4.12), further investigations are required to verify whether at an earlier
age the proliferative capacity of Ptch1*" mutants is different from wt C57BL/6J.

Furthermore, De Stefano and colleagues also demonstrated that Ptch1*" mutants are more sensitive to
IR-induced changes in cell proliferation than wt CD1 (De Stefano et al., 2015). No significant mutation
specific IR-induced modifications in relative cell density were detected in the Ptch1* CD1 mutants
relative to the wt when exposed to 0.5, 1 and 2 Gy (Figure 4.9A, B, C, D, E and F). Besides a dose-
dependent decrease in relative cell density in the PZ, a dose-dependent decline in relative cell density
variation is observed (Figure 4.9A, B, C, D, E and F). Transient increase in proliferation has been
observed in irradiated rabbits that developed lens opacities (Alter and Leinfelder, 1953, Von Sallmann,
1952, Von Sallmann et al., 1953) which implied that the temporary upregulation of Shh pathway
stimulated cataractogenesis later in life. Possibly, at 4 months post-IR other or additional pathways to
the Shh pathway mediate the response of lens epithelium proliferative capacity and cell density to IR in
CD1 mice. A good candidate is the mitogenic growth factor, FGF-2, which was shown to regulate age-
related cell density decline in the lens epithelium (Dawes et al., 2013, Guggenmoos-Holzmann et al.,
1989) and its expression in LECs to be affected by IR exposure (Hamada, 2017). In C57BL/6J mice,
Ptch1*" mutants showed a trend towards higher relative cell density in the PZ than wt mice after
exposure to 2 Gy (Figure 4.13C and F). At doses <2 Gy, the heterozygous mutation did not affect the
response to IR (Figure 4.13A, B, D and E). This suggested that the effect of Ptch1*" mutation in

C57BL/6J mice on IR exposure response is dose dependent.

The Ercc2 gene encodes the XPD protein, a subunit of the transcription factor IIH (TFIIH) complex,
which is involved in DNA repair and regulation of gene transcription (Fuss and Tainer, 2011). Similar
to the Ptchl gene, mutation in Ercc2 has been associated with increased sensitivity to UV radiation
leading to higher incidence of skin cancers (van de Ven et al., 2012). Introduction of Ercc2™” in the
parental strain of B6C3F1, C3HeB/FeJ, has been shown to increase sensitivity to IR (Kunze et al., 2015).
Similarly, given that the impact of the Ercc2* mutation on IR response of B6C3F1 was significant (p=
0.009; Figure 4.15A, B, C, D, E and F, and Figure 4.17A, B, C, D, E and F), the presented data
demonstrated that Ercc2*”- mutants are more sensitive to IR than wt B6C3F1. The mechanism through

which this occurs is currently under investigation. Lower DSBs repair relative to wt C3HeB/FeJ, has
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been detected in Ercc2* mutants (Kunze et al., 2015), though the induced epigenetic modification and
their contribution to increased sensitivity to IR still has to be determined. Epigenetic research in the eye

lens is already occurring (Alkozi et al., 2017), however this is not focused on IR effects yet.

4.45. Sex-specific effects more pronounced in the B6C3F1
Epidemiological data indicates that females are more sensitive to IR induced cataracts than males

(Narendran et al., 2019, Fukutsu et al., 2018, Hamada et al., 2019, Azizova et al., 2018). Comparison
of CD1, B6C3F1 and C57BL/6J suggest that sex-associated sensitivity to IR is strain specific (Figure
4.7 andFigure 4.11 vs. Figure 4.16). CD1 mice did not show sex-related cell density changes in response
to IR (Figure 4.7). Relative cell density measurements in C57BL/6J mice suggested that females are
more sensitive to IR at doses > 2 Gy, though this effect was not significant (Figure 4.11A, B, D and E
vs. C and F). In contrast to CD1 and C57BL/6J, female B6C3F1 mice were significantly more sensitive
to IR compared with their male counterparts (Figure 4.14 vs. Figure 4.16). The mechanism underlying
sex-dependent sensitivity to IR has not been elucidated yet. Remarkably, oestrogen has no role in the
latter (Henderson et al., 2009).

4.4.6. Uncertainty budget: B6C3F1 data address the contribution of time of sacrifice
This study addressed a lot of factors contributing to uncertainty (Figure 4.2 and Table 4.1). Sex, dose

rate, genetic variability were addressed and found to be significant contributors to IR response (Figure
4.6, Figure 4.7, Figure 4.8, Figure 4.9, Figure 4.10, Figure 4.11, Figure 4.12, Figure 4.13, Figure 4.14,
Figure 4.15, Figure 4.16 and Figure 4.17). IR-response is known to be dependent of age at exposure
(Thome et al., 2018, De Stefano et al., 2015). Therefore during this study, all mice were irradiated at
the same age (10 weeks; Figure 4.2). Although the contribution of genetic variability was determined,
assessing phenotypic variability was not in the scope of this research project. The contribution of this
factor was minimised by housing CD1 and C57BL/6J in the same facility and offering both strains the
same standard care. B6C3F1 was housed in another facility and the contribution of phenotypic
variability in comparison with the other two strains will most probably be a little bit higher. Detailed
data on the environment of all mice strains used during this research project have been collected and
their contribution to the observed IR-response will be determined. Hoechst staining is an easy
experimental procedure, however, to optimise accurate detection of nuclei by the Matlab program all
cells have to exhibit the same intensity. Care was taken to ensure homogenous staining, hereby

maximising the probability of each nuclei to display the same intensity under the microscope.

One uncertainty contributor addressed in the B6C3F1 data is the “time of sacrifice”. Mice, like humans
and rats, are diurnal species (Refinetti, 2004). Melatonin, regulated by the circadian rhythm has been
shown to mediate mitosis in rat lens epithelium (von Sallmann and Grimes, 1966). During this study,
2 control mice were paired with each group of exposed mice (Figure 4.14, Figure 4.15, Figure 4.16 and
Figure 4.17). Interestingly, the cell density has the tendency to variate depending on the time of sacrifice

which suggest that cell density is dependent of the circadian rhythm. Importantly, the contribution of
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“time of sacrifice” to uncertainty in IR-induced changes in lens epithelium cell density studies can now
be advised as minimal given that although the mice were sacrificed at different times during the day, it
did not prevent the detection of significant dose-, dose rate-, sex- and mutation-dependent changes.
Measuring the cell density at different times during the day together with determining the concentration
of melatonin would provide a more precise answer to the level of contribution of this uncertainty

contributor.

In conclusion, the cell density of the lens epithelium in mice is sensitive to IR. The severity of the
contribution of factors such as dose rate, sex, cell proliferation mediating genes is specific to strain and
IR-exposure dose. This highlights the influence of genetic background on IR-response and the
importance of low versus high dose IR studies. Remarkably, the lens epithelium relative cell density
measurements at 12 months post-IR in B6C3F1 mice showed that cell density remained constant over
time (Figure 4.14,Figure 4.15, Figure 4.16 andFigure 4.17). None of the mice strains showed lens
opacities, which emphasises the importance of longitudinal studies to understand IR-induced cataract.
Although the gathered data provides insight into possible mechanisms involved in IR-induced cataracts,

further work is required to fully understand underlying the mechanisms.
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Chapter 5:  In vitro studies show dose-dependent

IR-exposure induced oxysterol formation
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5.1. Introduction

5.1.1. Cholesterol in eye lens membrane

LFCs have one of the most cholesterol rich plasma membrane compared to other cell types and contain
dihydrosphingomyelin as the most abundant phospholipid (Borchman and Yappert, 2010, Ferguson et
al., 1996) (Figure 5.1). With age, the level of dihydrosphingomyelin and cholesterol continue to rise,
crossing cholesterol the saturation limit, leading to lipid rafts formation. In contrast, the levels of
glycerolipids decline (Rujoi et al., 2003, Mainali et al., 2017, Li et al., 1985, Huang et al., 2005).
Electron paramagnetic resonance (EPR) spin-labeling showed that the molar ratio of cholesterol:
phospholipid could increase up to 4:1 in the human nucleus (Mainali et al., 2015).

The role of cholesterol in the lens membrane remains ambiguous. Even though a couple of studies in
the 19" and 20" century reported correlation between cataract and increased levels of cholesterol (Cahn,
1881, Feldman and Feldman, 1965), most recent research using upgraded techniques and equipment
point towards a protective function of cholesterol. Cholesterol was shown to decrease oxygen
permeability of plasma membranes and promote the reduction of the oxidative stress in bovine and
human eye lenses (Widomska et al., 2007, Mainali et al., 2017, Subczynski et al., 2017, Plesnar et al.,
2018, Subczynski et al., 2012). Measurements of cholesterol:phospholipid molar ratio demonstrated
decreased cholesterol levels in cataractous lenses (Mainali et al., 2015, Jacob et al., 2001). Moreover
patients with defects in genes coding for enzymes vital in the cholesterol synthesis pathway such as 7-
dehydrocholesterol reductase in Smith—Lemli—Opitz syndrome (Cotlier and Rice, 1971) and
mevalonate kinase in mevalonic aciduria (Wilker et al., 2010) show a higher incidence of cataracts
compared to the general population, emphasizing the importance of cholesterol homeostasis to lens

transparency.

5.1.2. Cholesterol oxidation products
Similar to ageing, IR leads to increased oxidative stress (Uwineza et al., 2019, Buonanno et al., 2011).
Downstream effects of the elevated oxidative stress have been studied through ageing: the build-up of
7-ketocholesterol, a cholesterol oxidation adduct, with age was observed in the lens (Rodriguez et al.,
2014). Also other cholesterol oxidation products, i.e. 20a-hydroxycholesterol, 25-hydroxycholesterol,
7B-hydroxycholesterol, 7-ketocholesterol and 5,6-epoxycholesterol, have been found to accumulate in
cataractogenic lenses in comparison to clear lenses (Girao et al., 1998). The mechanism through which
these oxysterol lead to lens clouding is an ongoing field of study. Oxysterols affect the structure of
membranes by changing the permeability and through translocation into vesicles (Kulig et al., 2016,
Theunissen et al., 1986). Adding 7-ketocholesterol, 7p-hydroxycholesterol and 25-hydroxycholesterol
to artificial membranes demonstrated that these oxysterols induce membrane instability by rendering it

more sensitive to heat (Vestergaard et al., 2011). Radiolabeling of sterols demonstrated that 7-
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ketocholesterol, 7a/B-hydroxycholesterol and 25-hydroxycholesterol were transferred from membranes

to lipoproteins and vesicles at a much higher rate than cholesterol (Theunissen et al., 1986).
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Figure 5.1: Comparison of the membrane of typical cells and lens membrane. Typical membranes
contain phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine and sphingomyelin as the
predominant phospholipids. Besides integral membrane proteins and membrane-bound proteins, they
also contain low levels of cholesterol. Lens membranes contain more cholesterol which can lead to the
formation of cholesterol clusters and have dihydrosphingomyelin as the most abundant phospholipid.
Lens membranes typically show more membrane-bound crystallins as they age. Schematic figure
adapted from Borchman and Yappert, J Lipid Res, 2010.
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5.2. Objectives and experimental design

IR and ageing are both factors that lead to an increase in oxidative stress (Reisz et al., 2014, Pescosolido
et al., 2016) and therefore enhance the probability of cholesterol oxidation occurring. Given that the
build-up of oxysterols in the eye lens has been shown to be associated with age-related cataractogenesis
(Girao et al., 1998), the possibility of oxysterols being involved in IR-induced cataractogenesis was
examined. As a first step, the effects of IR on the lipid in the membrane of LFCs were investigated by
exposing bovine lipid membrane extracts to high levels of X-rays followed by liquid chromatography
mass spectrometry (LC-MS) analysis, and the identifying and quantifying oxysterols (Figure 5.2). As
this was a validation exercise and to maximize the probability of detecting an intense and clear signal
of oxysterols which are present in very low levels compared to cholesterol levels, doses up to 50 Gy

were applied.

Bovine eyes
Eye lenses

Lipid membranes extraction
(Methods section 3.4.1)

X-rays exposure (5 —50 Gy)
(Methods section 3.4.2)

Lipid purification
(Methods section 3.8.1)

liquid chromatography mass spectrometry
(LC-MS)
(Methods section 3.9.1)

/ N\

Chromatograms Analyte peak area
(Methods section 3.9.2)

Figure 5.2: Schematic representation of experimental design of in vitro IR-

induced oxysterol formation analysis.
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5.3. Results

5.3.1. Cholesterol levels did not change significantly following IR exposure

To investigate the effect of IR exposure on highly cholesterol concentrated membranes, cholesterol
levels in IR-exposed bovine eye lens membrane extracts were measured via LC-MS. The chromatogram
of bovine lipid membrane extracts exposed to 5 and 50 Gy X-ray showed that radiation exposure did
not lead to any noticeable changes in cholesterol levels (Figure 5.3A). Quantification via analyte peak
area measurements confirmed that there are no statistical significant IR-dose dependent changes in
cholesterol levels (p= 0.794; Figure 5.3B). Moreover, the nucleus contained significantly more
cholesterol than the cortex (p= 0.006; Figure 5.3B).
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Figure 5.3: Lipid membranes isolated from the cortex and the nucleus of bovine eye lenses were
exposed to 0, 5 and 50 Gy of X-rays and analysed by LC-MS (separated by cortex column). A)
Superposition of the chromatograms of the 0, 5 and 50 Gy BoN samples and B) quantification
of cholesterol levels in the membrane samples, error bars represent standard deviation,

*p<0.05 n= 3, n.s.: not significant, BoN: bovine nucleus.
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5.3.2. ldentification of oxysterols in LFC lipid membranes

Overlay of chromatograms for 0 and 50 Gy irradiated bovine nuclear fraction samples showed that
oxysterol levels in the lens lipid membranes increased after IR-exposure (Figure 5.4). The retention
time for each peak was determined and the most abundant multiple reaction monitoring (MRM)
detected in each peak was used in combination with the Lipidomics Gateway database and the data
provided in the McDonald et al. 2012 publication to determine the identity of the peak (Table 5.1)
(McDonald et al., 2012). Seven of the eleven examined peaks show an IR dose-dependent increase
(Table 5.1). The presence of 7-ketocholesterol, 7p-hydroxycholesterol and 5,6-epoxycholesterol were
confirmed by running undeuterated and/ or deuterated standards along with the samples (Figure 5.5).

BN B|ank

. 0 Gy BoN
B 50 Gy BoN

2.5e6

2.0eb

1.5e6

Intensity

1.0e6

5.0e5

0.060 A AV M 2

1 2 3 4 5 6 7 8 9
Time, min

*

Figure 5.4: Superposition of oxysterol LC-MS chromatograms of bovine lens nucleus membrane

extracts exposed to 0 and 50 Gy of X-rays. BoN: bovine nucleus.
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Table 5.1: Retention times of peaks illustrated in Figure 5.4 and the corresponding dominating MRMs.
The change with dose was determined by comparing the 0 and 50 Gy IR exposed bovine lens membrane
extracts. Putative identification was achieved using the Lipidomics Gateway database and information

provided by McDonald et al. (McDonald et al., 2012). Yellow marked oxysterols were confirmed using

standards (Figure 5.5). Abbreviations of the putative 1Ds analogous to (McDonald et al., 2012).

Retention time MRM Change with dose  Putative ID
on Kinetex
4.2 438 - 403 Yes 3b,5a,6b
4.37 420 - 385 Minimal 22r/s OHC, 27 OHC, 5/6b, 5/6a, 4b
4.58 418-383 No 24 OXO, 24/25 EPC
4.9 434 — 399 Yes 1,25 D3
436 - 401 3b16a27, 3b17a20a
52-58 385 - 367 Yes 8(14)3,15a0HC, 20

cholestenone, zymosterol
7-dehydrocholesterol

5.5 434 — 399 Yes 7B hydroxycholesterol

5.6 401 - 383 Yes 7-ketocholesterol

5.77 -5.97 418 - 401 Yes 3070, 1aD3; 24,25 epoxy cholesterol
6.15 420 - 385 Yes 5, 6-epoxycholesterol
6.25-6.35 420 - 385 Yes 5/6a/b

6.5 434 - 399 No unknown
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5.3.3. Dose-dependent increase of specific oxysterols
Following the identification of 7-ketocholesterol, 73-hydroxycholesterol and 5, 6-epoxycholesterol in
the bovine lens nucleus plasma membrane extracts after IR exposure, lens cortex membrane extracts

were also analysed.
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Figure 5.6: LC-MS peak quantification of oxysterols in 0, 5 and 50 Gy IR-exposed bovine lipid
membranes. A) 7-hydroxycholesterol, B) 7-ketocholesterol and C) 5, 6-epoxycholesterol in bovine lens
cortex membrane extracts, and D) 7p-hydroxycholesterol, E) 7-ketocholesterol and F) 5, 6-
epoxycholesterol in bovine lens nucleus membrane extracts, error bars represent standard deviation,
General Linear Model Analysis of Variance using dose, location and oxysterol as independent factors
and analyte peak area as dependent factor was applied for statistical analysis, *p< 0.05 n=3, n.s.: not

significant.
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As shown in Figure 5.6, oxysterol formation was induced by exposure to IR in a dose-dependent manner
in the cortical and nuclear fractions of bovine membrane extracts (Figure 5.6). Comparison of the
amount of oxysterol in the unexposed cortex and the nucleus revealed that the lens nucleus contains
more oxysterols than the cortex and this trend was maintained after IR exposure (p< 0.001; Figure 5.6A,
B and C versus Figure 5.6D, E and F). Although a gradual increase in the three analysed oxysterols was
observed, only the changes between 0 and 5 Gy (p=0.002), and 0 and 50 Gy (p= 0.002) were statistically
significant (in contrast to the changes between 5 and 50 Gy). Furthermore, comparison of the two
plasma membrane fractions showed that IR-induced oxysterol increase is more prominent in the cortex
(Table 5.2). The increase in oxysterol levels after IR exposure was found to persist for 7p-
hydroxycholesterol (p= 0.869; Figure 5.7A) and 7-ketocholesterol (p= 0.180; Figure 5.7B), even after
18 days at 37 °C. 5, 6-epoxycholesterol increased significantly (p= 0.019; Figure 5.7C). Moreover, an
increase in oxysterol levels in the non-irradiated samples with time is also observed (Figure 5.7).

Table 5.2: Comparison of the IR-induced changes in the cortex versus the nucleus. The mean values of

the analyte peak area in Figure 5.6 were used to calculate the ratios.

Ratio analyte peak area 5 Gy: 0 Gy

7B-hydroxycholesterol 7-ketocholesterol 5, 6-epoxycholesterol

Cortex 3.376 4.393 3.111
Nucleus 1.570 3.552 1.189
Ratio analyte peak area 50 Gy: 0 Gy
7B-hydroxycholesterol 7-ketocholesterol 5, 6-epoxycholesterol
Cortex 4.444 6.282 4.381
Nucleus 1.831 4.085 1.338
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Figure 5.7: Comparison of oxysterol levels 2 h and 18 days post-irradiation of bovine nucleus lipid
membranes with 50 Gy, General Linear Model Analysis of Variance using dose, time and oxysterol
as independent factors and analyte peak area as dependent factor was applied for statistical

analysis, *p< 0.05 n= 3, n.s.: not significant.

5.3.4. Retrospective power analysis
Although heuristics in biosciences research instructs three biological repeats to distinguish a true effect
from a random variation, progressive practice advises the performance of a power analysis. Generally,
the power analysis aids to determine the sample size that enables detection of a statistical significant
effect when there is a true effect to be found. This statistical test is normally conducted before an
experiment and calculated based on previously collected data found in literature. Besides (Girao et al.,
1998), no attempt has been done to quantify oxysterol levels in the eye lens. Therefore, the advised
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sample size for the target power of 0.8 based on the data that was collected above and the actual power

were calculated, and compared to the actual sample size using Minitab.

Table 5.3: Power analysis to determine the advised sample size and the actual power of our experiment

using Minitab.

Advised sample

Sample Difference in Mean Actual size for target
size mean value stdv power power 0.8

Cortex 0 Gy vs. 5 Gy
7B-hydroxycholesterol 3 86745 8671 1.000 2
7-ketocholesterol 3 203955 79942 0.653 4
5, 6-epoxycholesterol 3 1785500 289560 1.000 2
Cortex 0 Gy vs. 50 Gy
7B-hydroxycholesterol 3 125745 27055 0.985 3
7-ketocholesterol 3 317455 76760 0.959 3
5, 6-epoxycholesterol 3 2860500 434517 1.000 2
Cortex 5 Gy vs. 50 Gy
7B-hydroxycholesterol 3 39000 35155 0.184 14
7-ketocholesterol 3 113500 140435 0.121 26
5, 6-epoxycholesterol 3 1075000 543694 0.455 6
Nucleus 0 Gy vs. 5 Gy
7B-hydroxycholesterol 3 106000 30045 0.891 3
7-ketocholesterol 3 693300 129613 0.997 3
5, 6-epoxycholesterol 3 810000 517107 0.31 8
Nucleus 0 Gy vs. 50 Gy
7B-hydroxycholesterol 3 154500 8132 1.000 2
7-ketocholesterol 3 838300 161432 0.995 3
5, 6-epoxycholesterol 3 1445000 485287 0.777 4
Nucleus 5 Gy vs. 50 Gy
7B-hydroxycholesterol 3 48500 25102 0.439 6
7-ketocholesterol 3 145000 53033 0.709 4
5, 6-epoxycholesterol 3 635000 386292 0.340 7
Nucleus 0 Gy vs. Cortex 0 Gy
7B-hydroxycholesterol 3 149342 6823 1.000 2
7-ketocholesterol 3 211598 127140 0.346 7
5, 6-epoxycholesterol 3 3431800 398243 1.000 2

Stdev: standard deviation
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The actual power for the comparisons made between 0 and 5 Gy, and 0 and 50 Gy in the cortical and
nuclear fraction of the bovine lens membrane extracts was above 0.8 except for 7-ketocholesterol 0 vs.
5 Gy in the cortex, 5, 6-epoxycholesterol 0 vs. 5 Gy and 0 vs. 50 Gy in the nucleus (Table 5.3). The
actual power for these was <0.8 and therefore, a bigger sample size was suggested. Similarly, for the
comparison between the oxysterol levels in the cortex and nucleus 2 of the 3 measured oxysterols
showed actual powers >0.8. Hence, only for 7-ketocholesterol was the advised sample size to detect
significant differences in IR-induced changes in oxysterol levels above the applied sample size. In
contrast, the advised sample sizes for cortex and nucleus 5 Gy vs. 50 Gy was overall higher than the
sample size used during the experiments and the actual power of that comparison was <0.8 in the

cortical and nuclear fraction of the bovine lens membrane extracts.

5.3.,5. Uncertainty budget

Table 5.4: Uncertainty budget of the in vitro IR-induced oxysterol formation experiment.

Uncertainty contributor Qualitative  Parameter Unit  Type of Distribution
uncertainty Evaluation

Variability in age within a group minor months A Gaussian
of cows in the context of plasma
membrane lipid composition
Membrane extraction efficiency minor mg B Rectangular
Purity of samples minor counts A Gaussian
Fluctuations in temperature of minor °C A Gaussian
incubation room
Weighing errors minor mg A Gaussian
Dose exposure within runs minor Gy B Rectangular
Dose exposure between runs minor Gy A Gaussian
Pipetting minor mL A Gaussian
Lipid purification efficiency minor counts B Rectangular
Evaporation of solvent minor counts B Rectangular
Analyte peak area minor counts A Gaussian
Repeatability significant counts A Gaussian

As Table 5.4 showed, twelve uncertainty contributors in the quantification of in vitro IR-induced
oxysterol formation experiment were identified (Figure 5.6). The “variability in age within a group of
cows in the context of plasma membrane lipid composition”, “fluctuations in temperature of incubation

room”, purity of the samples, weighing errors, pipetting, dose exposure between runs analyte peak area
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and repeatability are all factors which can be estimated via statistical analysis of repeated measurements
and are therefore accounted for as type A (random) errors which are commonly, and therefore also
within the current experimental set up, associated with a normal (Gaussian) distribution. The membrane
extraction efficiency, dose exposure within runs, lipid purification efficiency and evaporation of the
solvent cannot be estimated using statistics and are therefore grouped in type B (systematic) errors.
These factors are coupled with a continuous uniform (rectangular) distribution because of their constant
probability in variation. Consideration of the relative magnitude of each of the factors leads to the
conclusion that eleven contributors have a minor contribution and one, repeatability, a significant
contribution to uncertainty. Thus only the repeatability was used to assess the uncertainty (in terms of
standard deviation) in the measurements outputs, i.e. to produce the error bars on Figure 5.6 andFigure
5.7.
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5.4. Discussion

5.4.1. LFCs membrane cholesterol is a sensor for IR-induced oxidative damage
The data presented here confirm that cholesterol in eye lens membranes is subjected to oxidative
damage after exposure to IR (Figure 5.3, Figure 5.4, Figure 5.5 and Figure 5.6). Importantly, the
cholesterol oxidation products (7p-hydroxycholesterol, 7-ketocholesterol and 5, 6-epoxycholesterol)
detected after IR exposure are the same as those that have been correlated with age-related cataract
(Girao et al., 1998). These oxysterols are generated via cholesterol autoxidation (Smith, 1987, Girotti
and Korytowski, 2000, Zerbinati and luliano, 2017, Jin et al., 2010). One of the consequences of IR
exposure is free radical generation from water radiolysis, which in turn generate hydrogen peroxide.
The free radicals can be generated from hydrogen peroxide by transition metals such as iron via the
Fenton reaction, which also damage lens biomolecules (reviewed in (Loh et al., 2009, Goralska et al.,
2009)). Transition metal chelators help to limit oxygen radicals, thus mediate damage in the lens
(Kleimanetal., 1990, Zigler et al., 1985, Goralska et al., 2009). The plasma membranes of LFCs contain
high levels of cholesterol and dihydrosphingomyelin (Borchman and Yappert, 2010), but cholesterol is
more prone to oxidative damage than dihydrosphingomyelin (Ahuja et al., 1999, Vejux et al., 2011).
Cholesterol is also highly abundant in LFC membranes and its turnover appears minimal over the
lifetime of the lens (Hughes et al., 2015, Hughes et al., 2012). Indeed cholesterol oxidation is a mark of
age-related cataract (Borchman and Yappert, 1998, Bhuyan and Bhuyan, 1984, Bhuyan et al., 1986a,
Bhuyan et al., 1986b, Micelli-Ferrari et al., 1996, Simonelli et al., 1989, Varma et al., 1984, Babizhayev
et al., 1988). For these reasons, cholesterol can be considered a de facto biosensor of oxygen radical

damage in the lens.

5.4.2. Cholesterol content of LFC plasma membranes helps protect against IR-induced
production of oxysterols

Oxysterol products accumulate in age-related cataractogenic lenses (Girao et al., 1998) although that
this study found no detectable levels of oxysterols in age matched control human lenses. Oxysterols
were detected in non-irradiated bovine lens membranes using LC-MS (Figure 5.4 andFigure 5.6) and
exposure of lipid membranes in vitro showed that IR caused an increase in cholesterol oxidation
products (Figure 5.4 and Table 5.1). Amongst these oxysterols, the presence of 7p-hydroxycholesterol,
7-ketocholesterol and 5, 6-epoxycholesterol, which have been correlated with age-related cataract
(Girao et al., 1998) was confirmed. Calculations of the actual power showed that enough repeats were
generated to detect significant changes between 0 and 5 Gy, and 0 and 50 Gy for 7p-hydroxycholesterol
and 7-ketocholesterol in the cortical and nuclear fractions of bovine lens membrane extracts. However,
the actual power for differences between 0 and 5 Gy, and 0 and 50 Gy for 5, 6-epoxycholesterol in the
lens nucleus is <0.8, and more experimental repeats are recommended to confirm the observed

differences.
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IR-dependent increase in oxysterols (Figure 5.6) was significant after exposure to both 5 and 50 Gy,
but 50 Gy did not produce a 10 fold increase over the 5 Gy sample in the three oxysterols that were
measured (Figure 5.6). DNA damage in the form of DSBs is linear over the range 1 mGy to 100 Gy 3
min after exposure (Rothkamm et al., 2003, Rothkamm et al., 2015), but the numbers of foci and the
influence of repair mechanisms then affect DNA damage readout in the form of, for instance y-H2AX
foci e.g. (Barbieri et al., 2019). In the experiments performed during this study it is possible that free
radical autoxidation mechanisms from water radiolysis induce oxysterol formation (Zerbinati and
luliano, 2017), but cholesterol is also protective (Girao et al., 1999), offering an explanation for the
observed attenuation. Interestingly, y-irradiation of synthetically generated liposomes with a 4:1
phospholipid:cholesterol ratio generated more cholesterol oxidation adducts than liposomes with a 2:1
phospholipid:cholesterol ratio (Sevanian and McLeod, 1987), suggesting that oxysterol formation is
cholesterol-ratio dependent. In the context of the eye lens, the cholesterol ratio is highest in the oldest
fiber cells, i.e. those in the lens nucleus. These findings, combined with studies showing that high
membrane cholesterol provides a hydrophobic barrier to limit oxygen permeability (Widomska et al.,
2007), suggest that the lens membranes should also be protected against IR-induced oxidation of
cholesterol. Perhaps the higher cholesterol content of the lens nucleus helps provide the cell biological

environment to effect such protection against oxidative damage.

