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Effekt av en enkel og gjentagende UV-straling pa fremre segment
I kaningyet

| Igpet av de siste to tidrene har uttynning av ozon i stratosfaeren fart til gkt ultrafiolett (UV) straling pa
landjorda og den kumulative effekten av UV-strdling har fatt en gkende betydning for UV-induserte
gye skader. Epidemiologiske studier kan generelt vurdere kroniske tilstander ved lavdose UV
eksponering, mens man ved hjelp av dyreforsgk vanligvis undersgker akutte responser av hgyere
doser UV-straling. | og med at observasjonsbetingelsene er forskjellige kan vi ikke uten videre anta at
de to ulike eksperimentelle tilstandene ngdvendigvis igangsetter de samme nedbrytnings eller
reparasjons mekanismer. For & bedre korrelere resultatene bade fra epidemiologiske studier og
dyreforsgk, trenger man & utfgre studier av gjentagende UV-straling under spesielle eksperimentelle
design. Hensikten med dette studiet var & sammenligne metabolske effekter i fremre del av kaningyer
som er eksponert for enkelt eller repetert UV-straling av totalt den samme UV dosen i begge tilfeller.
Kaniner har blitt eksponert for en singel UV dose (312 nm, 3.12 Jicm?) eller repeterte UV doser (312
nm, 3x 1.04 J/cmz) 0og prgver av cornea, kammervannet og linsen ble analysert med NMR
spektroskopi. Grupperingsmgnster mellom prgvene og relativ prosentvis forandringer i spesifikke
metabolitter ble evaluert ved hjelp av statistiske analyse verktgy (Principal component analysis,
One-way ANOVA, Independent sample t-test).

Det ble observert signifikante forskjeller mellom UV bestralte og kontroll praver. Spesielt ble det
observert forandringer i antioksidanter (askorbate og GSH), metabolitter relatert til sukkermetabolisme
(glukose og laktat), osmolytter (taurin, hypo-taurin, myoinositol, scylloinositol) samt forandringer i
choline, fosfocholine og flere aminosyrer. En betydelig tilleggsfaktor ble observert for de repeterte UVB
eksponeringene.

For farste gang er det utfgrt en sammenligning av metabolske effekter i kaningyer mellom singel og
repetert UV-straling av totalt den samme UV dosen. Dette studiet viser at det er en kumulativ effekt av
repetert UV-straling i den fremre del av kaningyet og viser til og med at 48 timers intervall mellom UV-
strélingene ikke er nok for at helingsprosessen skal fare tilbake til normal metabolsk status i fremre

segment i kaningyet.
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Summary

Over the last two decades, depletion of stratospheric ozone has increased the
flux of ultraviolet radiation (UVR) at the surface of the earth and the cumulative
effect of UVR has become an important aspect of UV-induced eye damage.
Epidemiological studies generally assess the chronic, low dose UVR exposure
conditions while the laboratory animal experiments usually examine the acute
response to high dose exposures. Thus, the study conditions are dissimilar and
we are not free to assume that the two variant experimental settings necessarily
trigger the same damage or repair mechanism. In order to correlate the results
obtained from both experimental settings, laboratory studies of repeated UVR
exposures under specific experimental design need to be conducted. The
purpose of the present study was to focus on the comparison of the effects of
single and repeated UVR-B exposures of the same overall doses on the
metabolic profile of the anterior segment of the rabbit eye.

Rabbit eyes were exposed to single (312 nm, 3.12 J/cm?) or repeated (312 nm,
3x 1.04 Jicm?) UVB irradiations and corneal, aqueous humour and lenticular
samples were analysed by NMR spectroscopy. Special grouping patterns among
the tissue samples and the relative percentage changes in particular metabolite
concentrations were evaluated using advanced statistical methods (Principal
component analysis, One-way ANOVA, Independent sample t-test).

The metabolic profiles of UVB irradiated and control samples were significantly