It is possible that the higher cholesterol content of the lens nucleus helps provide the cell biological
environment to effect protection against IR-mediated oxidative damage in line with previous studies
using reconstituted membranes and vesicles (Smith, 1991, Parasassi et al., 1995). The data presented
for the bovine lens membranes isolated from the cortex and nucleus could seem to contradict the
suggested protective environment of the lens nucleus afforded by higher cholesterol levels given that
higher levels of oxysterols are present in the unexposed lens nucleus membrane extracts compared to
those in the cortical membrane fraction (Figure 5.6). Power analysis confirmed that the experiment has
enough actual power to detect differences in oxysterol levels between unexposed plasma membrane
extracts in the cortex and in the nucleus (Table 5.3). In terms of the fold-increase over the baseline, the
increase in oxysterols was greatest in the cortex and not the nucleus (Table 5.2). This observation is in
line with epidemiological data revealing that IR-induced cataractogenesis mainly presents itself as

posterior subcapsular cataracts (Miller et al., 1967, Wilde and Sjostrand, 1997).

5.4.3. Uncertainty budget
With age, the cholesterol content in the plasma membranes of LFCs changes (Mainali et al., 2013).
Therefore, “Variability in age within a group of cows in the context of plasma membrane lipid
composition” was taken into consideration. The abattoir mainly works with cows aged 6 months and

during the lipid membrane extraction process 24 eye lenses are combined, presumably this sample size
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is large enough to limit the contribution of age-related differences in cholesterol to the uncertainty
budget. The membrane extraction efficiency, purity of the samples, pipetting, weighing errors,
fluctuations in temperature of the incubation room, dose exposure within and between runs, and lipid
purification efficiency are uncertainty contribution factors that mainly depend on the individual
performing the experiment and the material used. All experiments were performed by one individual
and material bought from the same supplier was used throughout the experiment. The purity of the
samples was optimised by using ultrapure, high performance liquid chromatography grade solvents.
The samples prepared for mass spectrometry were dissolved in a limited amount of solvent, hence
evaporation could influence the quantitative comparison of various samples. To minimise evaporation,
the tubes were immediately closed with screw-top lids after addition of the solvent and stored at -20 °C
till further analysis. The analyte peak area was calculated automatically using Analyst 1.6.2, however
the program occasionally failed to detect the right peak which required the user to select the right peak

manually.

Importantly, processes occurring in vitro are isolated systems. Therefore, this experiment should be
repeated in an in vivo setting to confirm that IR-induced oxysterol formation can contribute to IR-

induced radiation cataracts.
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Chapter 6: In vivo formation of oxysterols is
time- and dose-dependent
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6.1. Introduction

Oxysterols can be formed via enzymatic or non-enzymatic (autoxidation) processes (Figure 6.1); the
exerted pathway and oxysterols formed depend chiefly on the available enzymes and the type of free
radicals causing oxidative stress (luliano, 2011, Kulig et al., 2016, Griffiths et al., 2016). lonising
radiation (IR) can give rise to a large variety of free radicals (Spitz and Hauer-Jensen, 2014); however,
not all of them can directly oxidise cholesterol (Sevanian and McLeod, 1987). The reactive oxygen
species (ROS) hydroxyl radical and hydrogen peroxide, and the reactive nitrogen species peroxynitrites
trigger cholesterol autoxidation primarily by removing a hydrogen atom at the C-7 position of
cholesterol (Yin et al., 2011, luliano, 2011, Mutemberezi et al., 2016), while superoxide anions have
been shown to be unable to react with cholesterol (Smith et al., 1977). The main enzymes involved in
oxysterol metabolism are oxidoreductases, hydrolases and transferases. Although some of these
enzymes have been reported in the cytoplasm and membrane (Zhang et al., 2012, Chen et al., 2007),
they are predominantly found in the endoplasmic reticulum and mitochondria (Mutemberezi et al.,
2016).
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Figure 6.1: The predominant oxysterols in the human body. A) Enzymatically formed oxysterols, B)

non-enzymatically formed oxysterols and C) oxysterols that can be formed via autoxidation and

enzymatic reactions. Figure adapted from Mutemberezi et al, Prog Lipid Res, 2016 OHC:

hydroxycholesterol; chol: cholesterol.

The function of oxysterols in humans is quite diverse: they serve as transport molecules for sterols, for

example the conversion of cholesterol into 24(S)-hydroxycholesterol, which in contrast to cholesterol

is able to pass the blood brain barrier and remove excessive cholesterol from the brain (Bjorkhem et al.,

1998, Bjorkhem, 2006); they act as regulators of the cholesterol biosynthesis pathway, for example 27-

hydroxycholesterol inhibits cholesterol biosynthesis while 7a-hydroxycholesterol stimulates the latter

(Martin et al., 1997, Taylor et al., 1984); and they also function as signalling molecules e.g. 22(R)-

hydroxycholesterol binds and activates liver X receptors o/ which are key transcription factors in lipid

137



metabolism with an anti-atherogenic role (Janowski et al., 1996, Joseph et al., 2002, Lala, 2004).
However, oxysterols can also be pathogenic. Increased levels of 7p3-hydroxycholesterol in blood plasma
have been correlated with a higher risk of coronary heart disease (Zieden et al., 1999), 7-ketocholesterol
downregulates the cytotoxicity of doxorubicin possibly leading to poor cancer treatment outcomes
(Wang et al., 2017a), and some researchers have suggested that the binding of 5, 6-epoxycholesterol to

liver X receptor might lead to atherosclerosis (Berrodin et al., 2010).

The cholesterol:phospholipid ratio in human eye lenses has been shown to be upto 54% higher in clear
eye lenses than in cataractogenic eye lenses (Jacob et al., 2001). Furthermore, a study in which in vivo
oxysterol levels were measured showed that compared with clear lenses, cataractogenic lenses
contained elevated levels of 7B-hydroxycholesterol, 7-ketocholesterol, 5, 6-epoxycholesterol, 20a-
hydroxycholesterol and 25- hydroxycholesterol (Girao et al., 1998). Although no studies have directly
investigated the presence of enzymes involved in oxysterol metabolism in the eye lens, the detection of
20a- hydroxycholesterol by Girao et al. suggests the presence of these enzymes given that 20a-
hydroxycholesterol is an oxysterol that can only be formed via enzymatic reactions (Figure 6.1)
(Mutemberezi et al., 2016). In primary LEC cultures, the addition of 7-ketocholesterol represses
proliferation and leads to the malfunctioning of the differentiation program of LECs into LFCs (Girao

et al., 2003). Further, little is known regarding the function of oxysterols in the eye lens.

Epidemiological data show that exposure to high doses of IR and repeated exposure to low dose IR,
such as 0.1 Gy, are associated with cataractogenesis (Miller et al., 1967, Cogan et al., 1952, Little et al.,
2018). Exposure to IR leads to elevated levels of oxidative stress in cells (Buonanno et al., 2011), and
one of the downstream targets of the generated free radicals are lipids (Azzam et al., 2012). Research
showing in vivo IR-induced lipid peroxidation in the eye lens following cobalt 60 y-irradiation of rats
by assessing malondialdehyde levels was limited to measuring fatty acids as a substrate for oxidation
(Karimi et al., 2017). However, the effect of IR on cholesterol in the eye lens in vivo has yet to be

examined.
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6.2. Objectives and experimental design

Experimental data in the previous chapter revealed that exposure of bovine lipid membrane extracts to
IR leads to increase of oxysterol levels. However, given that protein denaturating agents are used before
exposure to IR (Tapodi et al., 2019), the contribution of enzymes to IR response were examined in an
in vivo system. Given that C57BL/6J is the most commonly used strain in radiation research, 3 month
old C57BL/6J mice were exposed to 0.1 and 2 Gy to X-rays and the cholesterol and oxysterol levels in
eight pooled eye lenses were examined (Figure 6.2). Furthermore, a time course experiment over a

period of 7 days was performed to study the time-dependence of cholesterol oxidation.

3 months old female C57BI/6J mice

|

Whole body X-rays exposure (0.1 — 2 Gy)
(Methods section 3.4.3)

Eye collection
(Methods section 3.4.4)

Extraction of eye lens lipid membranes
(Methods section 3.4.1 and 3.4.4)

|

Lipid purification
(Methods section 3.8.1)

Liquid chromatography mass spectrometry
(LC-MS)

(Methods section 3.9.1)

/ o~

Chromatograms Analyte peak area
(Methods section 3.9.2)

Figure 6.2: Schematic representation of the experimental design of the in vivo
IR-induced oxysterol formation analysis. Section numbers refer to the material

and methods chapter section in which the protocol was described.
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6.3. Results

6.3.1. Doses as low as 0.1 Gy induced oxysterol formation in mice eye lenses
The effect of whole body X-ray exposure to a low dose (0.1 Gy) and a higher dose (2 Gy) on oxysterol

levels in the eye lens was examined and compared to the in vitro IR-dose-dependent increase in
oxysterols noted in the previous chapter. To optimise signal detection, eight eye lenses were pooled
prior to lipid membrane extraction. In agreement with the bovine data, a dose-dependent increase was
observed in 7B-hydroxycholesterol and 7-ketocholesterol in the eye lenses of 0.1 and 2 Gy irradiated

mice (Figure 6.3). 5, 6-epoxycholesterol did not show a dose dependent increase (Figure 6.3).
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Figure 6.3: LC-MS Chromatograms of 0, 0.1 and 2 Gy irradiated mice 2 hours post IR exposure

(eight eye lenses were pooled per sample). MoC: Mouse Cortex.

6.3.2. IR-induced oxysterol formation was transient in mice
To verify whether the IR-induced damage is maintained over time, groups of four mice were irradiated

with 2 Gy and sacrificed 2 h, 24 h and 7 days post IR-exposure. The eye lenses of the four mice were
pooled and the lipid membranes were extracted. Following lipid purification, quantitative LC-MS
analysis of the cholesterol and oxysterols in these samples was performed. Oxysterol levels between
different samples were normalised using the cholesterol analyte peak area as IR was shown to not induce
significant changes in the cholesterol levels for IR doses of up to 50 Gy (as demonstrated in previous

chapter).
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Figure 6.4: LC-MS quantification of in vivo formed oxysterols in mice irradiated with 2 Gy and
sacrificed at 2 hours, 24 hours and 7 days post-IR exposure. A) 7 S hydroxycholesterol, B) 7-
ketocholesterol, and C) 5, 6-epoxycholesterol in mice lens cortex, D) 7 S hydroxycholesterol, E) 7-
ketocholesterol and F) 5, 6-epoxycholesterol in mice lens nucleus, General Linear Model Analysis of
Variance using time and location as independent factors and rel. analyte peak area as dependent factor

was applied, *p< 0.05 n= 2 x 8 pooled eye lenses, n.s.: not significant, rel: relative.
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As shown in Figure 6.3 and Figure 6.4, exposing mice to IR lead to a significant rapid increase of 7p-
hydroxycholesterol (p= 0.000) and 7-ketocholesterol (p= 0.000) in vivo in the cortex (Figure 6.4A and
B) and the nucleus (Figure 6.4C and D) of the eye lens. After 24 h the levels of 7-ketocholesterol
dropped back to concentrations similar to those prior to IR-exposure (Figure 6.4B and D; Figure 6.5).
Although 7p-hydroxycholesterol was reduced to a level similar to the control within 24 h in the cortex
(Figure 6.4A and Figure 6.5), Figure 6.4D and Figure 6.5 demonstrate that in the nucleus the significant
increase in 7B-hydroxycholesterol 2 h post IR-exposure (p= 0.044) declined more gradual. In contrast
to 7p-hydroxycholesterol and 7-ketocholesterol, 5, 6-epoxycholesterol did not show significant IR-
induced changes over the 7 days (p= 0.451) (Figure 6.4A, B, D and E versus C and F; Figure 6.5). A
comparison of the cortex and nucleus showed that the changes in oxysterol levels are more pronounced
in the cortex than in the nucleus (Figure 6.4A and B versus C and D).

Cortex Nucleus

7B hydroxycholesterol
Tukey Pairwise Comparisons: Time (h) Tukey Pairwise Comparisons: Time (h)

Grouping Information Using the Tukey Method and 95% Confidence | Grouping Information Using the Tukey Method and 95% Confidence

Time Time

(h)y N Mean Grouping (h N Mean  Grouping
2 2 0137713 A 2 2 00248203 A

24 2 0024109 B 24 2 00102259 A 8

0 2 0.005890 3 0 2 0.0053552 B
168 2 0001319 B 168 2 0.0036613 B

7-keto cholesterol

Tukey Pairwise Comparisons: Time (h) Tukey Pairwise Comparisons: Time (h)

Grouping Information Using the Tukey Method and 95% Confidence| ~ Grouping Information Using the Tukey Method and 95% Confidence

Time Time

(hh N Mean Grouping (h N Mean _Grouping
2 2 00634829 A 2 2 00546419 A

24 2 00166162 B 24 2 00099516 B
0 2 00057035 8 168 2 00033090 B
168 2 00031645 8 0 2 00032372 B

5,6 epoxycholesterol
Tukey Pairwise Comparisons: Time (h) Tukey Pairwise Comparisons: Time (h)

Grouping Information Using the Tukey Method and 95% Confidence| ~ Grouping Information Using the Tukey Method and 95% Confidence

Time Time

(h N Mean Grouping (hy N Mean Grouping
24 2 00156955 A 24 2 00214527 A

2 2 00152897 A 2 2 00169790 A

0 2 00150103 A 0 2 00166884 A

168 2 0.0125766 A 168 2 00139703 A

Figure 6.5: The post hoc test Tukey Pairwise comparison was performed after General Linear Model
Analysis (Figure 6.4) using Minitab using time as independent factors and rel. analyte peak area as
dependent factor. Means are grouped in A or B, means sharing a letter are not significantly different

while those that do not share a letter are significantly different.
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6.3.3. No IR exposure-dependent changes in the protein pattern detected via SDS-PAGE
over time
Parallel with the 2 Gy IR-induced oxysterol formation time course experiment (Figure 6.4), SDS-PAGE

was performed to investigate whether changes in the protein pattern occur. In the cortex and nucleus,
the protein pattern in the lipid membrane extracts appears unchanged after 2 hours exposure and remains

unaltered 7 days post IR-exposure (Figure 6.6).

Cortex Nucleus

ctrl 2h 1D 7D ctrl 2h 1D 7D

Figure 6.6: 10 uL of lipid membranes isolated from the lens cortex and lens nucleus of mouse
exposed to2 Gy X-rays 2 hours, 24 hours and 7 days post exposure. The most prominent band
visible is AQPO (arrow). Protein identity suggestion was based on proteomics data in the
appendix (appendix table 1 and 2). Non-irradiated mice of the same age were used as the control.
Lipid membranes were solubilised with 1% (w/v) SDS buffer, run on a SDS-PAGE gel (15% (w/v)
acrylamide) and stained with Coomassie Blue. The molecular weight markers in the first lane of
each gel mark respectively 250, 130, 95, 72, 55, 36, 28, 17 and 10 kDa from top to bottom.
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6.3.4. Retrospective power analysis

Table 6.1: Retrospective power analysis to determine the advised sample size for the in vivo IR-induced

oxysterol formation experiment using Minitab.

Advised sample
Sample Difference in Mean Actual size for target
size mean value stdev power power 0.8

Cortex control vs. 2h
7B-hydroxycholesterol 2 0.132 0.035 0.525 3
7-ketocholesterol 2 0.058 0.002 1.000 2
5,6-epoxycholesterol 2 0.000 0.003 0.050 2176
Cortex control vs. 24h
7B-hydroxycholesterol 2 0.018 0.008 0.271 5
7-ketocholesterol 2 0.011 0.006 0.175 7
5,6-epoxycholesterol 2 0.001 0.001 0.084 23
Nucleus control vs. 2h
7B-hydroxycholesterol 2 0.019 0.006 0.417 3
7-ketocholesterol 2 0.051 0.008 0.869 2
5,6-epoxycholesterol 2 0.000 0.004 0.050 2408
Nucleus control vs. 24h
7B-hydroxycholesterol 2 0.005 0.004 0.112 14
7-ketocholesterol 2 0.007 0.003 0.271 5
5,6-epoxycholesterol 2 0.005 0.005 0.095 17

Stdev: standard deviation

As stated in the previous chapter, to the best of our knowledge, only one attempt has been made to
guantify cholesterol oxidation products (Girao et al., 1998). Therefore, a power analysis prior to
embarking on this project was not feasible. Alternatively, a retrospective power analysis was executed
determining the sample size for future experiments using differences in mean and average standard
deviation generated during the in vivo IR-induced oxysterol formation experiment (Figure 6.4). The
advised sample sizes were comparable with the actual sample sizes that was used during the in vivo IR-
induced oxysterol formation for 78-hydroxycholesterol and 7-ketocholesterol 2 h post IR-exposure in
the lens cortex and nucleus compared to unexposed mice (Table 6.1). Calculations of the actual power
showed values >0.8 for 7-ketocholesterol levels during the comparison of control and 2 h post-IR in the
lens cortex and nucleus membrane extracts, while for 7p3-hydroxycholesterol the power was slightly

<0.8. However, comparison of control and 24 h post-IR exposure demonstrated power values <0.4 and
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a larger sample size than the one used was advised in both fractions. The advised sample size for 5, 6-
epoxycholesterol for comparisons between controls and 2 hours or 24 hours post-IR in the cortex and

nucleus was >17, hence power analysis demonstrated values <0.1.

6.3.5. Uncertainty budget

Table 6.2: Uncertainty budget of the in vivo IR-induced oxysterol formation experiment.

Uncertainty contributor qualitative Parameter Unit  Type of  Distribution
uncertainty Evaluation

Age of animals minor months A Gaussian
Sex unknown counts B Rectangular
Phenotypic variability minor counts A Gaussian
Genetic variability minor counts A Gaussian
Animal house conditions minor counts A Gaussian
Dose exposure within runs minor Gy B Rectangular
Dose exposure between runs minor Gy A Gaussian
Membrane extraction efficiency minor mg B Rectangular
Variabilities between efficiency of significant counts A Gaussian
different membrane extractions

Purity of the samples minor counts A Gaussian
Pipetting minor mL B Rectangular
Lipid purification efficiency minor counts B Rectangular
Evaporation of solvent minor counts B Rectangular
Analyte peak area minor counts A Gaussian
Repeatability significant relative value A Gaussian

To assess the fitness of our measurements, a qualitative uncertainty budget analysis was performed
( Table 6.2). A total of 15 contributors to uncertainty, one (sex) for which the contribution is still under
investigation were recognized. Age of animals, phenotypic and genetic variability, animal house
conditions, dose exposure between runs, purity of the samples, analyte peak area and repeatability,
which show a Gaussian distribution, had a minor contribution to uncertainty. Dose exposure within runs,
membrane extraction efficiency, pipetting, lipid purification efficiency and evaporation of solvent also
had a minor contribution uncertainty, but show a rectangular distribution. Both “variability between
efficiency of different membrane extractions” and repeatability had a significant contribution to

uncertainty.
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6.4. Discussion and conclusions

6.4.1. Dose dependence and oxysterol profiles in irradiated lens samples
Whole body irradiation of mice showed an oxysterol dose-dependent increase in the eye lenses. The

observation that 0.1 Gy is able to induce the formation of oxysterols is vital given that occupational
workers are exposed to these levels (Little et al., 2018). Higher levels of 7p-hydroxycholesterol and 7-
ketocholesterol were detected in exposed eye lenses compared to those of unexposed mice, but not 5,
6-epoxycholesterol (Figure 6.3 Figure 6.4). In contrast to extracted membranes in which chiefly non-
enzymatic processes are active, both non-enzymatic and enzymatic processes occur in vivo. Cholesterol
epoxide hydrolase can hydrolyse 5, 6-epoxycholesterol to cholestane-3,5a,6p-triol (Griffiths et al.,
2016) and provides an explanation for the observation of 5, 6-epoxycholesterol in extracted membranes
(see previous chapter), and the lack of elevation of this oxysterol in in vivo mouse samples (Figure 6.3).
The possibility that the observed differences between our in vitro bovine lens data and in vivo mouse
data might be species specific cannot be excluded. To preclude one of the aforementioned possibilities,
the presence of cholesterol epoxide hydrolase in the eye lens of various species should be investigated

to address this issue.

An experiment with a power >0.8 is generally accepted as reliable. Based on this assumption, the
advised sample size was calculated (Table 6.1). This confirmed that the applied sample size is suitable
to detect significant differences for 7-ketocholesterol 2 h post-IR exposure in the lens nucleus and cortex;
however, for 7p-hydroxycholesterol, a slightly bigger sample size might be required to detect
statistically significant changes 2 h post-IR exposure in both fractions (Table 6.1). The power to detect
difference between control and 24 h post-IR was <0.4 for all measured oxysterols in both fractions,
furthermore the sample size suggested to detect significant differences is easily achievable in practice.
More repeats with more time points in between the 7 days should be performed to identify when the
oxysterol levels return back to baseline levels. The major discrepancy between sample size utilised
during the in vivo IR-induced oxysterol formation and the advised sample size for 5, 6-epoxycholesterol
indicate that presumptively there are no statistically significant change in 5, 6-epoxycholesterol during

7 days post 2 Gy IR-exposure.

Previous literature support the view that oxidised sterols can bind to and restore the chaperone capacity
of the lens chaperones HSPB1 and HSPB5 (Makley et al., 2015). Cholesterol is however an important
signalling molecule in the sonic hedgehog (Shh) pathway (Kinnebrew et al., 2019) by regulating Shh
binding to its receptor, Ptchl, which protects the lens against spontaneous and IR induced cataract (De
Stefano et al., 2015). The transient increase in oxysterols could be modulated by the membrane
associated lens chaperones that are embedded in the lipid bilayer (De Maio et al., 2019). There are other
protein candidates to bind cholesterol and its derivatives such as the Niemann-Pick type C protein 1 and

sterol transport protein Gramd1b that regulate cholesterol egress from cells via the autophagy pathway
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(Hoglinger et al.,, 2019) and that are expressed in the 12 week old mouse lens
(https://research.bioinformatics.udel.edu/iSyTE/ppi/index.php). The mechanism by which oxysterols
derived from cholesterol could be reduced in or removed from the living lens after IR exposure needs
further investigation given that lens lipids are very stable within their constituent membranes as shown
by modern carbon measurements (Borchman et al., 2017, Hughes et al., 2015). Nevertheless, the range
of inherited diseases that alter cholesterol and its derivatives (Barnes and Quinlan, 2017, Raza et al.,
2017) or its precursors (Cenedella, 2009) and that are linked to cataractogenesis evidence the critical
role played by these lipids in eye lens transparency and optical function.

Chronic exposure to lower doses is associated with long latency period for the development of cataracts
(Hamada et al., 2019). Acute exposure of mice to 0.1 and 2 Gy induced cholesterol oxidation (Figure
6.3), however the time course experiment showed that the increase in oxysterol levels in the eye lens
was transient. Further investigation should include chronic and fractionated exposures, more dose points
and longer latency period to gain more insight into the involvement of cholesterol oxidation in radiation
cataracts. C57BL/6J is considered as a radio-resistant strain (Nowosielska et al., 2012, Kataoka et al.,

2006), further work should also include radio-sensitive strains such as CD1 (De Stefano et al., 2015).

6.4.2. Cholesterol in LFCs membranes helps protect against whole body IR-induced
damage
High concentrations of cholesterol in the eye lens lipid membrane constrains the migration of molecules

through LFCs (Widomska et al., 2007, Borchman and Yappert, 2010). Cholesterol oxidation products
change the permeability of membranes and they themselves migrate better than cholesterol through cell
membranes (Dias et al., 2019, Bjorkhem, 2002). The initial increase of oxysterol levels with a
subsequent decrease could be due to chemical cascade reactions in which hydrophobic cholesterol
molecules are oxidised to less hydrophobic oxysterols. These oxysterols will change the permeability
of membranes (Theunissen et al., 1986, Vestergaard et al., 2011), potentially allowing the redistribution
of anti-oxidants and oxysterol metabolising enzymes. The exchange of molecules between the aqueous
humour and the lens (Davson, 1954) provides another procedure by which the lens could be clearing
the IR-induced oxysterols. Dietary anti-oxidants, such as a-tocopherol, ascorbic acid and vitamin A, as
well as the endogenous lenticular glutathione (Sweeney and Truscott, 1998, Varma and Richards, 1988,
Krepler and Schmid, 2005, Yeum et al., 1995) are all potential chemical antioxidants. The increased
sensitivity of the lens cortex to IR compared with the nucleus (Figure 6.4) could be due to the higher
concentrations of cholesterol in the nucleus compared with the cortex, and the associated differences in
membrane permeability (Mainali et al., 2015). This observation is in line with epidemiological data
revealing that IR-induced cataractogenesis mainly presents as posterior subcapsular cataracts (Miller et
al., 1967, Wilde and Sjostrand, 1997).

The levels of cholesterol in eye lens plasma membrane increase with age (Mainali et al., 2017), while

the amount of anti-oxidants decreases with age (Pescosolido et al., 2016). To examine the protective
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role of cholesterol and tocopherol towards preventing the build-up of oxysterols after IR exposure,
tocopherol concentrations should be measured simultaneously with the levels of cholesterol and

oxysterols after exposure of mice to IR at different ages.

6.4.3. Uncertainty budget: more parameters playing a role in the observed IR-induced
effects
While 15 contributors to uncertainty have been identified, their level of contribution of most is

negligible (Table 6.2). The animals selected for this experiments were born within two weeks difference
and the experiment was performed when they all were in young adulthood (Shoji et al., 2016, Fox et
al., 2007) which advocates that the contribution to uncertainty for age of the animals is minimal. Animal
house conditions, genetic and phenotypic variability were minimised by performing the experiment
with an inbred mouse strain and housing the mice in the same facility. The irradiator used to expose the
mice to X-rays was calibrated before use and therewith the possible variations between and within dose
exposures were minimised. Although in this experiment X-rays were chosen to represent IR, different
types of IR and dose rates can act differently towards inducing damage to the lens plasma membrane
(Barnard et al., 2019, Hall and Giaccia, 1973, Brown et al., 2013). Therefore, further work should

include comparison of IR-induced damage from different IR sources and at diverse dose rates.

The membrane extraction efficiency, purity of the samples, pipetting and lipid purification efficiency
are uncertainty contribution factors that mainly depend on the individual performing the experiment
and the material used. The membrane extraction and lipid purification were performed by one individual
and the same pipettes were used throughout the experiment. The purity of the samples was optimised
by using ultrapure, high performance liquid chromatography grade solvents. Given that the samples
prepared for mass spectrometry were dissolved in a limited amount of solvent, evaporation occured
rapidly and could influence the comparison of various samples. Therefore evaporation was minimised
by immediately closing the tubes with screw-top lids after addition of the solvent and storing the
samples at -20 °C. The analyte peak area was calculated automatically using Analyst 1.6.2, however
the program occasionally failed to detect the right peak which required the user to select the right peak

manually.

The influence of sex on IR-induced cholesterol oxidation is unknown ( Table 6.2). Solely female mice
were utilised in the in vivo IR-induced oxysterol formation experiment. Therefore, excluding the
possibility that male mice might generate different results is not possible. IR-induced cataracts are more
prevalent in woman (Chodick et al., 2008, Azizova et al., 2018), but the biological mechanisms that
mediates these processes are still under investigation with the main focus on oestrogen-mediated
pathways (Zetterberg and Celojevic, 2015). Fist reports indicated that oestrogen is not the predominant
mediator in sex-dependent sensitivity to IR (Henderson et al., 2009). Further investigations including
female and male mice will elucidate the mechanism(s) and level to which sex contributes to in vivo IR-

induced oxysterol formation. Repeatability and “variability between efficiency of different membrane
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extractions” had a significant contribution to uncertainty. To minimise uncertainty of “variability
between efficiency of different membrane extractions” the analyte peak are values were normalised to
the internal cholesterol which are considered to be constant given that all the mice were averagely the
same age and that in the previous chapter, irradiation of lens membrane extracts with much higher levels
did not induce significant changes cholesterol levels (Mainali et al., 2017). Hence, the only remaining
source of significant uncertainty was repeatability. This uncertainty was used for statistical comparisons
and the error bars applied to the figures were based on the repeated measures (Figure 6.4).
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Chapter 7:  Age-related changes in oxysterol
levels in the eye lens and hippocampus
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7.1. Introduction

Although the plasma membrane of lens fibre cells (LFCs) is one of the cholesterol-richest cell
membranes (Borchman and Yappert, 2010), the brain is the organ with the highest cholesterol
concentration, containing approximately 25% of the total cholesterol in the human body (Dietschy,
2009). With age, an increase in oxidative stress is noted in both organs (Cobley et al., 2018, Nelson and
Alkon, 2005, Pescosolido et al., 2016).

7.1.1.  Cholesterol and cholesterol oxidation adducts in the brain
Cholesterol biosynthesis in the brain occurs at a high rate during the prenatal and adolescence

developmental stages compared with the adult stage in which synthesis occurs at a very low level (Saher
et al., 2005, Jurevics and Morell, 1995, Zhang and Liu, 2015). This is associated with the observation
that most of cholesterol in the brain has an extremely long half-life, approximately 5 years (Bjorkhem
etal., 1998), compared with the half-life of cholesterol in plasma which is proximately 2 days (Dietschy
and Turley, 2004). The turnover of cholesterol in the brain is maintained largely by 24-hydroxylase that
converts the excessive cholesterol into 24(S)-hydroxycholesterol, and to a lesser extent by cholesterol
27-hydroxylase and oxysterol 7a-hydroxylase that catalyse respectively the conversion of cholesterol
into 27- hydroxycholesterol and 7a-hydroxy-3-oxo-4-cholestenoic acid (Meaney et al., 2007, Bjorkhem
etal., 1998). In contrast to cholesterol, 24(S)-hydroxycholesterol and 7a-hydroxy-3-0xo-4-cholestenoic

acid are able to pass the blood brain barrier (Meaney et al., 2007).

Cholesterol has multiple functions in the brain including reducing permeability to ions in myelin steath
(Snipes and Suter, 1997), acting as a signalling molecule during embryonic brain development (Herz
and Farese, 1999) and mediating synaptic transmission in neuronal cells (Petrov et al., 2016). Disruption
of cholesterol homeostasis in the brain leads to pathogenesis; for example, mutations in 7-
dehydrocholesterol-7-reductase, an enzyme in the cholesterol biosynthesis pathway, correlate with
learning disabilities in Smith-Lemli-Opitz syndrome patients (Porter, 2008). Cholesterol oxidation
products have been linked with a number of neurodegenerative diseases among which Alzheimer’s
disease (AD) is the most common (Kosari et al., 2012, Gamba et al., 2015). AD is a chronic
neurodegenerative disease, and its pathogenesis is hallmarked by the deposition of amyloid  peptides
(AP) (Hardy and Higgins, 1992). These Ap-peptides interact with various receptors inducing disruptive
changes in signalling pathways and leading to synaptic dysfunction, mainly in the cortex and
hippocampus (Ferreira et al., 2015, Terry et al., 1991, Dickson et al., 1995). Oxysterols that are
generated via non-enzymatic and enzymatic pathways, such as 7a-hydroxycholesterol, 4f-
hydroxycholestrerol, and 7-ketocholesterol and exclusively autoxidative produced oxysterols, such as
7B-hydroxycholesterol and 5o/ B, 60/B-epoxycholesterol, which can migrate through the blood brain
barrier, have been found to be enriched in the brain of AD patients compared with a cohort without

cognitive impairment (Figure 7.1) (Hascalovici et al., 2009, Testa et al., 2016). Although extensive in
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vitro and in vivo studies have identified mechanisms through which oxysterols can contribute to AD
pathogenesis (Jeitner et al., 2011, Phan et al., 2018, Testa et al., 2016, Liu et al., 2016, Nelson and
Alkon, 2005, Luque-Contreras et al., 2014, Gamba et al., 2015), further investigation is required to
determine whether increased cholesterol oxidation occurs upstream or downstream of the previously
identified AD development mechanisms, as well as the overarching molecular system underlying the

involvement of oxysterols in AD pathogenesis.
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Figure 7.1: Schematic representation of cholesterol turnover in the brain. Black, oxysterols
generated through autoxidation; Red; oxysterols that can be formed through enzymatic and non-
enzymatic pathways; blue, oxysterols that are uniquely produced via enzymatic reactions. The blue
arrows represent reactions that occur during cholesterol homeostasis, while the purple arrows
indicate reactions upregulated in AD. 70-OHC: 7a-hydroxycholesterol, 4p-OHC: 4f-
hydroxycholestrerol, 7-keto C: 7-ketocholesterol, 78-OHC: 7p-hydroxycholesterol, 5a, 6a-epoxy:
5a, Ba-epoxycholesterol, 56, 6f epoxy: 5f, 6- epoxycholesterol, 27-OHC: 27-hydroxycholesterol
and 7a-OH-3-0x0-4-CA: 7a-hydroxy-3-o0xo-4-cholestenoic acid.
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7.1.2.  Cholesterol: the common denominator of the brain and eye lens
Remarkably, the eye lens and the brain have a lot of common in terms of cholesterol homeostasis. The

eye lens also produces most of its cholesterol during early development. Rat lens studies have shown
that cholesterol biosynthesis occurs within the first few weeks after birth and subsequently, the anabolic
pathway of cholesterol decreases significantly (Cenedella, 1983, Cenedella, 1982). However, post-
mortem analysis of human eye lenses (>46 years of age) has shown that no significant modifications in
cholesterol concentration occur although statins, inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A
reductase that is vital during cholesterol formation, were administered (Mitchell and Cenedella, 1999).
Nevertheless, further analysis examining whether statins are able to enter the eye lenses would provide
a deeper understanding of the cholesterol biosynthesis process in adult eye lenses. In contrast to the
brain, the eye lens is capable of exchanging cholesterol with the surrounding tissues (Cenedella, 1983,
Zelenka, 1984) and the exact developmental stage in which cholesterol synthesis in the eye lens is

significantly reduced in the human body remains unknown.

Another peculiarity shared by the lens and brain is a suboptimal anti-oxidant system throughout life
(Halliwell, 2006, Cobley et al., 2018). Although the brain uses on average 20% of the oxygen supply in
the body, the levels of anti-oxidant agents such as glutathione and catalase are low compared with other
tissues such as hepatocytes (Sinet et al., 1980, Baxter and Hardingham, 2016, Cobley et al., 2018). Lens
transparency has to last a lifetime and therefore requires an efficient lifelong anti-oxidant system.
However, the efficient collaboration between superoxide dismutase, catalase, glutathione peroxidase/
reductase, glutathione, vitamin E and C to protect the lens from oxidative stress is reduced due to a
general decline in the levels of these enzymes with age (Uwineza et al., 2019, Giblin, 2000, Hamada et
al., 2014). Furthermore, a gradual build-up of a glutathione barrier between lens cortex and nucleus,
which occurs around the age of 40, prevents glutathione from reaching the nucleus (McGinty and
Truscott, 2006, Giblin, 2000, Sweeney and Truscott, 1998).

Both, the brain and eye lens have low cholesterol turnover. In the eye lens, cell organelles are lost during
maturation of LFCs to establish lens transparency (Bassnett, 2002, Bassnett and Beebe, 1992) and
crystallins are compiled in the cytoplasm (Delaye and Tardieu, 1983). This, combined with the lens
being a closed system in which cells are kept for life, allows for only a limited turnover in
macromolecules including lipids (Hughes et al., 2015, Augusteyn, 2007, Lynnerup et al., 2008).
Cholesterol turnover in the brain predominantly occurs via 24(S)- hydroxycholesterol, and calculations
of the rate of secretion indicate that the turnover rate is approximately 0.4% of the total cholesterol in
brain per day (Dietschy, 2009, Bjorkhem et al., 1998, Xie et al., 2003).

Metabolic dysfunction of cholesterol plays a vital role in the pathogenesis of age-related diseases such
as cataracts and AD (reviewed by (Vejux et al., 2011, Zarrouk et al., 2014, Gamba et al., 2019)).
Although oxysterol accumulation has been associated with both diseases (Girao et al., 1998, Hascalovici

et al., 2009, Testa et al., 2016), the exact mechanism remains unclear.
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7.2. Objectives and experimental design

Although there are parallels between cholesterol homeostasis in the brain and eye lens, the possibility
of a common aetiology in age-related pathogenesis via deregulation of cholesterol homeostasis has not
been investigated to date. Cholesterol and oxysterol adducts in hippocampi and LFCs were examined
by LC-MS analysis of 6 and 30 months wild type (wt) C57BL/6J mice to verify whether age-related
changes in cholesterol homeostasis in both tissues were correlated (Figure 7.2). First, cholesterol
concentrations and the chromatograms of the oxysterols in the individual tissues were compared,
followed by identification of specific sterols using standards and finally, the analyte peak area of the
identified oxysterols was calculated.

C57BL/6J female mice:
6 months and 30 months of age

/ \

Collection of eyes

and pool 8 eye lenses
(Methods section 3.4.4)

l

Lipid membrane extraction
(Methods section 3.4.1 and 3.4.4)

l

Lipid purification
(Methods section 3.8.1)

. —

Liquid chromatography mass spectrometry
(LC-MS)
(Methods section 3.9.1)

./ I

Chromatograms Analyte peak area
(Methods section 3.9.2)

Dissection of hippocampus
(Methods section 3.4.5)

Lipid purification
(Methods section 3.8.1)

Figure 7.2: Schematic representation of experimental design of the age-related oxysterol
levels modifications in the hippocampus and eye lenses experiment. Section numbers in the

diagram refer to the material and methods chapter section in which the protocol is described.
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7.3. Results

7.3.1.  Age-dependent cholesterol changes occured in the eye lens, but not in the
hippocampus
To compare age-related cholesterol modifications in eye lenses and hippocampi, the lipids from both

tissues were extracted and the amount of cholesterol in the samples was determined by LC-MS (Figure
7.2). Although an age-dependent increase in cholesterol levels was observed in all examined tissues,
the changes in the hippocampus (p= 0.134), cortical (p= 0.992) and the nuclear (p= 1.000) fractions
were not significant (Figure 7.3A and B). The levels of cholesterol in the hippocampus were
significantly higher than in the eye lens fractions (p= 0.000; Figure 7.3C vs. A and B). Comparison of
the fold change between 6 and 30 months showed that the greatest increase in cholesterol levels

occurred in the nuclear fraction of the eye lens (Figure 7.3A, B and C).
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Figure 7.3: LC-MS quantification of cholesterol concentration in the eye lenses and hippocampi
of 6 and 30 month-old mice. 20 uM of cholesterol-d6 was added as the internal standard and
was subsequently used to calculate the concentration (uM) of cholesterol in the samples. A)
Cortical fraction of the eye lens, B) nuclear fraction of the eye lens and C) hippocampus.
General Linear Model Analysis of Variance followed by Tukey pairwise comparison post hoc
test using time and location as independent factors and concentration as dependent factor was
applied for statistical analysis, *p< 0.05 n= 3 for hippocampus and n= 2 x 8 pooled eye lenses,

n.s.: not significant.
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7.3.2.  Oxysterol profiles in the hippocampus and eye lens were different

Oxysterols levels

A 550 /
5.0e6 /
4.5¢6
%) 4.0e6
>
o 3566
z
& % 3.0e6
M & I
O £ 25e6
3 |
o 2.0e6
= 1.5e6
I A |
1.0e6 / UI
5.0e5 J U A / F\f
0.060 ______J\/\\/\_/»/J \_/
65 7.0 75 80
Tlme min
B 6e5 /
565
5 4e5
=
—_ g
8 H 3e5 / /
2 A
O 2e5 / | A 5
— AL A LI
{ | | |
1e5 /\/\/f‘ v \J \! v u/\'n' \v/\.n
L S (WARWAYA
0<0 45 5.0 55 6.0 6.5 7.0 75 8.0
Time, min

C 3.005 /
2505 ’/ ‘/

2.0e5 '

Intensity

1.5e5

1.0e5 /’ € :\‘ f \\ }L
ﬂ‘ / - \Muv\f SR rnT

5.0e4 a _ANAS ol
= e NS

Lens nucleus

0.0e0

45 50 55 6.0 6.5 7.0 15 8.0
Time, min

>/7B hydroxycholesterol /5 6-epoxycholesterol mmmmm 6 months
/ 7-ketocholesterol Desmosterol 30 months

Figure 7.4: Chromatogram of LC-MS of A) the hippocampus, B) the cortex and C) the
nucleus of the eye lens (8 pooled eye lenses per chromatogram) at 6 months (green)

and 30 months (beige) after birth. The identified oxysterols are indicated with arrows.
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The oxysterol profile of the hippocampus (Figure 7.4A) was different from the profiles observed in the
lens cortex and the lens nucleus (Figure 7.4B and C). Cholesterol autoxidation products 7(-
hydroxycholesterol, 7-ketocholesterol and 5,6-epoxycholesterol were detected in all examined tissues
(Figure 7.4). Furthermore, desmosterol, the immediate precursor of cholesterol in cholesterol
biosynthesis, was identified in the hippocampus as well as in the cortical and nuclear fraction of the eye
lens (Figure 7.4A, B and C). A comparison of the chromatograms of the 6 month and 30 month-old
mice suggested that the overall levels of oxysterols in the hippocampus (Figure 7.4A), the lens cortex
(Figure 7.4B) and lens nucleus (Figure 7.4C) increased with age.

7.3.3.  Contrasting age-related changes in desmosterol in the eye lens fractions
Despite the lack of statistical significance, a clear trend of an age-related increase in cholesterol was

observed in the cortical and nuclear fractions of the lens (Figure 7.3A and B). In contrast to the IR-
exposure experiments in the previous chapter, the internal cholesterol levels were not used as internal
standards during the analysis of age-related alterations. However, cholesterol-d6 was added as technical
control. The absolute values of the oxysterols in the 6 and 30 month-old mice were compared, and the
oxysterol to cholesterol ratios were also plotted to determine the changes relative to the internal

cholesterol concentrations.

An assessment of the desmosterol levels showed that no significant age-related changes occurred in the
hippocampus (p= 0.983; Figure 7.5A). In contrast to the hippocampus, a significant decline in
desmosterol was observed in the cortical lens fraction (p= 0.048; Figure 7.5B), while a significant

increase was measured in the lens nucleus (p= 0.038; Figure 7.5C).

Interestingly, relative to cholesterol, desmosterol decreased with age in all measured tissues (Figure 7.5
D, E and F). While this decrease was not significant in the hippocampus (p= 1.000; Figure 7.5D) and
in the lens cortex (p= 0.460; Figure 7.5E), the changes in the desmosterol:cholesterol ratio in the nuclear
fraction of the lens were significant (p= 0.000; Figure 7.5F). Furthermore, the desmosterol:cholesterol
ratio was significantly higher in the lens nucleus compared with the hippocampus (p= 0.000) and the
lens cortex (p=0.000; Figure 7.5F vs. D and E).
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Figure 7.5: LC-MS quantification of desmosterol in the hippocampus, the lens cortex and the
lens nucleus of 6 and 30 month-old mice. The absolute values of the integrated analyte peak
area of desmosterol are plotted for A) the hippocampus, B) the lens cortex and C) the lens
nucleus. D), E) and F) respectively represent the absolute peak area relative to the internal
cholesterol concentration for the hippocampus, the lens cortex and the lens nucleus. General
Linear Model Analysis of Variance followed by Tukey pairwise comparison post hoc test using
time and location as independent factors and (rel.) analyte peak area as dependent factor was
applied for statistical analysis, *p< 0.05 n= 3 for hippocampus and n= 2 x 8 pooled eye lenses,

n.s.: not significant, rel.: relative.
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7.3.4.  An age-related increase of 7p-hydroxycholesterol occured solely in the
hippocampus
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Figure 7.6: LC-MS quantification of 74-hydroxycholesterol in the hippocampus, the lens
cortex and the lens nucleus of 6 and 30 month-old mice. The absolute values of the
integrated analyte peak area of 7-hydroxycholesterol are plotted for A) the hippocampus,
B) the lens cortex and C) the lens nucleus. D), E) and F) respectively represent the absolute
peak area relative to the internal cholesterol concentration for the hippocampus, the lens
cortex and the lens nucleus. General Linear Model Analysis of Variance followed by Tukey
pairwise comparison post hoc test using time and location as independent factors and (rel.)
analyte peak area as dependent factor was applied for statistical analysis, *p< 0.05 n=3

for hippocampus and n= 2 x 8 pooled eye lenses, n.s.: not significant, rel.: relative.
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Comparison of the amount of 7B-hydroxycholesterol in the 6 and 30 month-old mice showed that 7f3-
hydroxycholesterol tends to increase with age in the hippocampus and in the lens fractions (Figure 7.6A,
B and C). However, while this increase was significant in the hippocampus (p= 0.020; Figure 7.6A),
this trend was not significant in the cortical (p= 0.995; Figure 7.6B) and the nuclear (p= 0.995; Figure
7.6C) fractions.

Analysis of 7B-hydroxycholesterol relative to the internal cholesterol concentration showed that the 7f-
hydroxycholesterol:cholesterol ratio was significantly higher in the lens nucleus compared with the lens
cortex (p= 0.003) and the hippocampus (p= 0.002; Figure 7.6F vs. D and E). In the hippocampus, the
7B-hydroxycholesterol:cholesterol ratio increased with age, although not significantly (p=1.000; Figure
7.6D). In contrast to the trend in the hippocampus, 7B-hydroxycholesterol showed a non-significant
age-related decrease in the cortical (p= 1.000; Figure 7.6E) and nuclear (p= 0.058; Figure 7.6F) lens

fractions relative to the internal cholesterol concentrations.

7.3.5.  Anage-associated increase of 7-ketocholesterol occured solely in the hippocampus
Based on the chromatograms, 7-ketocholesterol was one of the cholesterol autoxidation products that

appeared to increase in an age-related manner in the hippocampus and the lens (Figure 7.4).
Quantification of 7-ketocholesterol in these fractions demonstrated a significant increase in 7-
ketocholesterol over time in the hippocampus (p= 0.002; Figure 7.7A) and a non-significant increase in
the lens cortex (p= 0.998; Figure 7.7B) and the lens nucleus (p= 0.916; Figure 7.7C).

Relative to internal cholesterol concentration, 7-ketocholesterol showed a non-significant age-related
increase in the hippocampus (p= 1.000; Figure 7.7D). In contrast, the 7-ketocholesterol:cholesterol ratio
decreased with age in the lens (Figure 7.7E and F). Although this increase was significant in the lens
nucleus (p= 0.006; Figure 7.7F), the changes in 7-ketocholesterol:cholesterol ratio were not significant
in the lens cortex (p= 0.999; Figure 7.7C). Similar to the 7B-hydroxycholesterol:cholesterol ratio
(Figure 7.6F vs. D and E), the 7-ketocholesterol:cholesterol ratio was significantly higher in the nuclear
lens fraction than in the hippocampus (p= 0.000) and the cortical lens fraction (p= 0.000; Figure 7.7F
vs. D and E).
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Figure 7.7: LC-MS quantification of 7-ketocholesterol in the hippocampus, the lens cortex
and the lens nucleus of 6 and 30 month-old mice. The absolute values of the integrated
analyte peak area of 7-ketocholesterol are plotted for A) the hippocampus, B) the lens
cortex and C) the lens nucleus. D), E) and F) respectively represent the absolute peak area
relative to the internal cholesterol concentration for the hippocampus, the lens cortex and
the lens nucleus. General Linear Model Analysis of Variance followed by Tukey pairwise
comparison post hoc test using time and location as independent factors and (rel.) analyte
peak area as dependent factor was applied for statistical analysis, *p< 0.05 n= 3 for the

hippocampus and n= 2 x 8 pooled eye lenses, n.s.: not significant, rel.: relative.
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7.3.6.  No significant age-related changes were observed for 5, 6-epoxycholesterol
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Figure 7.8: LC-MS quantification of 5,6-epoxycholesterol in the hippocampus, the lens cortex
and the lens nucleus of 6 and 30 month-old mice. The absolute values of the integrated
analyte peak area of 5,6-epoxycholesterol are plotted for A) the hippocampus, B) the lens
cortex and C) the lens nucleus. D), E) and F) respectively represent the absolute peak area
relative to the internal cholesterol concentration for the hippocampus, the lens cortex and the
lens nucleus. General Linear Model Analysis of Variance followed by Tukey pairwise
comparison post hoc test using time and location as independent factors and (rel.) analyte
peak area as dependent factor was applied for statistical analysis, *p< 0.05 n= 3 for

hippocampus and n= 2 x 8 pooled eye lenses, n.s.: not significant, rel.: relative.
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Quantitative analysis of 5, 6-epoxycholesterol revealed that the age-related increase observed in the
chromatograms (Figure 7.4) was not significant in the hippocampus (p= 0.066; Figure 7.8A), the lens
cortex (p= 0.910; Figure 7.8B) and the lens nucleus (p=0.974; Figure 7.8C).

Moreover, a non-significant age-related increase in the 5, 6-epoxycholesterol:cholesterol ratio was
measured in the hippocampus (p= 1.000; Figure 7.8D), in contrast to a decrease in the 5, 6-
epoxycholesterol:cholesterol ratio over time in the eye lens (Figure 7.8E and F). However, the observed
decrease was not significant in the lens cortex (p= 0.998; Figure 7.8E), but was in the lens nucleus (p=
0.030; Figure 7.8F). The 5, 6-epoxycholesterol:cholesterol ratio was significantly higher in the nuclear
lens fraction than in the hippocampus (p= 0.001) and the cortical lens fraction (p= 0.003; Figure 7.8F
vs. D and E).

7.3.7.  Retrospective power analysis
Studies measuring cholesterol and oxysterols in the hippocampus have generally used a sample size

raging from n= 3 to n= 9 (Sodero et al., 2012, Ong et al., 2010, Brooks et al., 2017). This study used a
sample size of n= 3; based on this sample size, the differences in mean values and the mean standard
deviation, the actual power was calculated. Subsequently, the advised sample size to generate a target
power of 0.8 in future experiments was estimated. The actual power for cholesterol and desmosterol in
the hippocampus was much lower than 0.8 and thus a sample size greater than 3 was advised to detect
age-associated differences for these adducts. On the other hand, the actual power for the cholesterol
autoxidation products was approximately 0.8 and therewith the advised sample size was around the
same as the sample size used during the investigation of age-related changes in the hippocampus (Table
7.1).
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Table 7.1: Retrospective power analysis to determine the advised sample size for identifying age-related

changes in sterol in mice using Minitab.

Advised sample
Sample | Difference in Actual size for target

Absolute values size mean value Meanstdv | power power 0.8
Hippocampus 6 versus 30 months
Cholesterol 3 78.445 58.138 0.248 10
Desmosterol 3 20666.667 | 51141.727 0.068 98
7B-hydroxycholesterol 3 25450.000 6187.184 0.957 3
7-ketocholesterol 3 178650.000 2793.072 1.000 2
5, 6-epoxycholesterol 3 362000.000 | 142835.570 0.647 4
Lens cortex 6 versus 30 months
Cholesterol 2 28.698 2.621 0.997 2
Desmosterol 2 -144000.000 1414.214 1.000 2
7B-hydroxycholesterol 2 -2500.000 3889.087 0.069 39
7-ketocholesterol 2 9550.000 1237.437 0.948 2
5, 6-epoxycholesterol 2 95000.000 | 19798.990 0.691 3
Lens nucleus 6 versus 30 months
Cholesterol 2 4.244 0.657 0.875 2
Desmosterol 2 150500.000 8131.728 1.000 2
7B-hydroxycholesterol 2 32000.000 | 28991.378 0.105 14
7-ketocholesterol 2 24100.000 9263.099 0.317 4
5, 6-epoxycholesterol 2 68500.000 | 35001.786 0.212 6

(Stdev: standard deviation)

In contrast to the hippocampus, the actual power for cholesterol and desmosterol in the lens cortex and
nucleus was >0.8 (Table 7.1). Furthermore, the advised sample size for both sterols was equal to the
sample size used to collect the data. 7p-hydroxycholesterol, with an actual power <0.2 in both lens
fractions, exhibited a much greater advised sample size compared with the used sample size. In the lens
cortex, the observed actual power for 5, 6-epoxycholesterol and 7-ketocholesterol was relatively close
to 0.8 and the advised sample size nearly equalled the exercised sample size (Table 7.1). The actual
power for these components in the lens nucleus was much lower than 0.8 and therefore the advised

sample size was slightly greater than the applied sample size.
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Table 7.2: Retrospective power analysis to determine the advised sample size for identifying age-related

changes in sterols relative to the internal cholesterol concentration in mice using Minitab.

Advised sample

Sample | Difference in Actual size for target
Relative values size mean value | Meanstdv | power power 0.8
Hippocampus 6 versus 30 months
Desmosterol 3 -269.340 195.208 0.257 10
7B-hydroxycholesterol 3 49.474 13.785 0.899 3
7-ketocholesterol 3 234.049 50.045 0.985 3
5, 6-epoxycholesterol 3 253.851 296.965 0.129 23
Lens cortex 6 versus 30 months
Desmosterol 2 -12877.694 | 1057.289 0.999 2
7B-hydroxycholesterol 2 -1233.684 52.094 1.000 2
7-ketocholesterol 2 -1009.399 103.794 0.991 2
5, 6-epoxycholesterol 2 -8791.905 | 1217.066 0.925 2
Lens nucleus 6 versus 30 months
Desmosterol 2 -73820.311 | 13094.379 0.798 3
7B-hydroxycholesterol 2 -44936.612 | 19844.888 0.260 5
7-ketocholesterol 2 -16505.321 | 4561.842 0.498 3
5, 6-epoxycholesterol 2 -94570.532 | 28893.220 0.436 3

(Stdev: standard deviation)

When investigating the changes in oxysterol levels relative to the internal cholesterol in the
hippocampus, the cortical and nuclear fraction of the eye lens; the recommended sample size and actual
power differed from that required to study absolute sterol levels (Table 7.1 vs. Table 7.2). In the
hippocampus a sample size of 3 offered enough power (> 0.8) to detect age-related changes in sterols
relative to the internal cholesterol concentration, thus, the advised sample size for 7pB-
hydroxycholesterol and 7-ketocholesterol was similar to the sample size applied during the experiment
(Table 7.2). However, a greater sample size was recommended for 5, 6-epoxycholesterol and

desmosterol in the hippocampus compared with the actual sample size.

In the lens cortex, the advised sample size equalled the exercised sample size, and the actual power for
all examined sterol adducts was >0.8. However, the advised sample size in the lens nucleus was slightly
greater than the exercised sample size and the associated power calculations all illustrate an actual
power <0.8 (Table 7.2).
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7.3.8.  Uncertainty budget
A qualitative analysis of the uncertainty budget identified 16 factors that contribute to uncertainty

during the investigation of age-related changes in sterol levels in the murine hippocampus and eye
lenses (Table 7.3). Variability in age within a group of mice in the context of cholesterol and
desmosterol, phenotypic and genetic variability, animal house conditions, dissection of the
hippocampus, purity of the samples and analyte peak area are all factors with a Gaussian distribution
that showed a minor contribution to uncertainty. Moreover, membrane extraction efficiency, pipetting,
lipid purification efficiency and evaporation of solvent also had a minor contribution to uncertainty, but
displayed a rectangular distribution. The uncertainty contribution of “variability in age within a group
of mice in the context of autoxidation products”, sex and time of sacrifice to the levels of sterols was
unknown, and “variabilities between efficiency of different membrane extractions” and the repeatability,
both showed a Gaussian distribution, and had a significant contribution to uncertainty.

Table 7.3: Uncertainty budget for age-related changes in sterols in the murine hippocampus and eye

lenses.
Uncertainty contributor Qualitative = Parameter Unit Type of Distribution
uncertainty Evaluation
Variability in age within a group minor months A Gaussian
of mice in the context of
cholesterol and desmosterol
Variability in age within a group unknown counts A Gaussian
of mice in the context of
autoxidation products
Sex unknown counts B Rectangular
Phenotypic variability minor counts A Gaussian
Genetic variability minor counts A Gaussian
Animal house conditions minor counts A Gaussian
Time of sacrifice unknown counts A Gaussian
Dissection of the hippocampus minor mg B Gaussian
Membrane extraction efficiency minor mg B Rectangular
Variabilities between efficiency of significant counts A Gaussian
different membrane extractions
Purity of the samples minor counts A Gaussian
Pipetting minor mL B Rectangular
Lipid purification efficiency minor counts B Rectangular
Evaporation of solvent minor counts B Rectangular
Analyte peak area minor counts A Gaussian
Repeatability significant | Analyte peak area A Gaussian
Relative value
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7.4. Discussion and conclusions

7.4.1. Cholesterol accumulates in the eye lens, but not in the brain
Analysis of cholesterol levels in the eye lenses and the hippocampus of 6 and 30 month-old mice

indicated that while the concentration of cholesterol remained widely constant in the hippocampus
(Figure 7.3C), a trend of age-related cholesterol increase is observed in the lens cortex and nucleus
(Figure 7.3A and B). These results are in line with previous studies: at 6 months, mice are considered
to have reached maturity (Dutta and Sengupta, 2016). Measurements of cholesterol in the murine central
nervous system during development showed that in adulthood, defined as >13 weeks after birth,
cholesterol biosynthesis occurs at a constant rate and the pool of sterols remains steady (Quan et al.,
2003). In addition, their data illustrated that these features are maintained in the cerebrum. LC-MS
analysis of sterols in the hippocampus, providing a more in-depth analysis, showed that the
hippocampus cholesterol concentrations remained constant throughout adulthood (Figure 7.3C).
Measurements of desmosterol levels, a biomarker for active cholesterol biosynthesis (Dayspring et al.,
2015), confirmed cholesterol biosynthesis in the hippocampus remained constant throughout ageing of
adult mice (Figure 7.5A). Desmosterol:cholesterol ratios did not show any significant age-related
changes, indicating that cholesterol biosynthesis is concurrent with cholesterol removal from the
hippocampus (Figure 7.5D). As shown hitherto, to prevent a build-up of cholesterol in the brain and
simultaneously also constantly replenish the brain with novel cholesterol, excessive cholesterol is
removed by converting cholesterol into 24(S)-hydroxycholesterol and to a lesser extent into 7a-
hydroxy-3-oxo0-4-cholestenoic acid that can pass the blood brain barrier (Meaney et al., 2007, Bjorkhem
et al., 1998). Power analysis of the absolute and relative data (Figure 7.3C, Figure 7.5A and D, Table
7.1 and Table 7.2) suggested that a lack of statistical power to attain valid conclusions. Given that the
generated data are consistent with previous studies, the lack of statistical power was discredited and it

was concluded that cholesterol and desmosterol levels in the hippocampus remain constant with age.

Using human LFCs, cholesterol levels were shown to increase in an age-dependent manner in the eye
lens (de Vries et al., 1991, Mainali et al., 2017). This increase was more pronounced in the lens nucleus
than in the lens cortex (Mainali et al., 2017). The same trend was recognised in aging mice (Figure 7.3A
and B); cholesterol concentrations increased in the eye lens as the mice got older and this trend was
stronger in the nuclear fraction which showed a 3.5-fold increase in the 30 month-old mice in
comparison with the cortical fraction in which a 2.0-fold change was observed. A significant decrease
in desmosterol was noted in the cortical fraction of the lens (Figure 7.5B), while relative to cholesterol
levels, a non-significant decrease was demonstrated (Figure 7.5E). The decreasing trend of the
desmosterol:cholesterol ratio in the cortical fraction of the lens observed in the 30 month-old mice
compared with the 6 month-old mice implied an accumulation of cholesterol in the lens cortex.

Desmosterol also showed an age-correlated increase in the lens nucleus (Figure 7.3B andFigure 7.5C),
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although desmosterol:cholesterol ratio decreased with time (Figure 7.5F). These results suggested that
cholesterol build-up also occurs in the lens nucleus. Given that the cholesterol accumulation observed
in the lens cortex was much smaller than in the lens nucleus (Figure 7.5E vs. F) and limited turnover of
macromolecules in the eye lens has been recognised (Lynnerup et al., 2008, Hughes et al., 2012), it is
possible that some cholesterol is transported from the lens cortex into the lens nucleus. Surprisingly, a
significant drop in desmosterol was observed in 30 month-old mice suggesting an age-related decrease
in cholesterol biosynthesis in the cortical fraction of the eye lens (Figure 7.5B). Conceivably, in addition
to the transport of cholesterol, desmosterol could also be transported to the lens nucleus. Desmosterol
has been shown to be more likely to be transported compared with newly synthesized cholesterol
(Johnson et al., 1995) and several studies have shown that desmosterol is among the cholesterol
biosynthesis intermediate sterols that are transported from the endoplasmic reticulum to the plasma
membrane before being converted into cholesterol (Yamauchi et al., 2007, Lusa et al., 2003, Echevarria
et al., 1990). The transport of cholesterol and/ or desmosterol could happen through the circulation
system executed by the membrane protein channel network that has been proposed to transfer ions and
nutrients into the deeper layers of the lens (Donaldson et al., 2001, Mathias et al., 2007). Experiments
involving radio-labelling of desmosterol and cholesterol could help elucidate the latter. Power analysis
of cholesterol and desmosterol in the eye lens fractions showed that the actual power of the performed
comparisons was >0.8 (Table 7.1 and Table 7.2), which suggested there is enough statistical power to
detect significant differences. Though the latter was not observed when an ANOVA analysis for the
cholesterol data was implemented (Figure 7.3A and B). This could be due to the high levels of

cholesterol in the hippocampus, which prevented achieving significance.

A comparison of cholesterol and desmosterol levels in the eye lens and the hippocampus suggest that
although cholesterol biosynthesis occurs in both organs, in the hippocampus synthesis occurs at a
constant rate during adulthood while the rate changes with age in the eye lens (Figure 7.5A vs. B and
C). Furthermore, while the levels in the hippocampus remained constant, cholesterol accumulated with
age in the lens cortex and nucleus (Figure 7.5D vs. E and F). These results suggest that although both
organs have high amounts of cholesterol, the mechanisms underpinning cholesterol homeostasis are
different. This might be correlated to the distinct functions of cholesterol observed in both organs. In
the lens, high levels of cholesterol have been mainly associated with anti-oxidant activity (Mainali et
al., 2015, Girao et al., 1999), while in the brain cholesterol has multiple functions including a structural
component for myelin, a precursor of steroid hormones and bile acid biosynthesis, as well as having an

essential function in neuronal physiology (reviewed in (Zhang and Liu, 2015)).

7.4.2.  The hippocampus has greater oxysterol variety than the eye lens
Compared with cholesterol, oxysterols are reactive molecules that can easily be converted into one

another (Sottero et al., 2009, Zerbinati and luliano, 2017). The oxysterol profile of the hippocampus

differed from that exhibited by the eye lens, though the lens cortex and nucleus showed the same
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oxysterol profiles (Figure 7.4). The cells in the hippocampus preserve their cell organelles and therefore
have high levels of the enzymes located in the endoplasmic reticulum and mitochondria required for
enzymatic conversion of sterols compared to the eye lens (Mutemberezi et al., 2016). Although never
fully investigated, LFCs probably have a very limited amount of the enzymes involved in sterol
conversion; during the differentiation of LECs into young LFCs and the maturation process of these
young LFCs into mature LFCs, the cell organelles are broken down (Bassnett, 2002). Concurrent with
this, most of the enzymes enabling the enzymatic conversion of sterols are lost leading to decreased
variety in oxysterols in the eye lens compared with the hippocampus.

7.43.  Age-related changes in oxysterol levels are observed in the eye lens and
hippocampus
The eye lens and the hippocampus have a great variety of oxysterols (Figure 7.4). The three oxysterols

associated with age-related cataracts and AD, 7-ketocholesterol, 7B-hydroxycholesterol and 5, 6-
epoxycholesterol (Hascalovici et al., 2009, Testa et al., 2016), were identified and quantified in the eye
lens and the hippocampus of both 6 and 30 month-old mice (Figure 7.4,Figure 7.6, Figure 7.7 and Figure
7.8). Although the absolute quantification of these oxysterols showed a large variation (with statistical
significance only in the brain), a trend of age-related increase was indisputable in both organs (Figure
7.6A, B and C; Figure 7.7A, B and C; Figure 7.8A, B and C). The observed large variation might have
been partly due to the variation in age in both groups: 6 months (5 — 8 months) and 30 months (28 — 32
months) (Table 7.3). The power analysis indicated that a larger sample size could have the potential to
increase the probability to detect significant changes in the cortical and nuclear fraction of the lens
(Table 7.1). Further studies examining oxysterol levels in eye lenses and hippocampi of cataractogenic
mice compared to their age-matched controls, and analysis of the same tissues in AD and wt mice will
elucidate whether the age-related increase in oxysterol in cataracts and AD occurs concurrently. A few
studies have identified etiological similarities in both diseases (Jun et al., 2012, Liu and Zhu, 2017,
Reddy et al., 2017).

Relative to cholesterol, the hippocampus had the lowest amount of oxysterols, followed by the lens
cortex and the lens nucleus respectively (Figure 7.6D, E and F; Figure 7.7D, E and F; Figure 7.8D, E
and F). This could be attributed to the hippocampus being a vascular tissue and therefore providing
these oxysterols a means of leaving the cells in the hippocampus; 7-ketocholesterol and 7p-
hydroxycholesterol are among the oxysterols shown to be more mobile than cholesterol as they transfer
more rapidly into lipoproteins and vesicles (Theunissen et al., 1986, Meaney et al., 2002). In addition,
with the cell organelles intact, the peroxisomes provide enzymatic and non-enzymatic anti-oxidant
defence mechanisms. On the other hand, the avascularity of the eye lens and the gradual degradation of
cell organelles, which are essential to its function (Bassnett et al., 2011), probably lead to a weaker anti-

oxidant defence mechanism compared with the hippocampus.
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In contrast to the lens cortex, significant changes in the oxysterol:cholesterol ratio were observed in the
lens nucleus (Figure 7.7E and F, Figure 7.8E and F). Two phenomena might be contributing to this:
young LFCs situated in the lens cortex still having cell organelles (Bassnett, 2002) and the development
of a glutathione barrier between the lens cortex and lens nucleus with age (Sweeney and Truscott, 1998).
Interestingly, the main type of cataract associated with age-related cataracts is the nuclear cataract
(Kanthan et al., 2008, Klein et al., 2008). This provides further evidence of the mechanism through
which the previously reported accumulation of oxysterol adducts and the glutathione barrier contribute
to the development of age-related cataracts (Sweeney and Truscott, 1998, Girao et al., 1998).

Cholesterol is a vital lipid in the hippocampus and in the eye lens. AD and cataracts are both iconic age-
related diseases (Little, 2013, Association, 2015). Quantitative LC-MS analysis of 6 and 30 month-old
mice demonstrated significant changes in the absolute amount of oxysterols in the hippocampus (Figure
7.6A and Figure 7.7A), in contrast to the eye lens where significant changes were observed only relative
to cholesterol concentrations in the lens nucleus (Figure 7.7F and Figure 7.8F). Intriguingly, the latter
raises the questions of whether AD pathogenesis is correlated with the absolute amount of oxysterols

while cataracts are associated with relative amount of oxysterols.

7.4.4. Uncertainty budget: enhancement of the age-related changes in oxysterols in the
eye lens and hippocampus
Although the data presented above generally allowed the identification of age-related trends, more could

be done to gain a deeper understanding of the age-related changes occurring in the eye lens and in the
hippocampus. The variability in age within a group of mice could have been reduced, which would have
decreased the observed variability in the autoxidation generated oxysterol data and thus increased the
probability of detecting significant differences. However, in the context of cholesterol and desmosterol,
the contribution of “variability in age within a group of mice” is minor. Previous studies have shown
minimal changes in cholesterol biosynthesis in the adult mammalian brain (Quan et al., 2003).
Significant age-related changes in cholesterol and desmosterol levels still occur in the eye lenses of
adult mammals (Mainali et al., 2017); however power analysis showed that the experiment had enough

power to illuminate significant modifications (Table 7.3).

The correlation between oxysterol levels and sex has yet to be investigated. During these experiments
solely female mice were used because they are deemed to be more sensitive to cataractogenesis and AD
(Nirmalan et al., 2004, Zetterberg, 2016, Vina and Lloret, 2010, Podcasy and Epperson, 2016). Further
investigation including male mice would provide a better representation of which age-related changes

in oxysterol occur in the general population.

All the animals were bred and housed in the same research facility which minimised these factors’
contribution to uncertainty; though the general human population does not live in the same environment,

and the genetic and phenotypic variability is larger. Therefore, performing the same experiment with
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various strains of mice housed in different conditions would give better insight into the age-related

changes in oxysterols and how they contribute to pathogenesis in the hippocampus and eye lens.

Mice, like humans, are diurnal species (Refinetti, 2004). Melatonin, regulated by the circadian rhythm
has been shown to mediate processes in the rat lens epithelium including the anti-oxidant system (Abe
et al., 2000) and mitosis (von Sallmann and Grimes, 1966). Several studies have shown that the
functionality of the hippocampus is closely interlinked with melatonin levels (Gorfine and Zisapel, 2007,
Ramirez-Rodriguez et al., 2009, Yang et al., 2018). Furthermore, research using liver and
gastrointestinal tissue revealed the involvement of the circadian rhythm in the regulation of cholesterol
biosynthesis and oxysterol signalling (Kovac et al., 2019, Zhang et al., 2017). Taken together, though
the contribution of the time of sacrifice to variability is estimated to be minor, it would still be interesting

to measure the levels of sterols at different times of the day.

Dissection of the hippocampus, the membrane extraction efficiency, purity of the samples, pipetting
and lipid purification efficiency are uncertainty contributors that mainly depend on the technical
abilities of the researcher preparing the samples. Dissection of the hippocampus was mainly performed
by a single individual and the remaining laboratory work was performed by one other investigator. As
mentioned in the previous chapter, the purity of the samples was optimised by using ultrapure, high
performance liquid chromatography grade solvents. Given that the samples prepared for mass
spectrometry were dissolved in a limited amount of solvent, evaporation occurs rapidly and could
influence the comparison of various samples. Evaporation was minimised by immediately closing the
tubes with screw-top lids after addition of the solvent and storing them at -20 °C. The analyte peak area
was calculated automatically using Analyst 1.6.2; however, the program occasionally failed to detect

the right peak which required the user to select the right peak manually.

The contribution factors with significant levels of uncertainty were “variability between efficiency of
different membrane extractions” and repeatability. Within each cohort the same amount of eye lenses
were used and the entire left side hippocampus was used to reduce the contribution of “variability
between efficiency of different membrane extractions”. Therefore, repeatability was used as a factor to
assess the uncertainty in the measurements of age-related changes in oxysterol levels in the eye lens
and hippocampus, i.e. error bars and statistical analysis (Figure 7.3, Figure 7.5, Figure 7.6, Figure 7.7
and Figure 7.8). Although the ratios between oxysterol and cholesterol enabled the comparison between
tissues, studies aimed at identifying an oxysterol that remains constant in the lens and the hippocampus
with age would enable normalisation using an internal standard instead of the technical standard, 25-

hydroxycholesterol-d6, added only in the lipid purification step.
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Chapter 8: The effect of anti-oxidants on IR-
Induced oxysterol formation
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8.1. Introduction

As the eye lens is regularly exposed to light and therefore radiation, protection from oxidative stress
generated by these sources is provided by the anti-oxidant system present in the eye. Although the
physical barrier formed by lipid rafts limits the amount of oxidative agents in the eye lens, enzymatic
and non-enzymatic anti-oxidants establish the main defence mechanism against oxidative stress in the
lens (Girao et al., 1999, Varma, 1991).

lonising
radiation a-toco
ot—tgco radical  carotenoids
a-toco  radical Carotenoids
H O bH' H o a-toCo o~ . ~~ radicals O
. - =
2 — ~=SDHA 2¥2 2 2
GSH ) GSH’\) “DHA
GSSG Asc GSSG  Asc

Figure 8.1: Scheme of free radicals generated by ionising radiation and the non-enzymatic anti-
oxidants that can neutralise them. GSH, a-toco and Asc convert OH™ into H.O, while being oxidised
to GSSG, a-toco radical and DHA respectively. GSH, a-toco, Asc and carotenoids convert O;™ into
O2 while being oxidised to respectively GSSG, a-toco radical, DHA and carotenoids radicals. a-
toco: a-tocopherol, a-toco radical: a-tocopheryl radical, GSH: glutathione, GSSG: glutathione

disulphide, Asc: ascorbic acid and DHA: dehydroascorbate anion

Non-enzymatic anti-oxidants neutralise free radicals by donating an electron (Yu, 1994). Ascorbic acid
and GSH are the most highly concentrated non-enzymatic anti-oxidants in the lens (Consul and Nagpal,
1968, Pescosolido et al., 2016). Non-enzymatic degradation of H,O, into H,O and O occurs through
GSH, while ascorbic acid reduces hydroxyl radical (OH™) and superoxide anion (O2™) (Yoshimura et
al., 1999) (Figure 8.1). Although in much lower levels than ascorbic acid and GSH, a-tocopherol and
carotenoids are also present in the lens (Yeum et al., 1995). a-Tocopherol reduces O, and OH™, and
carotenoids mediate the conversion of O,™ into less reactive molecules (Figure 8.1) (Li et al., 2014b).
Furthermore, these anti-oxidants participate in each other’s regeneration such as ascorbic acid converts
a-tocopheryl radical into a-tocopherol (Packer et al., 1979), and GSH, together with dehydroascorbate

reductase, reduces dehydroascorbate anion radicals back to ascorbic acid (Kisic et al., 2012).
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Figure 8.2: Diagram of the activity of enzymatic anti-oxidants activity in the lens. SOD
catalyses the conversion of O;" into H.O,. Subsequently H.O, can be neutralised by
conversion into H»O, this is catalysed by CAT or GPx. SOD: superoxide dismutase,
CAT: catalase, GPx: glutathione peroxidase, GSH: glutathione, GSSG: glutathione
disulphide

Superoxide dismutase (SOD), catalase and glutathione (GSH) redox cycle enzymes are the main
enzymatic anti-oxidants, and catalyse the transfer of electrons from specific substrates to free radicals
(Chelikani et al., 2004, Marklund, 1984, Cabrera and Chihuailaf, 2011). The conversion of the free
radicals superoxide radical anion (O;") to hydrogen peroxide (H20;) and oxygen (O>) is catalysed by
SOD (Figure 8.2). Subsequently, H20- is converted into H,O by glutathione peroxidase with GSH as

substrate. However, catalase can also stabilise H.O- through conversion into H,O and O..

Besides removing free radicals, anti-oxidants can also act on oxidised lipids and proteins. The
liposoluble anti-oxidants a-tocopherol and carotenoids neutralise lipid peroxyl radicals and hereby stop
lipid oxidation chain reactions (Sies et al., 1992, Packer et al., 1979). Although GSH and ascorbic acid
also have a small role in reducing oxidised lipids (Sies et al., 1992), their contribution in repairing
oxidised proteins is indispensable. These water soluble non-enzymatic anti-oxidants collaborate with
thioltransferase, methionine sulfoxide reductases, NADPH-dependent thioredoxin/ thioredoxin
reductase system and GSH disulphide reductase to repair oxidised methionines, cysteines and protein-

protein disulphide bonds in the lens (reviewed by (Berthoud and Beyer, 2009)).

The presence of anti-oxidants in the eye lens is not uniformly divided. LECs and the outer layers of the

cortex contain the highest levels of the above mentioned anti-oxidants, whereas the inner layers of the

175



cortex and the nucleus populated by LFCs without cell organelles hold lower anti-oxidant concentration
(Bando and Obazawa, 1991, Bhuyan and Bhuyan, 1978, Spector et al., 1996, Sweeney and Truscott,
1998).

IR-induced oxidative stress is central to the pathogenesis of radiation cataracts (Ainsbury et al., 2016,
Uwineza et al., 2019). Cataract incidence in mice provided with a dietary supplementation of anti-
oxidants (including, selenomethionine, N-acetyl cysteine, ascorbic acid, a-lipoic acid and tocopherol)
before and after exposure to 0.5 - 3 Gy was lower than in their exposed counterparts that were not given
anti-oxidants (Davis et al., 2010). Exposure of LECs to UVA (+ 3 J/ cm?) caused degradation of
cytoskeletal actin, inhibited catalase activity and reduced colony formation ability (Zigman et al., 1995).
However, adding 2.5 - 10 mg/ mL a-tocopherol to these cells before exposure provided protection from
UVA cytotoxicity. Human epidemiological studies investigating whether anti-oxidants can reduce the
prevalence of cataracts have shown positive and negative results (Eggersdorfer and Wyss, 2018,
Braakhuis et al., 2019, McCusker et al., 2016, Mares-Perlman et al., 2000, Kuzniarz et al., 2001).
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8.2. Objectives and experimental design

Given that ionising radiation (IR) leads to the formation of free radicals followed by cholesterol
oxidation, the potential of anti-oxidants to prevent or neutralise cholesterol oxidation adducts was
examined. In the human lens, immediately after death, concentrations of 4 mM GSH were measured
(Holm et al., 2013), while levels close to 3 mM ascorbic acid (Varma and Richards, 1988, Varma et al.,
1979) were detected in the outer layers of the eye lens. Furthermore, a-tocopherol concentrations in the
range of mM were shown to prevent lysophosphatidylcholine-induced lens membrane damage (Libondi
et al., 1985). Therefore, 4 mM GSH, 3 mM ascorbic acid and 1 mM a-tocopherol were added pre- and
post-IR exposure of bovine lens membrane extracts. Exposing the lens membranes to 50 Gy and
harvesting these 18 days later were arbitrary chosen for proof of concept. Chromatograms of the
oxysterol profile were generated via LC-MS (Figure 8.3). Furthermore, to study the mechanism through
which a-tocopherol performs its function, deuterated lipids-lens membrane extracts binding experiment
was performed (Figure 8.4).
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(Methods section 3.4.1)
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Figure 8.3: Schematic representation of experimental design used during the anti-oxidants protection

of bovine lens membrane extracts from IR induced oxidative stress study. Section numbers refer to the

material and methods chapter section in which the protocol was described. GSH: glutathione, LC-MS:

liquid chromatography-mass spectrometry.
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Figure 8.4: Scheme of experimental design of deuterated lipids membrane extract
binding experiment. Section numbers refer to the material and methods chapter

section in which the protocol was described. LC-MS: liquid chromatography-mass

spectrometry.
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8.3. Results

8.3.1. a-Tocopherol protected cortical bovine membrane extracts from IR-induced
cholesterol oxidation

A 2.5e6

2.0e6

1.5e6

Intensity

1.0e6

Cortex

5.0e5

0.0e0 =22 —=

Anti-oxidant added pre-IR exposure

m— Blank /

— () Gy

m— 50 Gy
50 Gy + Ascorbic acid \
50 Gy + a-Tocopherol \

B 3.5e6

3.0e6
2.5e6

2.0e6

Intensity

1.5e6

Nucleus

1.0e6

5.0eb5

-

4.6 4.8 5.0 5.2 5.4 5.6 58 6.0 6.2 6.4

0.0e0

/7[5- hydroxycholesterol / 7-ketocholesterol /S,G—epoxycholesterol

4.6 4.8 5.0 5.2 5.

Figure 8.5: LC-MS chromatogram of A) the cortical and B) nuclear fraction of bovine lens membrane

extracts to which anti-oxidants were added pre-IR exposure and were left to incubate at 37 °C for18

days after exposure to 50 Gy. Arrows point to the identified oxysterols using deuterated standards.
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To investigate whether anti-oxidants could prevent IR-induced oxysterol formation, ascorbic acid or a-
tocopherol were added to bovine lens membrane extracts and subsequently, these membranes were
irradiated with 50 Gy (Figure 8.3). In line with previous chapters, analysis was performed with attention
for 7B-hydroxycholesterol, 7-ketocholesterol and 5,6-epoxycholesterol. However, the main focus was
on overall oxysterol levels. The addition of ascorbic acid to bovine lens membrane extracts followed
by 50 Gy IR-exposure caused an increase in oxysterol levels, higher than the oxysterol augmentation
observed in 50 Gy exposed membranes to which no anti-oxidants was added. This was observed in the
cortex as well as in the nucleus (Figure 8.5A and B). In contrast to ascorbic acid, a-tocopherol reduced
the increase in oxysterol levels observed in 50 Gy exposed lens cortex membrane extracts (Figure 8.5A).
In the nuclear fraction, this protective effect of a-tocopherol was not observed (Figure 8.5B).
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As follow-up study, anti-oxidants were added 2 h after 50 Gy IR exposure to verify whether these anti-
oxidant would act analogous to when added pre-IR exposure (Figure 8.3). Similar to the addition of
ascorbic acid before IR exposure (Figure 8.5A and B), introducing ascorbic acid into IR-exposed bovine
lens membrane extracts generated higher oxysterol levels than in the irradiated membranes to which no
anti-oxidants were added (Figure 8.6A and B). In the cortical fraction, a-tocopherol was still able to
reduce the levels of oxysterols present in membrane extracts after 50 Gy irradiation compared to
membranes without added anti-oxidants (Figure 8.5A and Figure 8.6A). Furthermore, adding o-
tocopherol after IR exposure in the lens nucleus membrane extracts lead to more oxysterol formation

than introducing a-tocopherol before irradiation (Figure 8.6B vs. Figure 8.5B).

8.3.2. Adding GSH, e-tocopherol and ascorbic acid together to bovine lens membrane
extracts did not reduce overall oxysterol levels in the nucleus
Various combinations of GSH, a-tocopherol and ascorbic acid were added to the nuclear fraction of

bovine lens membrane extracts pre-IR exposure to examine whether a combination of anti-oxidants
could adopt a protective role in the lens nucleus (Figure 8.3). Comparable to adding ascorbic acid,
glutathione generated increased IR-induced oxysterol levels compared to 50 Gy irradiated membranes
with no added anti-oxidants (Figure 8.7A). Intriguingly, although during this experiment a-tocopherol
reduced the levels of 5,6-epoxycholesterol (Figure 8.7A), the levels of 7p-hydroxycholesterol and 7-
ketocholesterol observed in the 50 Gy irradiated lens membrane extracts without anti-oxidants were the

similar or higher than in the membrane extracts to which a-tocopherol was added.

Adding the combination of GSH and ascorbic acid caused an augmentation in the amount of oxysterol
formed as a consequence of 50 Gy IR exposure in the lens nucleus membrane extracts (Figure 8.7B).
Collectively, GSH, ascorbic acid and a-tocopherol were able to reduce 5,6-epoxycholesterol levels
compared to the quantity in non-irradiated lens nucleus membrane extracts. Higher levels of 7p-
hydroxycholesterol and 7-ketocholesterol were noted in the irradiated membranes to which the three
anti-oxidants were added than in those to which no anti-oxidants were added (Figure 8.7B). Introducing
ascorbic acid and o-tocopherol or GSH and a-tocopherol both caused an increase of 7p-
hydroxycholesterol and 7-ketocholesterol formation in IR-exposed membranes, though not of 5,6-
epoxycholesterol (Figure 8.7C). In general, all anti-oxidants, combined or individually, aggravated the

effect of IR-induced oxysterol formation (Figure 8.5,Figure 8.6 and Figure 8.7).
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8.3.3. Tocopherol-d6 binding to the bovine lens membrane extracts was transient
The mechanism through which a-tocopherol protects cholesterol in the lens plasma membrane from

oxidative stress was investigated by measuring the membrane binding properties of a-tocopherol-d6,
and cholesterol-d6 for comparison, to bovine lens membrane extracts over a time course of 7 days
(Figure 8.4). LC-MS quantification of a-tocopherol-d6é levels bound to the membranes extracts showed
that in the cortical and nuclear fraction of lens membrane extracts a-tocopherol-d6 progressively bound
to the membranes and subsequently, after reaching peak levels, the amount of membrane bound o-
tocopherol-d6 gradually decreased (Figure 8.8A and D). In the lens nucleus membrane extracts peak
levels were measured after 1 day of incubation at 37 °C, though the changes observed over time in the
nuclear fraction were not significant (p> 0.05; Figure 8.8A). However, significant changes were
detected in lens cortex membrane extracts and maximum levels of a-tocopherol-d6 binding were
achieved after 8 h incubation at 37 °C (p< 0.001; Figure 8.8D). Comparison of bound a-tocopherol-d6
peak levels in the cortical fraction with those in the nuclear fraction illustrated that the cortex can bind
more a-tocopherol-d6 than the lens nucleus membrane extracts (Figure 8.8A vs. D). The association of
a-tocopherol-d6 to the membranes did not affect internal cholesterol or tocopherol levels (p> 0.05;
Figure 8.8B, C, E and F).
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Figure 8.8: LC-MS quantification of the levels of A) a-tocopherol-d6, B) internal cholesterol and C)
internal tocopherol in bovine lens nucleus membrane extracts, and D) a-tocopherol-d6, E) internal
cholesterol and F) internal tocopherol in bovine lens cortex membrane extracts relative to the levels in
bovine lens membrane extracts to which no lipids or solvent was added. Control represents membrane
extracts to which DCM:MeOH was added. Error bars represent standard deviation. General Linear
Model Analysis of Variance followed by Tukey pairwise comparison post hoc test using time,
component-of-interest and location as independent factors and rel. analyte peak area as dependent

factor was applied for statistical analysis, *p< 0.05 n= 2, n.s.: not significant, rel.: relative.
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Figure 8.9: LC-MS quantification of the levels of A) cholesterol-d6, B) internal cholesterol and C)
internal tocopherol in bovine lens nucleus membrane extracts, and D) cholesterol-d6, E) internal
cholesterol and F) internal tocopherol in bovine lens cortex membrane extracts relative to the levels in
bovine lens membrane extracts to which no lipids or solvent was added. Control represents membrane
extracts containing DCM:MeOH. Error bars represent standard deviation. General Linear Model
Analysis of Variance followed by Tukey pairwise comparison post hoc test using time, component-of-
interest and location as independent factors was applied for statistical analysis, *p< 0.05 n=2, n.s.:

not significant, rel.: relative.
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Although the same concentration of a-tocopherol-d6 and cholesterol-d6 was added to the membranes,
the levels of cholesterol-d6 measured in the nuclear and cortical fraction were minimal in comparison
to a-tocopherol-d6 (Figure 8.8A vs. Figure 8.9A, and Figure 8.8D vs. Figure 8.9D). Furthermore, the
observed cholesterol-d6 membrane binding over time was not significant in the lens nucleus, neither in
the lens cortex membrane extracts (p> 0.05; Figure 8.9A and D). The addition of cholesterol-d6 to these
membrane extracts did not induce any significant modifications in the internal cholesterol and

tocopherol levels (Figure 8.9B, C, E and F).

8.3.4. Adding a-tocopherol-d6 or cholesterol-d6 to lens membrane extracts appeared to
not affect the protein pattern
To verify whether a-tocopherol-d6 or cholesterol-d6 modified the pattern of lens membrane proteins,

an aliquot was collected during the above described a-tocopherol-d6 and cholesterol-d6 membrane
binding experiment and these aliquots were ran on SDS-PAGE gels (Figure 8.4). The addition of a-
tocopherol-d6, cholesterol-d6 or their solvent DCM:MeOH to cortical or nuclear lens membrane
extracts appeared to not alter the protein pattern (Figure 8.10).
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Figure 8.10: The images display the protein pattern of lens membrane proteins during the binding of a-
tocopherol-d6 or cholesterol-d6 to bovine lens membrane extracts. The most prominent band visible is
AQPO (arrow). Protein identity suggestion was based on proteomics data in the appendix (appendix table
1 and 2). 15 pg protein of 1% (w/v) SDS solubilised lens membrane proteins were run on SDS-PAGE
gels (15% (w/v) acrylamide) and stained with Coomassie Blue. The molecular weight markers in the first
lane of each gel mark respectively 250, 130, 95, 72, 55, 36, 28, 17 and 10 kDa from top to bottom. First

row illustrates the cortical fraction and the second row the nuclear fraction. H: hour(s), D: day(s).
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8.3.5. Retrospective power analysis
The binding of lipids in bovine lens membrane extracts has not been investigated before. Therefore, a

retrospective power analysis was performed. The actual power for measuring significant differences in
the a-tocopherol-d6 binding experiment between 0 h and 1 day in the nucleus was < 0.8 for a-
tocopherol-d6, internal cholesterol and tocopherol (Table 8.1). Accordingly, the advised sample size
was 4 for a-Tocopherol-d6 and much larger for internal cholesterol and tocopherol. The actual power
for measuring the differences between 0 and 8 h in bovine cortex membrane extracts after introducing
a-tocopherol-d6 was 1 for a-tocopherol-d6, and <0.8 for the other components (Table 8.1). To detect
significant alterations in a-tocopherol-d6 in lens cortex membrane extracts, the advised sample size was
equal to the sample size used during the gathering of the data. Interestingly, a sample size of 4 was
advised to observe significant changes in the internal cholesterol levels between 0 and 8 h, while for
internal tocopherol the advised sample size is 35.

Table 8.1: Retrospective power analysis to determine the power and the advised sample size for the

binding of a-tocopherol-d6 to bovine lens membrane extracts experiment using Minitab.

acTocopheral-do | S | DD | Ne | fod | vt
Lens nucleus 0 hours versus 1 day

a-Tocopherol-d6 2 1432.558 | 492.939 0.371 4
Internal cholesterol 2 0.021 0.182 0.051 1181
Internal tocopherol 2 -0.065 0.141 0.06 75
Lens cortex 0 versus 8 hours

a-Tocopherol-d6 2 64868.542 | 2683.094 1 2
Internal cholesterol 2 0.155 0.039 0.56 4
Internal tocopherol 2 0.258 0.379 0.072 35

Stdev: standard deviation
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Table 8.2: Retrospective power analysis to determine the power and the advised sample size for the

binding of cholesterol-d6 to bovine lens membrane extracts experiment using Minitab.

Cholesterolds |78 | DUEcer | e | Aouet | e b
Lens nucleus 0 hours versus 1 day

Cholesterol-d6 2 2.246 | 2.949 0.0765 29
Internal cholesterol 2 -0.062 | 0.137 0.059 78
Internal tocopherol 2 -0.146 | 0.109 0.13 10
Lens cortex O versus 8 hours

Cholesterol-d6 2 1.273 | 1.320 0.092 18
Internal cholesterol 2 0.012 | 0.104 0.051 1181
Internal tocopherol 2 -0.031 | 0.175 0.051 502

Stdev: standard deviation

The actual power for detecting significant differences in cholesterol-d6, internal cholesterol and
tocopherol in the lens nucleus membrane extracts between 0 h and 1 day after adding cholesterol-d6
was <0.8 (Table 8.2). Furthermore, the advised sample size for detecting significant modifications was
>10 for all the measured adducts in the lens nucleus membrane extracts. Similar observations were

made for the binding of cholesterol-d6 to bovine lens cortex membrane extracts (Table 8.2).

8.3.6. Uncertainty budget
Generating an uncertainty budget identified nine uncertainty contributors (Table 8.3). The Gaussian

distributed factors “variability in age within a group of cows in the context of plasma membrane lipids
and proteins composition”, membrane extraction efficiency, purity of samples, temperature of
incubation room and analyte peak area offered a minor contribution to uncertainty in contrast to
repeatability that showed a significant contribution to uncertainty. Membrane extraction efficiency,
pipetting, lipid purification efficiency and evaporation of solvent showed a rectangular distribution and

had a minor contribution to uncertainty.
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Table 8.3: Uncertainty budget for the binding of a-tocopherol-d6 or cholesterol-d6 to the bovine lens

membrane extracts experiment.

Uncertainty contributor Qualitative = Parameter Unit Type of Distribution

uncertainty Evaluation

Variability in age within a group months Gaussian

of cows in the context of plasma

membrane lipid and proteins

composition

Membrane extraction efficiency minor mg B Rectangular

Purity of samples minor counts A Gaussian

Temperature of incubation room minor °C A Gaussian

Pipetting minor mL B Rectangular

Lipid purification efficiency minor counts B Rectangular

Evaporation of solvent minor counts B Rectangular

Analyte peak area minor counts A Gaussian

Repeatability significant Relative analyte A Gaussian
peak area
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8.4. Discussion

8.4.1. Ascorbic acid and GSH act as pro-oxidants in IR-exposed membranes

The addition of ascorbic acid before and after exposure to IR caused an increase in cholesterol oxidation
occurring in the lens nucleus and cortex membrane extracts compared to the level of oxysterol formation
observed in IR-exposed membranes without the addition of anti-oxidants (Figure 8.5A and B, Figure
8.6A and B, Figure 8.7A). On the one hand, the lack of anti-oxidant activity could be explained by
ascorbic acid being a hydrophilic anti-oxidant and therefore unable to remove free radicals in the
lipophilic environment in which cholesterol resides (Pavlovic et al., 2005). On the other hand, in the
presence of transition metals such as copper and iron which through metal-catalysed Haber-Weiss and
Fenton reaction stimulate the formation of free radicals, ascorbic acid can act as a pro-oxidant by
reducing these redox-active metals (Buettner and Jurkiewicz, 1996). The concentration of ascorbic acid
can also determine whether ascorbic acid will act as an anti-oxidant or pro-oxidant. In vitro experiments
suggest that in high concentration ascorbic acid will act as an anti-oxidant (Buettner and Jurkiewicz,
1996). In the presented data, a concentration of 3 mM ascorbic acid was used. Even though this is
considered as a high concentration of ascorbic acid in humans (Varma and Richards, 1988), probably it
is overrun by the high levels of IR (50 Gy). Further work including lower doses would shed light on
this.

Similar to ascorbic acid, GSH acted as a pro-oxidant in the IR exposed lens membrane extracts (Figure
8.7A). In the presence of free radicals GSH can be converted to thiyl radicals, which can acts as lipid
oxidising agents, and furthermore, GSH can enhance Fenton reactions (Sagrista et al., 2002, Schoneich
etal., 1992). GSH has the chemical capacity of reducing oxidised ascorbic acid (Winkler et al., 1994,
Rakete and Nagaraj, 2017), yet adding ascorbic acid and GSH together still enhanced cholesterol
oxidation in lens nucleus membrane extracts (Figure 8.7B) which suggest that the concentrations of the
added anti-oxidants were too low to act as anti-oxidants against the oxidative stress induced by 50 Gy,

hence they acted as pro-oxidants.

8.4.2. Anti-oxidant activity of a-tocopherol occurs through binding into the membranes
a-Tocopherol is a fat soluble anti-oxidant that functions through removing free radicals and neutralising
lipid peroxyl radicals (Maguire et al., 1989, Li et al., 2014b). In the cortical fraction of lens membrane,
tocopherol acted as an anti-oxidant by preventing cholesterol oxidation (Figure 8.5A) or removing
cholesterol oxidation adducts (Figure 8.6A). However, when a-tocopherol was added to lens nucleus
membrane extracts, it was unable to protect cholesterol from oxidation (Figure 8.5B) and even operated
as a pro-oxidant when added post-IR (Figure 8.6B). The mechanism through which this occurs is
currently unknown and the first steps to unravel the process was taken by investigating the binding of
tocopherol (in)to the membranes. The binding experiment revealed that a-tocopherol-d6 is able to insert

itself in the cortical membranes showing significant differences between 0 and 8 h (Figure 8.8D), in
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contrast to the nuclear membrane extracts in which no significant changes in a-tocopherol-d6 binding
were observed over a time period of 7 days (Figure 8.8A). Lens nuclear membranes are known to be
more rigid and therefore less accessible to molecules than cortical membrane extracts (Li et al., 1985,
Widomska et al., 2017). Taken together, this suggests that the anti-oxidant activity of a-tocopherol
partly depends on a-tocopherol being able to efficiently insert itself into the lipophilic environment.
Unable to efficiently bind or insert itself into the lipophilic environment of the lens nucleus membrane
extracts, a-tocopherol was prevented from performing its anti-oxidant function. This is supported by
research showing tocopherol performs its anti-oxidative function mainly at the membrane's

hydrophobic-hydrophilic interface (Marquardt et al., 2013).

In combination with other anti-oxidants a-tocopherol was still unable to act as an anti-oxidant in lens
nucleus membrane extracts (Figure 8.7B and C), yet the pro-oxidant action of ascorbic acid and GSH
was reduced in the presence of a-tocopherol (Figure 8.7C). GSH and ascorbic acid can reduce oxidised
tocopherol (Motoyama et al., 1989, Pavlovic et al., 2005), and tocopherol can reduce transition metals
(Kitts, 1997, Yamamoto and Niki, 1988). Presumably, GSH and ascorbic acid had a higher affinity for
oxidised tocopherol than for transition metals and hence, collectively these chemical reactions were
able to reduce the pro-oxidant function of glutathione and ascorbic acid. Notably, adding a-tocopherol
post-IR generated higher levels than adding tocopherol pre-IR. This suggest that introducing o-
tocopherol into an environment with high levels of oxidative stress compels it to act as a pro-oxidant.

Two hours after irradiation, oxysterol levels were significantly higher than in non-oxidised bovine
membrane extracts (see chapter 5). Remarkably, a-tocopherol was able to remove these oxidised
cholesterol adducts in bovine lens cortex membrane extracts (Figure 8.6A). Although tocopherol has
been shown to inactivate radicals formed at C7 and C25 of cholesterol (Medina-Meza and Barnaba,
2013), a mechanism through which tocopherol can convert oxysterols back to cholesterol or another

component has not been identified yet.

8.4.3. The amphipathic character of tocopherol enables binding into membranes
Cholesterol and tocopherol are both hydrophobic components, though cholesterol-d6 was unable to bind
lens membranes contrary to a-tocopherol-d6 that inserted itself into membranes (Figure 8.8A and D vs.
Figure 8.9A and D). Although a-tocopherol is lipophilic, it can behave as an amphipathic molecule due
to its hydroxyl group (Wang and Quinn, 2000). This allowed tocopherol to efficiently migrate through
a hydrophilic environment and insert itself into membranes (Figure 8.8A and D). Introducing
cholesterol into a hydrophilic environment most probably lead to its aggregation and thereby cholesterol
was unable to migrate into the membranes. The binding of a-tocopherol-d6 into membranes appeared
to have no effect on internal cholesterol or tocopherol levels (Figure 8.8 B, C, E, and F; Figure 8.9 B,
C, E and F), and also not on the protein pattern (Figure 8.10). However, power calculations suggested

that repeating the experiment four times might allow the detection of significant changes in internal
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cholesterol levels between 0 and 8 h (Table 8.1). This emphasises the need for more experimental
repeats to understand the mechanism through which tocopherol is acting as an anti-oxidant. Furthermore,
the observed time-dependent increase in a-tocopherol-dé binding was transient. As a first step, the
supernatant of these samples could be analysed to verify whether a-tocopherol-d6 dissociated as o-
tocopherol-d6 and subsequently, NMR analysis of the membranes our using imaging the membranes
with a cryogenic electron microscope could provide more insight in the possible structural changes a-
tocopherol-d6 undergoes in the membranes.

Tocopherol mainly resides in lipid rafts and polyunsaturated phospholipid-rich domains (Royer et al.,
2009, Lemaire-Ewing et al., 2010, Atkinson et al., 2010), therefore modifications in the protein pattern
are improbable (Figure 8.10).

8.4.4. Qualitative uncertainty contribution of “variability in age within a group of cows
in the context of plasma membrane lipid and proteins composition” needs to be re-
evaluated

Most uncertainty contributors were estimated to have a minor contribution to uncertainty. However,
“variability in age within a group of cows in the context of plasma membrane lipid and proteins
composition” is one worth reconsidering (Table 8.3). a-Tocopherol was able to prevent and revert 5,6-
epoxycholesterol formation (Figure 8.7A and B), and also stimulated the formation of 5,6-
epoxycholesterol (Figure 8.5B and Figure 8.6B). Given that all the other uncertainty contributors
generated systematic errors, the only variable between experimental repeats was membrane extracts and
their cholesterol concentration which is dependent on age (Widomska et al., 2017). The age of the cows
from which the lens membrane extracts were collected is around 6 months. During future experiments,
the age of each individual animal should be noted and the variation should be minimised in order to
better estimate the contribution of this variable to uncertainty. Given that the collected data was
qualitative with more focus on the overall oxysterol profile, the experiments provided an answer to our
research question despite this variability. However, further work through the generation of quantitative

data and statistical analysis would reinforce the presented data.
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Chapter 9: Invitro IR exposure induced
advanced glycation end products formation
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9.2. Introduction

9.2.1. Lenticular protein modifications leading to cataractogenesis
The most prevalent proteins in the eye lens are a-, - and y-crystallins comprising approximately 90%

of the total dry mass of the lens (Horwitz et al., 1999, Taylor and Davies, 1987). The highly ordered
structure established by these proteins in the lens fibre cells (LFCs) is vital for the refractive properties
of the lens (Delaye and Tardieu, 1983). Mutations in the genes coding for these water soluble proteins
have been associated with cataractogenesis (Huang et al., 2009, Graw, 2009, Litt et al., 1998). Besides
these water soluble crystallins, the malfunctioning of water insoluble proteins has been associated with
cataract formation including mutations in the membrane protein AQPO (Geyer et al., 2006, Gu et al.,
2007) and the cytoskeletal protein BFSP1 (Wang et al., 2013, Ramachandran et al., 2007).

Congenital cataracts involving mutations in genes coding for proteins such as crystallins and AQPO are
uncommon (Graw, 2004), however nearly half of the world blindness is caused by age-related cataracts
(ARC) (Resnikoff et al., 2004, West, 2007). These develop partly through post-translation
modifications (PTMSs) in proteins contributing to the cataractogenic load (Uwineza et al., 2019).
Although lens proteins are long-lived, with time spontaneous non-enzymatic racemisation, deamidation,
truncations, glycations and isomerisation are observed (reviewed by (Schey et al., 2019)). These PTMs
subsequently trigger the degradation and aggregation of proteins, render water soluble proteins
insoluble and cause malfunctioning of proteins (Fujii et al., 2018, Srivastava et al., 2017, Korlimbinis
et al., 2009). Another major source of protein damage in the eye lens is caused by the gradual increase
of oxidative stress (Siew et al., 1981, Truscott, 2005). Measurements of protein oxidation levels in the
eye lens showed that the lens nucleus of patients with senile age-related nuclear cataracts had increased
levels of oxidised methionine and cysteine residues correlated with a decline of protein sulfhydryl
groups compared to transparent lenses and the associated lens cortex (Truscott and Augusteyn, 1977,
Garner and Spector, 1980). Furthermore, also diabetic, and myopic cataracts have been shown to

contain increased protein oxidation levels through protein carbonylation assays (Boscia et al., 2000).

Although occurring to a much lower extent compared to the PTMs mentioned above, the Maillard
reaction, i.e. glycation of proteins leading to the formation of advanced glycation end products (AGES),
is observed at increased levels in cataractogenic eye lenses compared to their age-matched controls
(Franke et al., 2003, Tessier et al., 1999, Truscott and Friedrich, 2016, Smuda et al., 2015). Using LC-
MS, Smuda and colleagues quantified 19 AGEs in human eye lenses and demonstrated that despite N°-
Carboxymethyl lysine (CML), N°®-carboxyethyl lysine (CEL), N’-carboxyethyl arginine (CEA),
methylglyoxal hydroimidazolone 1 (MG-H1), and N®-lactoyl lysine being the most prevalent AGEs,
only glyoxal lysine amide (GOLA) was highly correlated with age and cataract (Smuda et al., 2015).
Furthermore, they noted that all the detected AGEs can be synthesized from the following precursors:

methylglyoxal, glyoxal, the Amadori product of glucose and lysine, and vitamin C (Figure 9.1) (Smuda
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et al., 2015). Investigation of the distribution of AGEs in the eye lens showed that these are mainly
located in high molecular weight protein aggregates implying that these type of protein modifications
also contribute to insolubilisation and aggregation of proteins (Zarina et al., 2000). Further work
confirmed protein aggregation induced by AGEs (Linetsky et al., 2008). Moreover, age-related

pigmentation of the lens has been linked to the accumulation of the AGEs pentosidine (Nagaraj et al.,
1991).
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Figure 9.1: Schematic representation of 19 AGEs identified in human lenses and their precursors.
With age, oxidative stress levels in the eye lens increase and stimulate the formation of advanced
glycation end products from ascorbic acid, glyoxal, methlyglyoxal and Amadori products. GOLA:
glyoxal lysine amide, MG-H1: methylglyoxal hydroimidazolone 1, CEA: N’-carboxyethyl
arginine, MG-H3: methylglyoxal hydroimidazolone 3, CML: N°-Carboxymethyl lysine, CMA: N°-
carboxymethyl arginine, MODIC: methylglyoxal imidazolimine, THP: tetrahydropyrimidine,
CEL: N°-carboxyethyl lysine, GALA: glycolic acid lysine amide (source: Smuda et al.,
Biochemistry, 2015, image used with permission of the journal).
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9.2.2. The effects of radiation on lens proteins
Increased oxidative stress induced by exposure to ionising radiation (IR) and non-IR has been shown

to induce clouding of the lens through PTMs of crystallin including oxidation, truncation, isomeration,
racemisation deamidation, misfolding and aggregation (Moreau and King, 2012, Fujii et al., 2004, Fujii
et al., 2001, Simpanya et al., 2008, Giblin et al., 2002, Kim et al., 2016). Interestingly, ultra violet A
(UVA)- light induced oxidation of tryptophan and ascorbic acid was found to enhance the formation of
AGEs (Ortwerth et al., 2009). The oxidation of tryptophan lead to the formation of 3-
hydroxykynurenine, which promotes the oxidation of ascorbic acid (Linetsky et al., 2014) and
pentosidine synthesis (Nagaraj et al., 2010). Furthermore, kynurenine and direct UVA-light induced
ascorbic acid oxides react with lens protein and generate AGEs (Prabhakaram and Ortwerth, 1992).
Although non-IR has been shown to cause an increase in AGEs levels in the lens, the influence of IR
on AGEs formation in the eye lens has not been investigated yet. Moreover, due to the lack of the
suitable technology, the proteins bound by these AGEs have been difficult to identify.
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9.3. Objectives and experimental design

To examine the effect of IR on integral membrane and membrane bound protein with emphasis on
advanced glycation end products, plasma membrane extracts of 6 month-old bovine eye lenses were
exposed to 5 and 50 Gy and examined via SDS-PAGE and LC-MS after acid hydrolysis (Figure 9.2).
Furthermore, to compare age-related with IR-induced modifications, 6 and 30 month-old plasma
membranes were exposed to 50 Gy and analysed with SDS-PAGE, OxyBIlots, Western blots and LC-
MS after VC1 pull down (Figure 9.3).

Bovine eyes
(6 month-old)

l

Collection of eye lenses and
plasma membrane extraction
(Methods section 3.4.1)

5-50 Gy

X-rays exposure
(Methods section 3.4.2)

— T~

Acid hydrolysis of proteins SDS-PAGE
(Methods section 3.8.2) (Methods section 3.6)
LC-MS

(Methods section 3.9.3)

Extracted ion chromatograms

Figure 9.2: Diagram of experimental set up of in vitro IR exposure induced advanced glycation end
products formation in 6 month-old bovine lens plasma membrane extracts. Section numbers refer to the
material and methods chapter section in which the protocol was described. SDS-PAGE: sodium dodecyl

sulphate polyacrylamide gel electrophoresis, LC-MS: liquid chromatography mass spectrometry.
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Bovine eyes
(6 and 30 month-old)

Collection of eye lenses and
plasma membrane extraction
(Methods section 3.4.1)

/ \

SDS-PAGE Optimisation solubilisation
(Methods section 3.6) of plasma membrane
+ X-rays exposure to extraction
OxyBlot 50 Gy (Methods section 3.8.3)
(Methods section 3.7.2) (Methods section 3.4.2)
+ l
Western blot / \ SDS-PAGE
(Methods section 3.7.1) (Methods section 3.6)
OxyBlot VC1 pull down
(Methods section 3.7.2) (Methods section 3.8.4 and 3.8.5)
+
Western blot o
(Methods section 3.7.1) In-gel protein digest

(Methods section 3.8.6)

LC-MS
(Methods section 3.9.4)

Figure 9.3: Schematic representation of experimental set up of in vitro IR exposure induced post-
translational modifications in 6 month-old compared with 30 month-old bovine lens lipid membrane
extracts. Section numbers refer to the material and methods chapter section in which the protocol was
described. SDS-PAGE: sodium dodecyl sulphate polyacrylamide gel electrophoresis, LC-MS: liquid

chromatography mass spectrometry.
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9.4. Results

9.4.1. SDS PAGE analysis did not detect IR-dependent changes in the protein pattern
of bovine lens membrane extracts
Preliminary analysis of bovine lens membrane extracts exposed to 0, 5 and 50 Gy X-rays by SDS-

PAGE showed that the protein pattern appeared not to be altered in 5 or 50 Gy IR-exposed membranes
compared to the unexposed membrane extracts (Figure 9.4). Notably, the nucleus contained less high
molecular weight proteins than the cortex, which was conserved after exposure to 5 and 50 Gy (Figure
9.4).

Figure 9.4: Lens membrane extracts from the cortex and the nucleus of bovine eye lenses

were exposed to 0, 5 and 50 Gy of X-rays. Subsequently, 10 pg protein of 1% (w/v) SDS
solubilised lens membrane proteins were run on a SDS-PAGE gel (15% (w/v) acrylamide)
and stained with Coomassie Blue. The most prominent band visible is AQPO (26 kDa,
arrow). Protein identity suggestion made above was based on proteomics data in the
appendix (appendix table 1 and 2).
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9.4.2. IR exposure induced the formation of AGEs in lens membrane extracts
The effect of IR on AGEs has not been investigated yet. To verify their presence in bovine lens

membrane extracts and whether they are formed as a result of exposure to IR, the nuclear and cortical
fractions of bovine lens membrane extracts were exposed to 0, 5 and 50 Gy and after acid protein
hydrolysis AGEs were analysed with LC-MS (Figure 9.2). Extracted ion chromatograms showed that
the presence of the AGEs N°-carboxymethyl arginine, formyl lysine, lactoyl lysine and glyoxal lysine
amide in the cortical and the nuclear fractions of unexposed bovine lens membrane extracts (Figure 9.5
and Figure 9.6). Before exposure to X-rays, the levels of these AGEs were higher in the nucleus than
in the cortex (Figure 9.5 vs. Figure 9.6). IR exposure lead to the increase of these AGEs adducts in both
fractions, however, the increase was more pronounced in the cortex than in the nucleus (Figure 9.5 vs.
Figure 9.6). Overlay of the 5 with the 50 Gy chromatogram revealed that the augmentation in AGEs
was not proportionate to the applied IR dose in the lens cortex and nucleus membrane fractions (Figure
9.5 and Figure 9.6).
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Figure 9.5: LC-MS extracted ion chromatograms of advanced glycation end products 2

hours after exposure of bovine lens nucleus membrane extracts to 5 and 50 Gy X-rays.
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Figure 9.6: LC-MS extracted ion chromatograms of advanced glycation end products

2 hours after exposure of bovine lens cortex membrane extracts to 5 and 50 Gy X-rays.
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9.4.3. Immediate IR-induced PTMs were different from age-related PTMs
Using bovine membrane proteins, analysis of age-related and IR induced modifications was performed

via SDS-PAGE gel separations, Western blots and OxyBlots of 6 and 30 month-old bovine lens

membrane extracts and their irradiated counterparts (Figure 9.3).

9.4.3.1. Protein oxidation decreased with age in membrane extracts
Comparison of the protein pattern between the membrane extracts from 6 and 30 month-old bovine eye

lenses suggest that PTMs and dimerisation increased with age in all lens membrane fractions (Figure
9.7A and B). In both age groups, proteolysis was more prominent in the lens nucleus than in the lens
cortex (Figure 9.7). Age-dependent PTMs has been shown in previous research (Tapodi et al., 2019).

6 month-old 30 month-old

A BoOC BolC BoON BolN B BoOC BolC BoON BoIN

17

10

Figure 9.7: Membrane extracts were isolated from lenses of A) 6 month-old and B) 30 month-old
bovine eye lenses. The most prominent band visible is AQPO (26 kDa, arrow). The bands below 26
kDa include crystallins (20 kDa) and breakdown products of AQPO (dashed box). A major product is
indicated (*). The bands above 26 kDa contain vimentin, BFSP1 and AQPO dimers and tetramers
(green box). (Protein identity suggestions made above was based on proteomics data in the appendix
(appendix table 1 and 2).). 15 pg protein of 1% (w/v) SDS solubilised lens membrane proteins were
run on SDS-PAGE gels (15% (w/v) acrylamide) and stained with Coomassie Blue. The black box
encircled fractions were used for immunoblot analysis. BoOC: bovine outer cortex, BolC: bovine

inner cortex, BoON: bovine outer nucleus, BoIN: bovine inner nucleus.
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Protein carbonylation analysis is generally accepted as a measure of protein oxidation (Stadtman, 1992),
therefore OxyBIlots were performed with bovine outer cortex and inner nucleus fractions to detect age-
related protein oxidation changes in lens membrane extracts (Figure 9.7, encircled). Intriguingly,
comparison of the 6 with 30 month-old membrane extracts indicated that protein oxidation of integral
membrane and membrane bound proteins decreased with age in the cortex and in the nucleus (Figure
9.8A). Moreover, the cortical fractions contained more oxidised proteins than the nuclear fraction
(Figure 9.8A). AQPO, the most abundant protein in the lens plasma membrane (Bassnett et al., 2009),
unlikely co-localised with the oxidised proteins (Figure 9.8B).
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Figure 9.8: Immunablots of 6 and 30 month-old bovine eye lens membrane extracts. 15 pg protein of
1% (w/v) SDS solubilised lens membrane proteins were run on a SDS-PAGE gel (15% (w/v)
acrylamide). A) Oxyblot showing carbonylated proteins and B) same membrane immunoblotted with
AQPO antibody (1/2000 dilution). Full length AQPO has a molecular weight of 26 kDa (arrow), with
age AQPO protein undergoes complex PTMs involving truncations, and formation of dimers and
tetramers (green box). The inner nucleus, which contains older lens fibre cells than the outer cortex,
has more of these dimers (arrow head). Dashed box in figure 9.7 suggests that besides full length
AQPO, there are breakdown products of AQPO. A major product is indicated (*). The signals for full
length AQPO (arrow) and this major break down product (*) overlap at this exposure. BoOC: bovine

outer cortex, BolN: bovine inner nucleus.
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9.4.3.2. IR appeared not to modify the protein oxidation levels in lens membrane
extracts
As SDS-PAGE suggested that IR did not induce modifications in the protein pattern (Figure 9.4),

OxyBlots (used to detected carbonylated proteins) and Western blots were used to investigate whether
IR increased the levels of oxidised proteins in the bovine eye lens membrane extracts (Figure 9.3).
Exposure to 50 Gy did not alter the amount of oxidised proteins in the membrane extracts (Figure 9.9A).
Furthermore, immunoblotting with AQPO illustrated that at 30 months AQPO had endured more PTMs
and this pattern remained unmodified after IR exposure (Figure 9.9B). Comparison of the cortical with
the nuclear fraction demonstrated that the lens cortex contained more oxidised membrane proteins and
less PTMs than in the nucleus (Figure 9.9A and B). In the 6 month-old nucleus membrane extracts one
AQPO band is more prominent in the irradiated sample, while in the cortex the same band is not detected
after IR (Figure 9.9, black box).
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Figure 9.9: Immunoblots of 6 and 30 month-old bovine eye lens membrane extracts exposed to 50 Gy
X-rays. 15 ug protein of 1% (w/v) SDS solubilised lens membrane proteins were run on SDS-PAGE
gels (15% (w/v) acrylamide). A) Oxyblot showing carbonylated proteins and B) same membrane
immunoblotted with AQPO antibody (1/2000 dilution). Full length AQPO has a molecular weight of 26
kDa (arrow), with age AQPO protein undergoes complex PTMs involving truncation, and formation of
dimers and tetramers (green box). The inner nucleus, which contains older lens fibre cells than the
outer cortex, has more of these dimers (arrow head). Dashed box in figure 9.7 suggests that besides
full length AQPO, there are breakdown products of AQPO. A major product is indicated (*). The signals
for full length AQPO (arrow) and this major break down product (*) overlap at this exposure.
Comparison of the oxyblot and the AQPO signals make the unequivocal identification of AQPO as a
carbonylated proteins impossible and therefore, the identity of these proteins remains to be determined

(red box vs. green box). BoOC: bovine outer cortex, BoIN: bovine inner nucleus.
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9.4.4. VC1 pull down identifies AGE bound proteins
To identify the proteins subjected to glycation with age and IR exposure (Figure 9.5 and Figure 9.6),

the recent developed VC1 pull down technique was applied (Degani et al., 2017). This technique
involves using the VC1 domain of the receptor for the advanced glycation end products to bind AGEs.

Subsequently, these are pulled down, the isolated proteins are digested and analysed via LC-MS.

9.44.1. 1 % SDS for membrane proteins solubilisation
The VC1 pull down protocol was developed using water soluble proteins (Degani et al., 2017). Given

that the lens membrane proteins are water insoluble and solubilising agents such as SDS interfere with
VC1 pull down and trypsin digest, and obstructs LC-MS analysis, the minimal concentration required
to solubilise lens membrane proteins was determined. Membrane extracts from 6 month-old bovine eye
lenses were solubilised with 0, 0.1, 0.5, 1, 2 and 4 % SDS and analysed by SDS-PAGE (Figure 9.3).
With increasing SDS concentration, more proteins were detected in the soluble fractions (Figure 9.10B).
The use of 1% SDS generated the least insolubilised membrane proteins in the cortex and nucleus
compared to lower percentage SDS (Figure 9.10C). However, comparison of the protein pattern pre-
solubilisation and after solubilisation in the cortex showed that complete solubilisation was achieved
only after addition of 4% SDS while in the nucleus optimal solubilisation occurred at 1% SDS (Figure
9.10B vs. A). 1% SDS was selected as the optimal trade-off (Figure 9.10, encircled).
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Figure 9.10: 20 pg protein of SDS solubilised lens membranes were run on SDS-PAGE gels (15%

(w/v) acrylamide) stained with Coomassie Brilliant Blue. The image shows 6 month-old bovine
cortical and nuclear membrane extracts solubilised with 0, 0.1, 0.5, 1, 2, 4 % SDS. A) Membrane
proteins before solubilisation process, B) supernatant containing the solubilised proteins and C)
pellet containing not solubilised proteins. 1% SDS was selected as the optimal solubilisation
percentage (encircled). The molecular weight markers in the first lane of each gel mark
respectively 250, 130, 95, 72, 55, 36, 28, 17 and 10 kDa from top to bottom. The most prominent
band visible is AQPO (arrow). Protein identity suggestion made above was based on proteomics
data in the appendix (appendix table 1 and 2). BoOC: bovine outer cortex, BoIN: bovine inner

nucleus.
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9442, VC1 resin pull down lens membrane proteins bound by AGEs adducts
A modified version of the VC1 pull down protocol established by Degani and colleagues enabled the

application of this technique for water insoluble proteins (Degani et al., 2017). Comparison of the pull
down eluate obtained from the control samples (no VC1 resin added) with the eluate from VC1 resin
containing samples showed that AGEs bound proteins were pulled down by VC1 in the unexposed and
50 Gy exposed bovine outer cortex samples of 6 and 30 month-old lens membrane extracts. (Figure
9.11A and B encircled).

Although the same proteins were pulled down in both age groups, the amount of protein pulled down
was higher in the 6 month-old membrane extracts (Figure 9.11A vs. B encircled). Therefore, only the
bands in the 6 month-old extracts were selected for further with LC-MS.
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Figure 9.11: SDS-PAGE gels (15% (w/v) acrylamide) stained with Coomassie
Brilliant Blue of VC1 pull down eluates of A) 6 and B) 30 month-old bovine
cortical and nuclear membrane extracts exposed to 50 Gy X-rays. Protein bands
pulled down by the VCL1 resin are encircled. BoIN: bovine inner nucleus, BoOC:

bovine outer cortex.
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94423. AGEs bound proteins are involved in similar biological processes
The 6 month-old bovine lens outer cortex membrane extracts contain more than 150 proteins (Appendix

table 1). However, only eight proteins were identified in the 0 and 50 Gy irradiated VC1 pull down
eluate: cadherin-2 (CDH2), p-catenin (CTNNBL), a-actin 2 (ACTAZ2), glucose transporter member 1
(SLC2A1), flotillin-2 (FLOT2), B-crystallin A4 (CRYBAA4), a-crystallin A (CRYAA) and aquaporin 0
(AQPO, MIP) (Figure 9.12). Function of each protein is defined in Table 9.1.

Based on the generated proteomics data a protein-protein interaction network was computationally built,
which revealed that two sets of proteins undergo physical interaction (p= 0.00012). In physiological
environment, MIP, CRYBA4 and CRYAA can bind together, while CDH2 can physically interact with
CTNNB1 or ACTAZ2. Physical interaction is not equal to functional interaction, therefore gene ontology
enrichment analysis was performed to verify whether these proteins are involved in similar biological
processes. This revealed that CDH2, ACTA2, CTNNB1, AQP0 and CRYAA have a common role in
development (p= 0.00049). However, CTNNB1, AQPO and CRYAA were shown to functionally
interact during lens development (p= 0.0000463). CTNNB1 and CRYAA were annotated to share a

role in establishing and maintaining the cellular structure of lenticular cells (p= 0.00049).
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Figure 9.12: Protein-protein interaction network and gene ontology analysis of the eight proteins

identified in the 0 and 50 Gy IR exposed 6 month-old bovine lens outer cortex membrane extracts

VC1 pull down eluate generated using LC-MS and the computer program STRING. Proteins

connected through a line physically interact in vivo, while those that share a similar colour show a

functional interaction. PPI: protein-protein interaction, GO: gene ontology, avg.: average.
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9.5. Discussion and conclusion

9.5.1. Cholesterol could be protecting membrane proteins from major oxidation
The lens membrane extracts contains integral membrane proteins, in particular AQPO, and it has been

reported that membrane associated proteins were more susceptible than soluble equivalents to oxidative
damage (Kim et al., 2014). Using SDS PAGE and OxyBlot, no changes in either the protein pattern
(Figure 9.4) or protein carbonylation (Figure 9.9A) 2 h post-IR exposure were detected. The lipids
surrounding the integral membrane proteins might be protecting the integral membrane proteins from
immediate damaging effects of IR-induced oxidative stress. Although proteins were found to be the
primary target of free radicals in comparison to lipids in U937 cells (Du and Gebicki, 2004), lens
membranes contain high levels of cholesterol which could offer the proteins protection against oxidative
stress (Girao et al., 1999, Widomska et al., 2017, Sevanian and McLeod, 1987). Most probably, given
that high levels of IR were applied (50 Gy), the protective cholesterol layer was damaged. The IR-
induced cholesterol oxides caused a loss in membrane integrity, this permitted free radicals to migrate
in the lens membrane and oxidise protein. IR-induced protein oxidation occurred at low levels and was
not detected by OxyBlot. Further work should involve more sensitive techniques, i.e. LC-MS, able to

accurately measure small modifications in protein oxidation.

Table 9.1: AGE bound proteins and their function (source: genecards.org)

Protein Full name of protein Function in the eye lens

CTNNB1 | pB-Catenin - Essential component of adherens junctions required
for creation and maintenance of epithelial cell layers
- Downstream component of the canonical Wnt
signalling pathway

CDH2 Cadherin-2, Calcium- | Mediates  homotypic  cell-cell  adhesion by
dependent cell adhesion protein | gimerization with a CDH2 chain from another cell

ACTA2 | a-Actin 2 Involved in cell motility

CRYBA4 | B-Crystallin A4 Structural components of the vertebrate eye lens

MIP Aquaporin 0 Water channel with a role in cell-to-cell adhesion and
facilitates gap junction coupling

CRYAA | a-Crystallin A - Contributes to the transparency and refractive index
of the lens

- Has chaperone-like activity, preventing aggregation
of various proteins under a wide range of stress

condition
SLC2A1 | Glucose transporter member 1 | Transports glucose through the membrane
FLOT2 Flotillin-2 Acts as a scaffolding protein within membranes

containing caveolin

217



The biological mechanisms leading IR-induced cataractogenesis are poorly understood. The presented
data revealed that IR stimulates the formation of AGEs, including glyoxal lysine that is highly
associated with ARCs (Figure 9.5 and Figure 9.6), possibly identifying a novel mechanism through
which IR-induced cataractogenesis occurs. Similar to IR-induced cholesterol oxidation (see chapter 5),
IR-induced AGEs formation was not proportionate to dose and the cortex was more sensitive than the
nucleus (Figure 9.5 vs. Figure 9.6). This further strengthens the theory that cholesterol acts as an anti-
oxidant in lens membranes and that the level of protection offered is cholesterol-ratio dependent
(Sevanian and McLeod, 1987, Girao et al., 1999).

Using the VC1 pull down technique, glycated proteins with divergent functions (Table 9.1) were shown
to be involved in lens development, LFCs differentiation and lens growth (Figure 9.12). Dysregulation
of both processes has been associated with IR-induced cataractogenesis (von Sallmann, 1950,
Markiewicz et al., 2015). Combined quantification of AGEs and their associated proteins after IR
exposure will advance our understanding of the involvement of AGEs in IR-induced cataract

development.

9.5.2. Age-related decrease in oxidised membrane proteins
Age-related PTMs studies in lens water soluble and membrane proteins revealed that many observed

age-related modifications in the lens are also induced by exposure to IR and non-IR (Ringens et al.,
1982, Kopylova et al., 2011, Lund et al., 1996, Fujii et al., 2001, Kim et al., 2016, Uwineza et al., 2019).
SDS-PAGE of 6 and 30 month-old bovine lens membrane confirmed age-related degradation of
membrane proteins (Figure 9.7), but OxyBlot suggested age-related decrease in protein oxidation
(Figure 9.8A) in contrast to the age-associated increase in protein oxidation that has been observed in
previous research (reviewed by (Boscia et al., 2000)). The reduced level of protein oxidation in the lens
nucleus compared to the lens cortex membrane extracts, and in 30 month-old relative to the 6 month-
old membranes (Figure 9.8A) is most likely due to proteolytic processing occurring in the eye lens with
time (Han and Schey, 2004, Korlimbinis et al., 2009, Liu et al., 2015, Grey and Schey, 2009).

The radiosensitivity of lenses is mediated by age at exposure (Merriam and Szechter, 1975). Assessment
of age-dependent sensitivity of lens membranes to IR-induced protein oxidation suggested that 30
month-old membranes are not less sensitive to IR (Figure 9.9A), hence age-dependent radiosensitivity
of the lens is not regulated through protein oxidation of integral membrane and membrane bound
proteins. Although the oxyblots implied that the most prevalent protein in the lens membrane AQPO
does not undergo protein oxidation after IR-exposure of lens membranes (Figure 9.9B), VC1 pull down
followed by LC-MS showed that AQPO was bound by AGEs. However, quantitative studies are required

to determine whether AGEs-bound AQPO levels increase after exposure to IR.

In conclusion, IR-induced protein oxidation was not detected with SDS-PAGE, Oxyblots or Western

blots. More sensitive techniques allowed the detection of IR-induced AGEs increase and with the VC1
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pull down technique proteins bound by AGEs were identified. Further optimisation of the VC1 pull
down protocol for plasma membrane proteins would allow the identification of the proteins to which
the IR-induced AGEs bind.
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Chapter 10: General discussion and
conclusions
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10.1.  Main findings

The overarching objective of this project was to gain more insight into the mechanisms underlying
ionising radiation (IR) induced cataracts. To achieve this, three different approaches were
undertaken: the influence of IR on the lens epithelium cell density was examined (chapter 4), IR-
induced alterations in the chemical structure of cholesterol were studied in bovine and mice lens
membrane extracts (chapter 5 and 6), and protein modification as a consequence of IR-exposure

was analysed in bovine lens membrane extracts (chapter 9).

To increase our understanding between the parallels of the age-related and IR-induced changes
occurring in the lens, cholesterol and oxysterols concentrations were measured 6 and 30 month- old
mice lens membrane extracts (chapter 7). Furthermore, the levels of cholesterol and oxysterols in
the brain were also determined for comparison with the eye lens (chapter 7).

Given that the X- and y-rays primarily induce damage by increasing oxidative stress, the possibility
of anti-oxidants counteracting the damage caused by IR was investigated in bovine lens membrane

extracts (chapter 8).

10.1.1. IR-induced changes in the lens epithelium are sex-, strain-, mutation-, dose-,
dose rate- and latency time-dependent
Adult CD1 and C57BL/6J mice were exposed to 0.5, 1 and 2 Gy at a dose rate of 0.063 and 0.3 Gy/

min at an age of 10 weeks and their eye lenses were collected for lens epithelium cell density
analysis 4 months post-IR (Figure 4.2). The CD1 strain showed low relative cell density in the
central zone (CZ) compared to the peripheral zone (PZ) and the meridional rows (MR) (Figure 4.6).
Male and female CD1 mice showed a lot of variation in relative cell density around the PZ and MR,
this variation decreased after exposure to IR (Figure 4.7). C57BL/6J mice demonstrated low relative
cell density in the CZ, which gradually increased and peaked in the PZ followed by a steady
decrease in the MR (Figure 4.10). Doses of 0.5 and 1 Gy caused a decline in the PZ relative cell
density of C57BL/6J in comparison to unexposed mice, in contrast to 2 Gy that induced a rise in
PZ relative cell density relative to their unexposed counterparts (Figure 4.11). These dose-
dependent changes were statistically significant in both strains. On the other hand, the sex- and
Ptch1*™" mutation-dependent variations in cell density were not significant in unexposed and IR-
exposed CD1 and C57BL/6J mice (Figure 4.6 - Figure 4.13). The dose rate significantly increased
IR-sensitivity of LECs relative cell density in the CD1 mice (Figure 4.7), while no statistically
significant changes were associated with dose rate in the C57BL/6J mice (Figure 4.11). In either
strain, no cataracts were observed at 4 months post-IR of 0.5, 1 and 2 Gy. Analysis of the B6C3F1
mice exposed to 0.5, 1 and 2 Gy at a dose rate of 0.3 Gy/ min at 4 and 12 months post-IR
demonstrated that also in this strain significant dose-dependent changes occurred (Figure 4.14
Figure 4.16). However, in contrast to the CD1 and C57BL/6J mice (Figure 4.6Figure 4.7,Figure

4.10 andFigure 4.11), females were significantly more sensitive to IR than males their male
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counterparts in the B6C3F1 strain (Figure 4.14Figure 4.17). Moreover, introducing a heterozygous
mutation in the Ercc2 gene also significantly increased the sensitivity of B6C3F1 mice lens
epithelium cell density to IR (Figure 4.14Figure 4.15Figure 4.16Figure 4.17). No significant
differences were noted between 4 and 12 months post-IR (Figure 4.14Figure 4.17). Furthermore,
comparison of eye lens images showed that the cellular organisation of CD1 mice was different
from B6C3F1 and C57BL/6J mice (Figure 4.5).

Collectively, these data confirm that dose rate, the Ptchl and Ercc2 genes, sex, and time post-IR
are all factors mediating IR-induced lens epithelium cell density changes. Whether the contribution
of these factors elicits significant changes to radiation sensitivity depends on the genetic

background and the applied dose.

10.1.2. The build-up of oxysterols in lens plasma membrane is triggered by IR
exposure, and adding a-tocopherol in the lens cortex membranes prevents the this
Secondly, the impact of IR on lens membrane cholesterol was studied. For this, bovine lens

membrane extracts were exposed to 5 and 50 Gy X-rays (Figure 5.2). Using liquid chromatography
followed by mass spectrometry (LC-MS) the increase of 7p-hydroxycholesterol, 7-ketocholesterol
and 5, 6-epoxycholesterol levels among other oxysterols was shown to be triggered by IR in a non-
linear manner (Figure 5.6). In vitro, the observed IR-induced formed oxysterols persisted up to 18
days post-IR (Figure 5.7). Contrary to in vitro IR-induced oxysterol formation, the increase of 73-
hydroxycholesterol and 7-ketocholesterol in vivo after exposure to 2 Gy was transient and no
significant changes were induced in 5, 6-epoxycholesterol levels by IR-exposure (Figure 6.4).
Importantly, whole body X-rays exposure of doses as low as 0.1 Gy was shown to induce oxysterol
formation (Figure 6.3). Both, the in vitro and in vivo assays indicated that the lens cortex is more
sensitive than the lens nucleus (Table 5.2 and Figure 6.4). The addition of anti-oxidants to bovine
lipid membranes pre- or post-IR generated divergent results depending of the anti-oxidant (chapter
8). Whilst a-tocopherol was able to reduce IR-induced oxysterol formation (Figure 8.5A) and
stimulate the degradation (Figure 8.6A) of these oxysterols in bovine lens cortex membrane extracts,
ascorbic acid acted as pro-oxidant and enhanced the amount of oxysterols formed after exposure to
IR (Figure 8.5Figure 8.6A). In bovine lens nucleus membrane extracts, a-tocopherol, ascorbic acid
and glutathione acted as pro-oxidants (Figure 8.5Figure 8.6B and Figure 8.7A). This can be
attributed to ascorbic acid and glutathione being hydrophilic anti-oxidants and therefore, unable
migrate in the lipophilic environment in which cholesterol resides and remove free radicals
(Pavlovic et al., 2005). The presence of transition metals through which metal-catalysed Haber-
Weiss and Fenton reaction stimulate the formation of free radicals also allow ascorbic acid and
GSH to act as a pro-oxidant by reducing these redox-active metals (Buettner and Jurkiewicz, 1996,
Schoneich et al., 1992, Sagrista et al., 2002). Combining a-tocopherol with ascorbic acid and

glutathione reduced their pro-oxidant function (Figure 8.7C). Membrane binding experiments
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showed that the amphiphilic structure of a-tocopherol enabled this molecule to bind into bovine
lens cortex membrane extracts and perform its anti-oxidant function (Figure 8.8D). a-Tocopherol
struggled to strongly bind into the bovine lens nucleus membrane extracts (Figure 8.8A). These
findings suggest that although the higher concentration of cholesterol in the lens nucleus compared
to the cortex allows cholesterol to perform its anti-oxidant role in the lens nucleus membrane more
efficiently, it also attenuates the anti-oxidative role of a-tocopherol by constraining the binding of
a-tocopherol into the membrane.

Furthermore, to compare age-related changes with IR-induced alterations in oxysterol levels in the
eye lens and in the brain, 6 and 30 month- old murine lens membrane extracts and hippocampi
lipids were analysed via LC-MS (Figure 7.2). Age-related increase in cholesterol and oxysterol
levels was observed in the brain and in the eye lens (Figure 7.3), this trend of cholesterol increase
in lens cortex and lens nucleus was much higher than in the hippocampus. While in the hippocampi
significant increase in oxysterol levels was observed during absolute amount measurements,
significant changes in oxysterols levels in the lens nucleus were observed relative to the internal
cholesterol (Figure 7.6Figure 7.7Figure 7.8). In the lens cortex, no significant changes were
observed in the absolute or relative data (Figure 7.6Figure 7.7Figure 7.8). Combined with the IR-
induced oxysterol formation experiments, this provides an potential explanation for why age-related
cataracts (ARC) are mainly associated with nuclear cataracts (Truscott, 2005) while radiation
cataracts are primarily linked with posterior subcapsular cataracts (PSCs) ((Ainsbury et al., 2009,
Hamada et al., 2019)). However, IR also damages the lens nucleus and can also trigger opacification

in the lens nucleus (Azizova et al., 2018).

10.1.3. The formation of AGEs is stimulated by IR exposure
Lastly, IR-induced protein modifications were analysed in bovine lens membrane extracts (Figure

9.2Figure 9.3). SDS-PAGE analysis showed that 5 and 50 Gy did not induce changes in the protein
pattern (Figure 9.4) and OxyBlots suggested that the levels of protein oxidation were not increased
2 hours post-IR (Figure 9.9). However, the use of a more sensitive technique, LC-MS, showed that
the levels of AGEs increased after exposure of the membrane extracts to 5 and 50 Gy (Figure
9.5Figure 9.6). This increase was non-linear. Moreover, using the VVC1 pull down method, CDH2,
CTNNBL1, ACTA2, SLC2A1, FLOT2, CRYBA4, CRYAA and AQPO were identified as the AGEs
bound proteins (Figure 9.11Figure 9.12). These proteins are involved in lens development processes
including lens fibre cells (LFCs) differentiation, which is essential for the optical properties of the
lens (von Sallmann, 1950, Markiewicz et al., 2015). Moreover, this provides an additional potential

biomarker for IR-induced cataractogenesis.

Taken together, these three sets of studies identified multiple mechanisms (cell density changes,
cholesterol oxidation and AGEs formation) through which IR increases the cataractogenic load.

The initial IR-exposure immediately targets DNA replication leading to changes in cell density,
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cholesterol resulting in less rigid membranes and glycation of lens membrane proteins
simultaneously. However, these processes are also interconnected. Aberrant cell density is
interlinked with irregular LFCs differentiation process including poor lining up of LFCs layers.
Inadequate cell-to-cell organisation renders the lens membrane barrier more vulnerable given that
IR has easier access to the lipids. The high concentrations of cholesterol in lens membrane provide
a rigid barrier that offers protection from oxidative stress (Mainali et al., 2015, Plesnar et al., 2018).
Oxidation of cholesterol decreases the rigidity of the lens membrane, which gives free radicals
access to membrane proteins and deeper layers of the eye lens. Damaged lens membrane proteins
lead to aberrant transport of nutrients and also tend to aggregate. The gradual build-up of all these
destructive effects of IR exposure probably decrease the age at which an individual develops
cataracts. Although a lot of parallels have been drawn between age-related changes and IR-induced
modifications in the eye lens (Uwineza et al.,, 2019), comparison of the changes in
oxysterol:cholesterol ratio in the lens cortex and in the nucleus showed differences in the aetiology
of ARC and PSCs. Whereas ARC is associated with the build-up of oxysterol in the nucleus,

increased levels of lens cortex oxysterols are correlated with PSCs.
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10.2.  Limitations and future work

These studies have identified new potential mechanisms through which IR-induced

cataractogenesis occurs, though the presented data deserve further scrutiny.

10.2.1. Lens epithelium cell density analysis
During the cell density study (chapter 4), the eye lenses were examined at 4 and 12 months post-IR

exposure (Figure 4.2). However, none of these mice developed obvious lens opacities, hence
experiments including longer latency period are required to verify if the observed IR-induced
changes in cell density translate into cataractogenesis. Furthermore, the molecular mechanisms
underlying the IR-induced changes in cell density have not been fully elucidated. The Ercc2 gene,
which codes for a TFIIH complex subunit, was shown to be implicated in regulating radiation
sensitivity of B6C3F1 mice (Figure 4.14Figure 4.17). This gene mediates DNA repair and gene
transcription (Fuss and Tainer, 2011) and therefore, mutations in this gene probably induced
epigenetic changes. Additional research including chromatin immunoprecipitation is required to

shed light on these potential epigenetic changes and their involvement in radiation sensitivity.

This study was the first to use an automated system to measure and then calculate relative cell
density from the CZ till the MR for IR-induced alterations in the lens epithelium cell density (Figure
3.2). The lack of previous studies precluded a power analysis to determine the number of animals
required for the detection of a statistically significant effect when there is a true effect to be found.
The type of data generated from this technique is novel and although initial statistical analysis
allowed the identification of significant changes, further exploration of the generated data with
more advanced computer programs and statistical methods, which were beyond the scope of this
thesis, could provide a more in-depth understanding of the differences between lens epithelium
relative cell density in the distinct mice strains and the complexity of the IR-induced cell density
modifications. Subsequently, retrospective power analysis will denote the actual power of the
observed changes. As stated before, improvement to this tool is ongoing with the focus on changing
the manual determination of distance from MR to CZ in the current program to reconstruct the
position of each nuclei in 3D space, hence automatically establishing the distance from the MR to
the CZ.

This data suggest that cell density has the potential of being a biomarker for IR-induced
cataractogenesis. However, the issue around measurement of cell density in human is quite complex

and further research is required.

10.2.2.  Assessing cholesterol oxidation data
The hypothesis that IR stimulates the formation of free radicals, which subsequently lead to

cholesterol oxidation has been confirmed (chapter 5 and 6). In line with epidemiological data

showing that mainly PSCs are associated with radiation cataracts (Minamoto et al., 2004, Worgul
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et al., 2007, Hall et al., 1999, Pastor-Valero, 2013), cortical membranes have been shown to be
more sensitive to IR than the nucleus in bovine lens membrane extracts (Table 5.2) and in eye lenses
of exposed mice (Figure 6.4). IR-induced oxysterol formation observed in the in vivo experiments
was transient (Figure 6.4) which implies that the conversion of cholesterol to oxysterols, which
modifies the permeability of the lens membrane (Vestergaard et al., 2011, Theunissen et al., 1986),
allows anti-oxidants and oxysterol metabolising enzymes to prevent further oxidation and remove
formed oxysterols. However, it is the accumulation of cholesterol oxides that was associated with
cataracts (Girao et al., 1998). Further work including acute exposure to higher doses, and protracted
or fractionated exposure to low doses will elucidate whether IR can induce the build-up of
oxysterols in vivo. Another avenue worth considering is whether the changes in lens plasma
membrane permeability (Vestergaard et al., 2011, Theunissen et al., 1986) induced by transient
oxysterol formation have downstream effects that gradually lead to loss of lens transparency e.g.
increasing the migration of Ca2* in the lens that is known to promote PTMs (Giblin et al., 1984,
Tang et al., 2003a).

This study is the first to suggest that IR-induced cholesterol oxidation is involved in the aetiology
of radiation cataracts. Nevertheless, to confirm this, cholesterol oxides in the cortex and nucleus of
eye lenses of ARC and radiation cataracts patients should be measured and compared to their age-
matched controls using samples collected during large scale epidemiological studies e.g. the Mayak
workers cohort (Azizova et al., 2018) and LFCs collected from patients who have undergone
cataract surgery. If the radiation cataract patients show an accumulation of oxysterols mainly in the
lens cortex, while ARC patients show cholesterol oxidation adducts build-up in their lens nucleus
the mechanism proposed above will be confirmed in vivo. 7B-hydroxycholesterol, 7-ketocholesterol
and 5, 6-epoxycholesterol were selected for further quantification studies (Figure 5.6). However,
these were not the only oxysterols increased after IR exposure (Figure 5.4 and Table 5.1) and
whether the selected oxysterols are the main oxysterols correlated with IR-induced cataracts has
not been investigated. Measuring cholesterol oxides in the LFCs of human radiation cataracts
patients followed by the identification of all oxysterols in the samples and statistical correlation
analysis would confirm if the selected oxysterols are ideal biomarkers for radiation cataracts. Doses
as low as 0.1 Gy have been shown to induce an increase in oxysterols (Figure 6.3). Whether this

increase is significant still needs to be validated with quantification experiments.

Interestingly, magnetic resonance imaging is being used to monitor cholesterol levels in patients
with high cholesterol levels and atherosclerosis (Lima et al., 2004, Zhao and Kerwin, 2012). Given
that magnetic resonance imaging is a non-invasive technique that does not require radiation, this

could possibly be optimised to detect IR-induced cholesterol oxidation in the eye lenses.
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The age-related study showed significant changes in absolute oxysterol levels and
oxysterol:cholesterol ratio with age (Figure 7.6Figure 7.7Figure 7.8). This raises the question
whether it is the absolute or relative amount of oxysterols that is associated with cataractogenesis.
Although the generated data points towards the relative amount, power analysis suggested that the
applied sample size for the absolute values is overall too low to detect true effects (Table 7.2).
Therefore, a bigger sample size and including more than two age points in the experiment is advised.
Moreover, the lenses of mice showing lens opacities should be separated from their age-matched
controls, which was not possible during this study due to the unavailability of required equipment.

Epidemiological studies indicate that females are more radio-sensitive than their male counterparts
(Hamada et al., 2019, Azizova et al., 2018). Intriguingly, oestrogen and oxysterols are intertwined
in similar biological processes (Norlin, 2008). They are both synthesised from cholesterol and
regulate cholesterol metabolism. In liver and prostate cells, oestrogen has been found to suppress
the expression of CYP27A1, a gene coding for the enzyme that catalyses the formation of 27-
hydroxycholesterol (Tang et al., 2007). Moreover, oestrogen also activated the expression of
CYP7B1, a gene encoding an enzyme involved in the metabolism of 27-hydroxycholesterol (Tang
et al., 2006). In testicular cells, oestrogen was shown to reverse 25-hydroxycholesterol-induced
apoptosis (Travert et al., 2006). These studies accentuate that oxysterols and oestrogen are involved
in many similar physiological pathways and interact at several molecular levels in biological
processes. These biological processes in which they interact could be contributing to the observed

sex-dependent sensitivity to IR and merit further exploration in future research.

a-Tocopherol has been shown to be able to prevent IR-induced oxysterol formation and/ or remove
oxysterols in bovine lens cortical membranes (Figure 8.5Figure 8.6A). Hypothetically, this means
that a-tocopherol could be used to prevent radiation cataracts. Epidemiological data examining the
association between anti-oxidants intake and cataracts is conflicting (Pastor-Valero, 2013, Christen
et al., 2015). The lens membrane extracts binding experiments have shown that o-tocopherol
partitioned to the lipid environment and bound into the lens cortex membrane after being added to
bovine lens membranes dissolved in a hydrophilic buffer (Figure 8.8). Mechanistic studies
examining whether a-tocopherol can migrate into the eye lens membranes after oral uptake or the
use of eye drops should be performed before the use of a-tocopherol can be suggested to prevent
IR-induced oxysterol formation in vivo. Furthermore, considering that the addition of a-tocopherol
pre- and post-IR exposure reduced oxysterol levels, this anti-oxidants could potentially be used in
aged patients exposed to radiation to prevent cataract formation. In the applied experimental
settings, glutathione and ascorbic acid acted as pro-oxidants (Figure 8.5Figure 8.6 and Figure 8.7).
Based on the obtained results, generating recommendations towards combining these various anti-
oxidants at specific concentrations in order for them to prevent cholesterol oxidation in the human

species is not possible. Still, as previous research has shown that their likelihood to act as pro-
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oxidant or anti-oxidant depends on their concentration and the amount of oxidative stress in the
environment (Buettner and Jurkiewicz, 1996, Sagrista et al., 2002, Schoneich et al., 1992), further
work should continue to determine at what dose or anti-oxidant concentration the shift from anti-
oxidant to pro-oxidant occurs. Subsequently, glutathione and ascorbic acid could also be considered

as therapeutic agents.

10.2.3.  Understanding the impact of IR-induced AGEs formation
This study is the first to show IR induces formation of AGEs in the eye lens, which are bound to

proteins with a vital role in maintaining lens transparency (Figure 9.5Figure 9.6, Figure 9.11Figure
9.12; (Song et al., 2009, Markiewicz et al., 2015, von Sallmann, 1950)). The performed experiments
generated qualitative results, further investigations including the generation of LC-MS quantitative
data will reveal whether the observed IR-induced AGEs adducts increase is statistically significant.
Furthermore, although the proteins to which these AGEs adducts bind have been identified (Figure
9.11Figure 9.12), the importance of these modifications is still unclear. Analogous to the IR-
induced oxysterol formation study, the main AGEs adducts that are linked to radiation cataracts
should be determined and together with the identification of the principal protein(s) to which these
IR-induced AGEs bhind, this can help elucidate the molecular pathway through which these AGEs

contribute to lens clouding.

10.2.4. The applied dose levels
Although occupational workers are chronically exposed to doses much lower than 0.5 Gy (L.ittle

et al., 2018) and low dose rates are defined as <0.005 Gy/ min (ICRP, 2007), the mice and bovine
lens membrane extracts used during this thesis work were exposed to acute doses with 0.5 Gy as
the lowest applied dose and 0.063 Gy/ min as the minimum applied dose rate during the cell density
studies (chapter 4). Furthermore, in the IR-induced cholesterol oxidation studies, exposure doses >5
Gy were used during the in vitro studies and 0.1 and 2 Gy were applied during the in vivo
investigations. This project identified novel mechanisms that potentially contribute to low dose
radiation cataractogenesis (chapter 4, 5, 6 and 9) and also a possible explanation for why radiation
cataracts are mainly associated with PSCs (Table 5.2 and Figure 6.4; (Hamada et al., 2019)).
Nonetheless, these mechanisms have not been connected with cataractous lenses yet. Future studies
including lower doses, lower dose rates and longer incubation times will reveal whether these
changes in lens epithelium cell density, and the accumulation of cholesterol oxidation and AGEs

adducts are associated with IR-induced cataracts.

Occupational workers experience both chronic (all working hours) and fractioned (repeatedly every
workday) exposure. Experiments reflecting these events are limited. The age at exposure has been
shown to be a vital factor in IR-sensitivity of humans and mice (De Stefano et al., 2015), and future
work studying the newly identified modifications triggered by IR should include multiple ages at

exposure.
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10.2.5. Bovine and murine lenses as model for human lenses
The use of model organisms is based on the notion that the biochemical reactions occurring in the

model organism are similar to the ones taking place in human (Perlman, 2016). However,
throughout evolution, the biological diversity between species has increased (Darwin, 1859).
Preclinical studies have repeatedly struggled with reproducing and to translate data collected with
model organisms (Justice and Dhillon, 2016) , this emphasises the importance of choosing one’s

model organism with rigor.

10.2.5.1.  Using bovine lens membranes extracts as model
Bovine lens membrane extracts were used to study modifications in glycation of integral membrane

proteins and cholesterol after exposure to IR (chapter 5, 8 and 9). Despite that the human eye lens
membranes contain six times more cholesterol than bovine eye lens membranes (Deeley et al.,
2008), bovine and human membranes still share biophysical properties that support the use of
bovine lens membrane extracts to study IR-induced changes in lens membranes (Mainali et al.,
2013). Comparison of human with bovine lens membrane showed that although their phospholipid
composition differs, their order parameter profiles of phospholipid-cholesterol domain and oxygen
transport parameter are similar (Mainali et al., 2013, Raguz et al., 2009, Mainali et al., 2011). Given
that the efficiency of cholesterol oxidation and protein glycation depends on the free radicals
migrating through the biophysical barrier and reacting with the cholesterol and proteins in the
membranes (Reisz et al., 2014, Girao et al., 1999), bovine lens membranes are suitable to be used
as model for IR-induced changes in human lens membranes. However, in vitro reactions are a
simplified version of what occurs in vivo and therefore, the testing the generated data in in vivo is

essential.

10.2.5.2.  Using mice as model
Mice are invaluable models for studying human diseases in vivo (Perlman, 2016) and were used to

investigate the influence of whole body IR-exposure on lens epithelium cell density and cholesterol
(chapter 4 and 6). Additionally, mice were also used to study changes in cholesterol and oxysterols
in an aging context (chapter 7). Cell density depends largely on the proliferative capacity of cells,
which is commonly reflected in the gene expression pattern (Whitfield et al., 2006) and analysis of
IR-induced alterations in gene expression in mice and human demonstrated that most of the
triggered gene expression changes were similar (Ghandhi et al., 2019, Dressman et al., 2007, Paul
and Amundson, 2008, Paul et al., 2015) and some were dissimilar (Ghandhi et al., 2019).
Furthermore, comparison of the physiology of mice and human showed that the metabolic rate per
gram of body weight of mice is seven times faster than in the human species (Schmidt-Nielsen,
1984), mice have higher rates of ROS production (Hulbert, 2008) and human eye lenses contain six
times more cholesterol than mice eye lenses (Deeley et al., 2008). All these factors reflect sources
of uncertainty during mouse-to-human translation and emphasise the importance of studies

comparing specific biological mechanisms-of-interest. Future work should include establishing the
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order parameter profiles of phospholipid-cholesterol domain and oxygen transport parameter of
mice eye lenses in an IR and aging context, and compare these to human eye lenses. Previously, the
cell density across the CZ and MR of the eye lens epithelium were shown to differ between human
and C57BL/6 mice (as the mice showed a cell density peak in the PZ which was not observed in
human lenses (Wu et al., 2015)). Interestingly, the changes in cell density across the lens epithelium
Wau et al. observed in human are similar to the ones observed in the CD1 strain (Figure 4.6) (Wu et
al., 2015) and suggest that for lens epithelium cell density studies this strain might be more suitable

for comparison between the two species.

Lastly, although changes in cell density, oxysterol and AGEs levels have been shown to be valid
mechanisms through which IR could be damaging the eye lens (chapter 4, 5, 6 and 9), it is not one
factor that leads to the development of cataract, rather the collection of all changes induced by IR
(Table 10.1) (Uwineza et al., 2019). Understanding how all these identified alterations and other
factors affected by IR including DNA DSBs (Barnard et al., 2019), epigenetics, cytoplasmatic
protein oxidation and aggregation (Kim et al., 2015) are interlinked is vital to comprehend their
level of contribution to the cataractogenic load, hence to determine which factors to focus on for
the development of therapeutics. Table 10.1 provides a list of biochemical and cell biological effects
during aging and after IR exposure in the eye lens that have been identified in the past and the
contribution of this thesis work has been marked in red. Nevertheless, more work for e.g. future
PhD projects is unveiled given that the influence of IR on some biochemical and cell biological
effects in Table 10.1 remain marked as not determined. The lens is a special tissue due to the fact
that a significant portion of its cells does not have any cell organelles and all the lens cells are kept
during a lifetime (Wride, 2011, Ainsbury et al., 2016). Moreover, understanding IR-induced
changes is further complicated due to different biological processes being active in LECs vs. LFCs
(Uwineza et al., 2019). The LDLensRad project was one of the first large integrative projects
allowing to investigate many molecular processes at the same time and to combine these with the
cataract phenotype. This project is still ongoing and publication of the generated results in a special
issue in journal of radiation biology, combined with a meta-analysis, will advance our

comprehension of the different effects that have been measured fit together.
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Table 10.1: Overview of the biochemical and cell biological effects of aging and IR
exposure on lens cells. The biological mechanisms underlying ionizing radiation (IR)-
induced damage to the eye lens are not completely understood. A survey of the literature
shows that aging and IR > 0.5 Gy can cause similar damage to the eye lens, while our
knowledge of the effects of IR < 0.5 Gy is quite limited. This thesis work has contributed

the sections marked in red. ND: not determined. Table adapted from Uwineza et al., 2019

v v

Gene expression v

DNA repair v v v
Cell density v v v
Proliferation v v v
Integrity of meridional rows v v v
Deamidation v v ND
Racemisation v v ND
Turncation v v ND
Methionine oxidation Vv Vv ND
Increase of disulfide bonds v v ND
Increase of sphingomyelin v ND ND
and dihydrosphingomyelin

Decrease of glycerolipids v ND ND
Advanced glycation end v v ND
products

Kynurenines v ND ND
Cholesterol oxidation v v V
Increase of cholesterol v v v
Cholesterol domain v ND ND
formation
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10.3.  Clinical relevance and societal impact

Cataracts remain the main cause of blindness in the world (Roodhooft, 2002, WHO, 2020).
Although cataract surgery provides a remedy, not everyone has easy access to this treatment.
Epidemiological data showed correlation between IR and the development of cataracts (Hamada et
al.,, 2019). The international commission on radiation protection reduced the occupational
equivalent dose limits for the lens from 150 to 20 mSv per year averaged over a 5 years period,
with no single year exceeding 50 mSv (Stewart et al., 2012). For radiation protection purposes, IR-
induced cataracts were defined as tissue effects, i.e. detrimental biological activities that are tissue-
specific and only appear above a certain dose threshold (ICRP, 1991), with a nominal threshold of
0.5 Gy independent of the dose rate as opposed to stochastic effects which are defined as biological
events arising as a function of dose without threshold (Beck, 1982). The presented data show
exposure to doses as low as 0.1 Gy affect important lens biomolecules (i.e. cholesterol; Figure 6.3),
which alludes to that classification of stochastic and deterministic do not represent the full
complexity of radiobiological response. Cataracts may, indeed, be both stochastic and deterministic.

Importantly, the differences in sensitivity of lens epithelium cell density to IR exposure between
mice strains (chapter 4) suggest that genetic background mediates IR response. This data suggest it
is not sufficient to set up radiation protection recommendations based on average population
response regardless of sex, genetics and dose rate. Within the human species, differential radiation
sensitivity has been observed (Rajaraman et al., 2018) and linking human cohorts with similar
genetic background to specific mice strains based on their response to IR could allow a better
understanding of the processes determining IR-sensitivity and thereby, more personalised
recommended thresholds. In retrospective epidemiology acquiring the right dose estimate is rather
challenging (Azizova et al., 2018, Azizova et al., 2008, Shore, 2016, Ainsbury et al., 2009),
therefore including these parameters in prospective studies is more advisable. During prospective
epidemiology, the dose rate should be taken into account given that the data presented in chapter 4
provides mechanistic evidence for its effect on IR-response sensitivity. Sex and time are parameters
that have been included in most studies (Ainsbury et al., 2009, Hamada et al., 2019), more data with
larger cohort and longer follow-up periods will contribute to the refinement of the existing findings.
Although collecting genetic data during human epidemiology would help with understanding the
influence of the genetic code on IR-sensitivity, major ethical debates should be conducted to discuss

the morality.

The identification of the accumulation of oxysterols (chapter 5) and AGEs (chapter 9) as a
consequence of IR exposure provides potential novel therapeutic targets. In addition, the anti-
oxidant experiments have shown that a-tocopherol protects the lens cortex membranes from

cholesterol oxidation (Figure 8.5Figure 8.6A) and thereby provides a mechanism that could be used
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to mitigate IR-induced damage to the eye lens. It is tempting to suggest that a-tocopherol intake
from early life on could contribute to improve quality of life of IR-exposed individuals. However,
given that studies investigating whether increased anti-oxidants intake including a-tocopherol in
human have generated contradictory results (Pescosolido et al., 2016, Braakhuis et al., 2019), more

mechanistic studies are required to understand the wider systemic effects of anti-oxidants.
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Appendix

Appendix 1: Matlab code

Detection of Nuclei

%% Clear

clc; close all; clear all;

%% Path - Libs

addpath('./lib/");
addpath('./lib/BOBIlobDetector3D");

%% Load image

dirname = 'C:/Users/smghl7/OneDrive - Durham University/Alice/4 months
HMGU/30431663/",

%dirname = 'C:\BACKUP\DURHAM\Projects\Durham_2016\Eye\’;
%filename = 'AlexiaEyePin2";

filename = '30431663";

file_ext = "tif",

%% Res

rx = 1.0; ry = rx; rz =1500/6200;

%% Load images

ims = BOReadlmage3DC([dirname filename file_ext]);
%% Gray

ims = squeeze(max(ims,[],3));

ims = BONormalizelmageND(ims);

%% Filter

% disp('Filter");

% rx =17; rz=100; f = rz/rx;
%s=12;s=[sss/];

% se = fspecial3('gaussian',s);

% imsf = imfilter(ims,se, replicate");

%% Normalise images

%imsf = BONormalizelmageND(imsf);

%% Detect Centroids

ns = 2.3; t=0.16; dirname

ns = [Ns*rx ns*ry ns*rzj;

np = BOBIlobDetector3D(ims,[],ns,t);

%% Plot

figure; BOPlotMaxProjection2D(ims,np,1,1);
%% Save

x=np(:,1); y =np(:,2); z=np(:,3);

save(['./mat/' filename '_xyz.mat],'x",'y",'z");
%dImwrite([dirname filename '_cart.txt'],np(:,1:3),'delimiter’,\t");
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Annotate region of interest
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Appendix Figure 1: Schematic representation of annotation of region of interest (courtesy
Alexia Kalligeraki, modified). The user-defined central line (black line) was used to determine
which nuclei are in direct contact (green nuclei). Subsequently, these provided and anchor for
a direct neighbour analysis. Nuclei were divided into an arbitrary number of segments (orange
lines), with a constant segment length x (double-headed arrow). Within each segment, the
absolute number of nuclei is normalised to number of nuclei per um. A simplified way of
explaining this calculation: “if' I were to walk 1 um in segment 1, how many nuclei would 1
encounter which are directly adjacent to the nuclei that are in contact with the line I'm walking
on?”. This process is then repeated for each user-defined segment and presented in a histogram
where the x-axis is segment number and y-axis is the number of nuclei per um of that segment.
Given that each lens epithelium cell has one nucleus, the y-axis also displays the cell number/

um of that segment (= relative cell density).

%% Clear

clc; close all; clear all;

%% Path - Libs

addpath(’./lib/");

%% Settings

%dirname = 'C:\BACKUP\DURHAM\Projects\Durham_2016\Eye\’;

dirname = 'C:/Users/smghl17/OneDrive - Durham University/Monika/4 months
HMGU/30431663/";

filename = '30431663';

file_ext = "tif",
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file_ext2 =".png’;

%% Load images

ims = BOReadlmage3DC([dirname filename file_ext]);

ims = squeeze(max(ims,[],3));

ims = BONormalizelmageND(ims);

%% Load XYZ

load(['./mat/' filename '_xyz.mat);

%% Rectangle

figure; imagesc(squeeze(max(ims,[],3))); colormap jet; axis off; axis equal; axis tight;
zoom off; [x1,yl] = ginput(2);

hold on; plot(xl,yl,'r-','LineWidth',2);

%% Line

[xli,yli,ol] = drawLine([xI1(1) yI(1)],[xI(2) yI(2)]);

figure; imagesc(max(ims,[],3)); colormap jet; axis off; axis equal; axis tight;
hold on; plot(xli,yli,'r-','LineWidth',2);

%% Generate rect mask image

rh = round(sqrt((xI(1)-x1(2))"2 + (yl(1)-yl(2))"2)); % rectangle height

rw = 100; % rectangle width

imr = ones(rh,rw); % generate rectangle image of rh x rw size

imrd = zeros(rh,rw); % generate rectangle dist image of rh x rw size
imrd(1,’) = 1;

imrd = bwdist(imrd);

imro = imrotate(imr,rad2deg(ol)); % rotate rectangle image by ol angle
imrdo = imrotate(imrd,rad2deg(ol)); % rotate rectangle dist image by ol angle
[xro,yro] = ind2sub(size(imro),find(imro==1)); % pixels in rectangle

xroc = round(mean(xro)); % centre of rotated rectangle

yroc = round(mean(yro));

Xrop = xro-xroc; % move origin of the rectangle pixels to (0,0)

yrop = yro-yroc;

xlc = round(mean(xli)); % centre of the line points

ylc = round(mean(yli));

xm = xlc + xrop; % mask points

ym =ylc + yrop;

immask = zeros(size(ims,1),size(ims,2)); % mask image containing the rotated rectangle
immask(sub2ind(size(immask),ym,xm)) = 1;

immaskd = zeros(size(ims,1),size(ims,2)); % mask dist image containing the rotated
rectangle

immaskd(sub2ind(size(immaskd),ym,xm)) = imrdo(sub2ind(size(imro),xro,yro));
ch = regionprops(immask,'ConvexHull";

ch = ch.ConvexHull;

%% Mask 3D

%immask3 = zeros(size(ims))==1,

%% Distance

zmin = min(z);

zmax = max(z);

zt=0;

idx = z>zt;

xp = x(idx); yp = y(idx); zp = z(idx);

[in,on] = inpolygon(xp,yp,ch(:,2),ch(:,1));

xs = xp(in); ys = yp(in); zs = zp(in); % points in rectangle

%% Plot
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imm = max(ims,[],3); % max projection of stack
imm(immask==1) = 1; % mask

figure; imagesc(imm); colormap jet; axis off; axis equal; axis tight;
hold on; plot(xli,yli,'r-','LineWidth',2);

hold on; plot(yp,xp,'y.";

hold on; plot(ys,xs,'go");

%% Save

save(['./mat/' filename '_xyz_r.mat'],’xs",'ys','zs", xIi','yi");

Calculation of cell density per area

%% Clear

clc; close all; clear all;

%% Settings

%dirname = 'C:\BACKUP\DURHAM\Projects\Durham_2016\Eye\’;
dirname = 'C:/Users/smghl17/OneDrive - Durham University/Monika/4 months
HMGU/30431663/"

filename = '30431663";

%filename = 'E1";

%filename = 'E4";

file_ext = "tif",

file_ext2 =".png’;

%% Load XYZ in rect

load(['./mat/' filename '_xyz_r.mat");

%% Res

rx = 1500; ry = rx; rz = 6200;

%% Fit

p = polyfitn([xs,ys],zs,3);

zg = polyvaln(p,[xs,ys]);

zgli = polyvaln(p,[yli',x1i");

%% Plot

% figure;

% plot3(ys,xs,zs,'d.");

% hold on;

% plot3(ys,xs,zg,'ro");

% plot3(xli,yli,zgli,'b-");

% box on; ax = gca; ax.BoxStyle = 'full’;

%% Divide line into segments

ns = 100; % number of segments

%d = sqrt(diff(xli').~2 + diff(yli")."2 + diff(zgli)."2);

d = sqrt(diff(rx*x1i").~2 + diff(ry*yli').~2 + diff(rz*zgli)."2);

ds = sum(d);
dsc = cumsum(d);
dn = ds/ns;

idx = zeros(ns+1,1);
idx(ns+1) = length(d);
for i=0:ns-1
idx(i+1) = find(dsc>i*dn,1,'first’);
end
%% Sort points into segments
sg = zeros(length(xs),1);
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for i=1:ns
pl = [yli(idx(i)) xli(idx(i)) zgli(idx(i))];
p2 = [yli(idx(i+1)) xli(idx(i+1)) zgli(idx(i+1))];
%[p1; p2]
for j=1:length(xs)
PO = [xs() ys(i) zs()1;
pi = BOLinePoint3D(p1,p2,p0);
%hold on;
% Is intersection point on the line segment?
nl = norm(pi-pl) + norm(pi-p2);
n2 = norm(pl-p2);
if abs(n1-n2)<1
sg() =1;
%plot3(pi(2),pi(1),pi(3), T.);
end
end
end
%% Plot
cmap = jet(ns+1);
figure;
%plot3(ys,xs,zs,'9.";
hold on;
%plot3(ys,xs,zg,r0");
plot3(xli,yli,zgli,'b-");
for i=1:ns+1
plot3(xli(idx(i)),yli(idx(i)),zgli(idx(i)),'bo");
end
for i=0:ns
plot3(ys(sg==i),xs(sg==i),zs(sg==i),"",'MarkerSize',10,'MarkerFaceColor',cmap(i+1,:));
end
view(3); box on; ax = gca; ax.BoxStyle = 'full’;
print('-dpng’,’-r300',['./plot/ filename '_stripes.png7);
%% Hist
fori=1:ns
h(i) = sum(sg==i);
end
%figure; plot(1:ns,h,'r.-";
figure; plot(1:ns,h/ds,'r.-";
print('-dpng',’-r300',['./plot/' filename '_density.png1);
%return
%% Plot
%% Load imagesH = [(1:ns)' hT;
ims = BOReadlmage3DC([dirname filename file_ext]);
ims = squeeze(max(ims,[],3));
ims = BONormalizelmageND(ims);
imm = max(ims,[],3); % max projection of stack
%
figure; imagesc(imm); colormap gray; axis off; axis equal; axis tight;
hold on; plot(xli,yli,'r-",'LineWidth',2);
%hold on; plot(ys,xs,'g.";
fori=1:ns
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plot(ys(sg==i),xs(sg==i),'0','MarkerSize',2,'MarkerFaceColor',cmap(i,:));
end
print(-dpng','-r300',['./plot/ filename '_stripes_im.png1);
%% Save
D =[xsys zssg];
H =[(1:ns)' (h/ds)T;
dimwrite(['./mat/' filename '_xyz_class.txt'],D,'delimiter’,'\t");
dimwrite(['./mat/' filename '_hist_class.txt'],H,'delimiter’,'\t");

Create histograms

%% Clear

clc; close all; clear all;

%%

filename = '30409527";

W = dImread(['./mat/' filename '_hist_class.txt']);
filename = '30409809';

X = dimread(['./mat/* filename '_hist_class.txt7);
filename = '30409530';

Y = dIlmread(['./mat/' filename '_hist_class.txt]);
filename = '30409533";

Z = dImread(['./mat/' filename '_hist_class.txt);
filename = '30409520";

A = dImread(['./mat/' filename '_hist_class.txt']);
filename = '30409524,;

B = dimread(['./mat/' filename '_hist_class.txt]);

%% Figure

figure;

plot(W(:,1),W(:,2),r.-"); hold on;
plot(X(:,1),X(:,2),'r.-";
plot(Y(:,1),Y(:,2),r.-";
plot(Y(:,1),Y(:,2),r.-";
plot(A(:,1),A(:,2),--black’);
plot(B(:,1),B(:,2),--black’;

ylim([0 3*107-5])
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Appendix 2: Proteomic analysis of bovine lipid
membrane extracts

Appendix table 1: 10 pg proteins of 1% SDS solubilised 6 month-old bovine cortex lipid membrane
extracts were trypsin digested and analysed via LCMS. The list of proteins was generated through
ProteinPilot™ 2.5.1. Software and Bovine data subtracted from Uniprot, and presents all the
proteins present in bovine lipid membranes. The number of distinct peptides having at least 95%

confidence are listed in the third column.

Name Species Peptides (95%)
Lens fiber major intrinsic

protein (AQPO0) BOVINE 60
Gap junction alpha-3

protein BOVINE 41
Spectrin beta chain BOVINE 31
Periaxin BOVINE 31
Lactase like BOVINE 30
Filensin (BFSP1) BOVINE 24
Ezrin BOVINE 21
Phakinin BOVINE 21
Neuronal cell adhesion

molecule BOVINE 18
Cadherin-2 BOVINE 17
Vimentin BOVINE 16
Catenin beta-1 BOVINE 16
Beta-crystallin B2 BOVINE 15
Alpha-crystallin B chain | BOVINE 15
Radixin BOVINE 15
Flotillin-2 BOVINE 14
Beta-crystallin B1 BOVINE 14
Actin, cytoplasmic 2 BOVINE 14
Actin, cytoplasmic 1 BOVINE 14
Alpha-crystallin A chain | BOVINE 14
Neural cell adhesion

molecule 1 BOVINE 13
Flotillin-1 BOVINE 13
Brain acid soluble

protein 1 BOVINE 12
Ras-related C3

botulinum toxin substrate

1 BOVINE 10
Beta-crystallin B3 BOVINE 10
Beta-crystallin A3 BOVINE 10

240



Spectrin alpha, non-

erythrocytic 1 BOVINE 9
EPH receptor A2 BOVINE 9
Lens fiber membrane

intrinsic protein BOVINE 9
Integrin alpha-2 BOVINE 8
Integrin alpha-2

(Fragment) BOVINE 8
Coxsackievirus and

adenovirus receptor

homolog BOVINE 8
Ankyrin 3 BOVINE 8
RAB1A, member RAS

oncogene family BOVINE 7
Aquaporin 5 BOVINE 7
Transmembrane protein

47 BOVINE 7
Keratin, type |

cytoskeletal 14 BOVINE 7
Sidekick cell adhesion

molecule 2 BOVINE 6
Vesicle-associated

membrane protein 3 BOVINE 6
Vesicle-associated

membrane protein 2 BOVINE 6
Keratin, type |

cytoskeletal 19 BOVINE 6
RAB2A, member RAS

oncogene family BOVINE 5
Integrin beta-1 BOVINE 5
Carbonic anhydrase 3 BOVINE 5
Ras-related protein Rab-

11A BOVINE 5
Ras-related protein Rab-

11B BOVINE 5
Paralemmin BOVINE 5
Erythrocyte membrane

protein band 4.1 like 2 BOVINE 5
SLC3AZ2 protein BOVINE 5
Protein 4.1 BOVINE 5
Galectin BOVINE 5
Tetraspanin BOVINE 5
CD9 antigen BOVINE 5
RAB10 protein BOVINE 5
Keratin, type |

cytoskeletal 17 BOVINE 5
Annexin A2 BOVINE 4
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Ras-related protein Rab-

5C BOVINE 4
Histone H4 BOVINE 4
Solute carrier family 2,

facilitated glucose

transporter member 1 BOVINE 4
Beta A4 crystallin BOVINE 4
Beta-crystallin A4 BOVINE 4
Cell adhesion molecule 1 | BOVINE 4
RAB35, member RAS

oncogene family BOVINE 4
Cell division control

protein 42 homolog BOVINE 4
Ras-related protein Rab-

5A BOVINE 4
Ras-related protein Rab-

1B BOVINE 4
Syntaxin-7 BOVINE 3
Cell adhesion molecule 2 | BOVINE 3
Ubiquitin-60S ribosomal

protein L40 BOVINE 3
Ubiquitin-40S ribosomal

protein S27a BOVINE 3
Polyubiquitin-C BOVINE 3
Polyubiquitin-B BOVINE 3
RAS like proto-oncogene

A BOVINE 3
NADH-cytochrome b5

reductase BOVINE 3
NADH-cytochrome b5

reductase 3 BOVINE 3
Phospholipid

hydroperoxide

glutathione peroxidase,

mitochondrial BOVINE 3
Charged multivesicular

body protein 6 BOVINE 3
Beta-crystallin S BOVINE 3
Gamma-crystallin A BOVINE 3
Gamma-crystallin B BOVINE 3
Gap junction alpha-1

protein BOVINE 3
Beta-crystallin A2 BOVINE 3
CD47 molecule BOVINE 3
Leukocyte surface

antigen CD47 BOVINE 3
AP-2 complex subunit

mu BOVINE 3
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Junctional adhesion

molecule A BOVINE 3
Caveolin-1 BOVINE 3
Receptor-type tyrosine-

protein phosphatase BOVINE 3
Keratin 12 BOVINE 3
Keratin 18 BOVINE 3
Ras-related protein Rab-

7a BOVINE 3
Zeta-crystallin BOVINE 2
Syntaxin-4 BOVINE 2
N-acetylated alpha-

linked acidic dipeptidase

2 BOVINE 2
MYO1B protein BOVINE 2
Guanine nucleotide-

binding protein G(s)

subunit alpha isoforms

short BOVINE 2
PP1201 protein BOVINE 2
Basigin BOVINE 2
G protein-coupled

receptor class C group 5

member B BOVINE 2
RAB9A, member RAS

oncogene family BOVINE 2
RAB9B, member RAS

oncogene family BOVINE 2
Lens epithelial protein BOVINE 2
Catenin alpha-1 BOVINE 2
Fatty acid-binding

protein, epidermal BOVINE 2
Blood-brain barrier large

neutral amino acid

transporter BOVINE 2
JAM2 protein BOVINE 2
Carbonic anhydrase 14 BOVINE 2
Syntaxin 2 BOVINE 2
JAM3 protein BOVINE 2
Piezo-type

mechanosensitive ion

channel component BOVINE 2
Glutathione S-transferase

Mu 1 BOVINE 2
Annexin BOVINE 2
Annexin Al BOVINE 2
Paralemmin 2 BOVINE 2
RAB14 protein BOVINE 2
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G protein subunit alpha

i2 BOVINE 2
Solute carrier family 16

member 3 BOVINE 2
CTNNAZ2 protein BOVINE 2
Histone H3 BOVINE 1
Histone H3.3 BOVINE 1
Histone H3.2 BOVINE 1
Histone H3.1 BOVINE 1
Histone H3.3C BOVINE 1
Elongation factor 1-alpha | BOVINE 1
Elongation factor 1-alpha

2 BOVINE 1
Elongation factor 1-alpha

1 BOVINE 1
STX12 protein BOVINE 1
Phospholipid-

transporting ATPase BOVINE 1
Phospholipid-

transporting ATPase IB BOVINE 1
Heat shock protein beta-

1 BOVINE 1
Glyceraldehyde-3-

phosphate

dehydrogenase BOVINE 1
CKLF-like MARVEL

transmembrane domain

containing 7 BOVINE 1
Metalloproteinase

inhibitor 3 BOVINE 1
Retinal dehydrogenase 1 | BOVINE 1
Histone H2A BOVINE 1
Histone H2A.J BOVINE 1
Histone H2A.V BOVINE 1
Histone H2A type 1 BOVINE 1
Histone H2A.Z BOVINE 1
Histone H2A type 2-C BOVINE 1
CD99 molecule (Xg

blood group) BOVINE 1
SYPL1 protein BOVINE 1
Pyruvate kinase BOVINE 1
Proteolipid protein 2 BOVINE 1
Secretory carrier-

associated membrane

protein 4 BOVINE 1
Ras-related protein Rap-

1A BOVINE 1
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Ras-related protein Rap-

1b BOVINE
Hemoglobin subunit

alpha BOVINE
Claudin BOVINE
CD151 antigen BOVINE
Synaptosomal-associated

protein BOVINE
60S ribosomal protein

L13a BOVINE
Aldehyde dehydrogenase

family 3 member B1 BOVINE
NPC intracellular

cholesterol transporter 1 | BOVINE
Synaptobrevin homolog

YKT6 BOVINE
Secretory carrier-

associated membrane

protein BOVINE
Sidekick cell adhesion

molecule 1 BOVINE
Solute carrier family 24

member 2 BOVINE
Major prion protein BOVINE
Alpha-enolase BOVINE
Guanine nucleotide-

binding protein

G(1)/G(S)/G(0O) subunit

gamma-12 BOVINE
Solute carrier family 2

(Facilitated glucose

transporter), member 3 BOVINE
Solute carrier family 2,

facilitated glucose

transporter member 3 BOVINE
Zinc finger protein 292 BOVINE
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Appendix table 2: 10 pg proteins of 1% SDS solubilised 6 month-old bovine nucleus lipid membrane
extracts were trypsin digested and analysed via LCMS. The list of proteins was generated through
ProteinPilot™ 2.5.1. Software and Bovine data subtracted from Uniprot, and presents all the
proteins present in bovine nucleus lipid membranes. The number of distinct peptides having at least

95% confidence are listed in the third column.

Name Species Peptides (95%)
Lens fiber major intrinsic

protein (AQPO) BOVINE 66
Gap junction alpha-3 protein BOVINE 54
Alpha-crystallin A chain BOVINE 46
Spectrin beta chain BOVINE 39
Beta-crystallin B3 BOVINE 39
Alpha-crystallin B chain BOVINE 37
Phakinin BOVINE 33
Beta-crystallin B1 BOVINE 31
Filensin (BFSP1) BOVINE 28
Glycogen phosphorylase, liver

form BOVINE 24
Cytosol aminopeptidase BOVINE 24

NADH dehydrogenase
[ubiquinone] 1 alpha

subcomplex subunit 13 BOVINE 24
Beta-crystallin B2 BOVINE 23
Lactase like BOVINE 22
Actin, cytoplasmic 2 BOVINE 18
Actin, cytoplasmic 1 BOVINE 18
Beta-crystallin A3 BOVINE 17
Lens fiber membrane intrinsic

protein BOVINE 17
Alpha-enolase BOVINE 16
Gamma-crystallin B BOVINE 16
Gamma-crystallin D BOVINE 16

Solute carrier family 2,
facilitated glucose transporter

member 1 BOVINE 14
Ras-related C3 botulinum
toxin substrate 1 BOVINE 14

Solute carrier family 2
(Facilitated glucose
transporter), member 3 BOVINE 14

Solute carrier family 2,
facilitated glucose transporter
member 3 BOVINE 14
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Gamma-crystallin F BOVINE 14
Vimentin BOVINE 13
Actin, gamma-enteric smooth

muscle BOVINE 13
Actin, aortic smooth muscle BOVINE 13
Radixin BOVINE 12
Elongation factor 2 BOVINE 12
Glyceraldehyde-3-phosphate

dehydrogenase BOVINE 12
Ezrin BOVINE 12
Catenin beta-1 BOVINE 11
Histone H4 BOVINE 10
Annexin A2 BOVINE 10
PGMS5 protein BOVINE 10
Carbonic anhydrase 3 BOVINE 10
Spectrin alpha, non-

erythrocytic 1 BOVINE 9
Zeta-crystallin BOVINE 9
Flotillin-1 BOVINE 9
L-lactate dehydrogenase A

chain BOVINE 9
Cadherin-2 BOVINE 9
Cadherin-2 (Fragment) BOVINE 9
RAB1A, member RAS

oncogene family BOVINE 9
Beta A4 crystallin BOVINE 9
Beta-crystallin A4 BOVINE 9
Gamma-crystallin C BOVINE 9
RAB14 protein BOVINE 8
Vesicle amine transport 1 BOVINE 8
Galectin BOVINE 8
Flotillin-2 BOVINE 7
Ras-related protein Rab-7a BOVINE 7
Nudix (Nucleoside

diphosphate linked moiety X)-

type motif 16-like 1 BOVINE 7
Protein MGARP BOVINE 7
NADH dehydrogenase

[ubiquinone] iron-sulfur

protein 7, mitochondrial BOVINE 7
ATP synthase F(0) complex

subunit B1, mitochondrial BOVINE 7
Transmembrane protein 47 BOVINE 7
Vesicle-associated membrane

protein 3 BOVINE 7
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Vesicle-associated membrane

protein 2 BOVINE 7
Trafficking protein particle

complex subunit 1 BOVINE 6
Phosphoglycerate kinase 1 BOVINE 6
GTP-binding nuclear protein

Ran BOVINE 6
Rab GDP dissociation

inhibitor beta BOVINE 6
Protein 4.1 BOVINE 6
AP-2 complex subunit mu BOVINE 6
L-lactate dehydrogenase B

chain BOVINE 6
Ras-related protein Rab-1B BOVINE 6
Ras-related protein Rab-11B BOVINE 5
Ras-related protein Rab-11A | BOVINE 5
Armadillo repeat gene deleted

in velocardiofacial syndrome | BOVINE 5
ATP-dependent 6-

phosphofructokinase, liver

type BOVINE 5
Ras-related protein Rab-5C BOVINE 5
Neuronal cell adhesion

molecule BOVINE 5
Tubulin alpha chain BOVINE 5
Tubulin alpha-1C chain BOVINE 5
Tubulin alpha-1D chain BOVINE 5
Tubulin alpha-1B chain BOVINE 5
Annexin BOVINE 5
Annexin Al BOVINE 5
Crystallin gamma N BOVINE 5
ADP-ribosylation factor 3 BOVINE 5
ADP-ribosylation factor 1 BOVINE 5
ADP-ribosylation factor 2 BOVINE 5
Phospholipid hydroperoxide

glutathione peroxidase,

mitochondrial BOVINE 5
Importin 5 BOVINE 5
Phosphoglycerate mutase 1 BOVINE 5
Phospholipid-transporting

ATPase IB BOVINE 5
Cell adhesion molecule 1 BOVINE 5
Dynein light chain 1,

cytoplasmic BOVINE 5
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Cell division control protein

42 homolog BOVINE 5
Ras-related protein Rab-5A BOVINE 5
Tubulin alpha-3 chain BOVINE 4
Tubulin alpha-4A chain BOVINE 4
V-type proton ATPase subunit

D BOVINE 4
NADH dehydrogenase

[ubiquinone] 1 alpha

subcomplex subunit 9,

mitochondrial BOVINE 4
Elongation factor 1-alpha BOVINE 4
Elongation factor 1-alpha 1 BOVINE 4
Elongation factor 1-alpha 2 BOVINE 4
Beta-crystallin A2 BOVINE 4
Carbonic anhydrase 2 BOVINE 4
Heat shock protein HSP 90-

alpha BOVINE 4
Phospholipid-transporting

ATPase BOVINE 4
5'-nucleotidase domain

containing 2 BOVINE 4
PRELI domain-containing

protein 1, mitochondrial BOVINE 4
NADH dehydrogenase

[ubiquinone] 1 subunit C2 BOVINE 4
T-complex protein 1 subunit

delta BOVINE 4
Peroxiredoxin-6 BOVINE 4
Charged multivesicular body

protein 6 BOVINE 4
Synaptobrevin homolog

YKT6 BOVINE 4
Cytochrome ¢ oxidase subunit

6C BOVINE 4
Beta-crystallin S BOVINE 4
Polyubiquitin-C BOVINE 4
Polyubiquitin-B BOVINE 4
Mitochondrial pyruvate

carrier BOVINE 4
GTP-binding protein SAR1b | BOVINE 4
GTP-binding protein SAR1a BOVINE 4
Glycogen phosphorylase,

brain form BOVINE 4
RAB10 protein BOVINE 4
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Mitochondrial import inner
membrane translocase subunit

TIM17 BOVINE 3
Mitochondrial import inner

membrane translocase subunit

Timl7-B BOVINE 3
NADH dehydrogenase

[ubiquinone] 1 beta

subcomplex subunit 5,

mitochondrial BOVINE 3
Periaxin BOVINE 3
Aquaporin 5 BOVINE 3
NADH dehydrogenase

[ubiquinone] 1 alpha

subcomplex subunit 11 BOVINE 3
NADH dehydrogenase

[ubiquinone] 1 beta

subcomplex subunit 4 BOVINE 3
Protein FAM49B BOVINE 3
G protein subunit alpha i2 BOVINE 3
Elongation factor 1-gamma BOVINE 3
Pyruvate Kinase BOVINE 3
RAS like proto-oncogene A BOVINE 3
ADP/ATP translocase 2 BOVINE 3
ADP/ATP translocase 3 BOVINE 3
Actin-related protein 2/3

complex subunit 4 BOVINE 3
Coxsackievirus and

adenovirus receptor homolog | BOVINE 3
Ubiquitin-conjugating enzyme

E2N BOVINE 3
Plectin BOVINE 3
Mitochondrial 2-

oxoglutarate/malate carrier

protein BOVINE 3
Cytochrome ¢ oxidase subunit

7C, mitochondrial BOVINE 3
Glucose-6-phosphate

isomerase BOVINE 3
Family with sequence

similarity 173 member A BOVINE 3
Vesicle amine transport 1 like | BOVINE 3
CD47 molecule BOVINE 3
Leukocyte surface antigen

CD47 BOVINE 3
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SLC3AZ2 protein BOVINE 3
Macrophage migration

inhibitory factor BOVINE 3
Transmembrane protein 126A | BOVINE 3
Neural cell adhesion molecule

1 BOVINE 3
Blood-brain barrier large

neutral amino acid transporter | BOVINE 3
Alpha-1,4 glucan

phosphorylase BOVINE 3
Glycogen phosphorylase,

muscle form BOVINE 3
RAB2A, member RAS

oncogene family BOVINE 3
Dynein light chain 2,

cytoplasmic BOVINE 3
ADP-ribosylation factor 4 BOVINE 3
Glutathione S-transferase A4 | BOVINE 3
Guanine nucleotide-binding

protein G(s) subunit alpha

isoforms short BOVINE 3
Ras-related protein Rab-8B BOVINE 3
Ras-related protein Rab-8A BOVINE 3
G protein subunit alpha i3 BOVINE 2
Guanine nucleotide-binding

protein G(i) subunit alpha-1 BOVINE 2
RALB protein BOVINE 2
ADP/ATP translocase 1 BOVINE 2
Prohibitin-2 BOVINE 2
Erythrocyte membrane protein

band 4.1 like 1 BOVINE 2
KRAS proto-oncogene,

GTPase BOVINE 2
Basigin BOVINE 2
Profilin BOVINE 2
Profilin-1 BOVINE 2
Heat shock protein beta-1 BOVINE 2
SYPL1 protein BOVINE 2
26S proteasome non-ATPase

regulatory subunit 2 BOVINE 2
Histone H2A BOVINE 2
Histone H2A.J BOVINE 2
Histone H2A type 1 BOVINE 2
Histone H2A type 2-C BOVINE 2
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Nucleosome assembly protein

1-like 4 BOVINE 2
Eukaryotic translation

initiation factor 2 subunit 2 BOVINE 2
Single-pass membrane protein

with coiled-coil domains 3 BOVINE 2
Gap junction alpha-1 protein BOVINE 2
Gamma-glutamyl hydrolase BOVINE 2
Ras-related protein Rab-13 BOVINE 2
Ras-related protein Rab-3C BOVINE 2
RAB2B, member RAS

oncogene family BOVINE 2
T-complex protein 1 subunit

gamma BOVINE 2
Vesicle-associated membrane

protein 5 BOVINE 2
Cytochrome c1, heme protein,

mitochondrial BOVINE 2
Destrin BOVINE 2
Protein-L-isoaspartate(D-

aspartate) O-

methyltransferase BOVINE 2
Ras-related protein Rab-4A BOVINE 2
T-complex protein 1 subunit

eta BOVINE 2
CTNNAZ2 protein BOVINE 2
Caveolin-1 BOVINE 2
Ras homolog family member

G BOVINE 2
Nucleoside diphosphate

kinase BOVINE 2
RAB3D, member RAS

oncogene family BOVINE 2
Ras-related protein Rab-3A BOVINE 2
Transforming protein RhoA BOVINE 2
RAB35, member RAS

oncogene family BOVINE 2
Histone H3 BOVINE 1
Histone H3.3 BOVINE 1
Histone H3.2 BOVINE 1
Histone H3.1 BOVINE 1
Histone H3.3C BOVINE 1
Eukaryotic translation

initiation factor 2 subunit 3 BOVINE 1
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NADH dehydrogenase
[ubiquinone] 1 beta
subcomplex subunit 11,

mitochondrial BOVINE 1
Annexin A8 BOVINE 1
IST1 homolog BOVINE 1
Histone H2B BOVINE 1
Histone H2B type 1 BOVINE 1
26S proteasome non-ATPase

regulatory subunit 3 BOVINE 1
Cytochrome b-c1 complex

subunit 8 BOVINE 1
G protein-coupled receptor

class C group 5 member B BOVINE 1
MAGE family member D2 BOVINE 1
MOB kinase activator 1A BOVINE 1
MOB kinase activator 1B BOVINE 1
Lens epithelial protein BOVINE 1
Tubulin beta chain BOVINE 1
Tubulin beta-2B chain BOVINE 1
Tubulin beta-4A chain BOVINE 1
Tubulin beta-4B chain BOVINE 1
Tubulin beta-3 chain BOVINE 1
Tubulin beta-5 chain BOVINE 1
Tubulin beta-6 chain BOVINE 1
Abhydrolase domain

containing 15 BOVINE 1
Uridine phosphorylase BOVINE 1
Solute carrier family 25

member 36 BOVINE 1
Solute carrier family 25

member 33 BOVINE 1
Transmembrane protein 30B BOVINE 1
Cell cycle control protein 50A | BOVINE

Translation initiation factor

elF-2B subunit delta BOVINE 1
Steroid 5 alpha-reductase 2 BOVINE 1
Kelch repeat and BTB domain

containing 11 BOVINE 1
SMYD family member 5 BOVINE 1
Cytochrome c oxidase subunit

7A2, mitochondrial BOVINE 1
Cytochrome c oxidase subunit

7A1, mitochondrial BOVINE 1
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Cytochrome c oxidase subunit

7B, mitochondrial BOVINE 1
Proteolipid protein 2 BOVINE 1
Alcohol dehydrogenase class-

3 BOVINE 1
2-iminobutanoate/2-

iminopropanoate deaminase BOVINE 1
Proteasome subunit beta type-

5 BOVINE 1
ATP synthase subunit f,

mitochondrial BOVINE 1
Ras-related protein Rap-1A BOVINE 1
Ras-related protein Rap-1b BOVINE 1
Mitochondrial import inner

membrane translocase subunit

Tim23 BOVINE 1
Hemoglobin subunit alpha BOVINE 1
NPC intracellular cholesterol

transporter 1 BOVINE 1
Syntaxin-4 BOVINE 1
cAMP-dependent protein

kinase catalytic subunit alpha | BOVINE 1
CAMP-dependent protein

kinase catalytic subunit beta BOVINE 1
Integrin beta-1 BOVINE 1
Nicastrin BOVINE 1
AP-2 complex subunit sigma | BOVINE 1
Peroxiredoxin-4 BOVINE 1
Peroxiredoxin-1 BOVINE 1
Integrin alpha-2 BOVINE 1
Essential MCU regulator,

mitochondrial BOVINE 1
Erythrocyte membrane protein

band 4.1 like 2 BOVINE 1
Secretory carrier-associated

membrane protein 4 BOVINE 1
Ras-related protein Rab-21 BOVINE 1
Syntaxin 2 BOVINE 1
Trafficking protein particle

complex subunit 6B BOVINE 1
CD9 antigen BOVINE 1
Fructosamine 3 kinase related

protein BOVINE 1
Regulator of microtubule

dynamics protein 1 BOVINE 1
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14-3-3 protein epsilon BOVINE 1
Brain acid soluble protein 1 BOVINE 1
Inositol monophosphatase 1 BOVINE 1
Peptidyl-prolyl cis-trans

isomerase A BOVINE 1
Ubiquitin conjugating enzyme

E20 BOVINE 1
Urea transporter 1 BOVINE 1
Beta-centractin BOVINE 1
Ubiquitin-conjugating enzyme

E2 variant 1 BOVINE 1
Ubiquitin-conjugating enzyme

E2 variant 2 BOVINE 1
Heat shock cognate 71 kDa

protein BOVINE 1
Heat shock 70 kDa protein 1-

like BOVINE 1
Coactosin-like protein BOVINE 1
Annexin A4 BOVINE 1
Multidrug resistance-

associated protein 1 BOVINE 1
Cytochrome b-c1 complex

subunit 9 BOVINE 1
Dynein assembly factor 1,

axonemal BOVINE 1
Major prion protein BOVINE 1
Phosphoglucomutase-1 BOVINE 1
Mediator of RNA polymerase

Il transcription subunit 27 BOVINE 1
Prostaglandin-H2 D-

isomerase BOVINE 1
6-phosphogluconate

dehydrogenase,

decarboxylating BOVINE 1
14-3-3 protein eta BOVINE 1
14-3-3 protein beta/alpha BOVINE 1
14-3-3 protein gamma BOVINE 1
14-3-3 protein theta BOVINE 1
14-3-3 protein sigma BOVINE 1
TBC1 domain family member

1 BOVINE 1
DGCR14 protein BOVINE 1
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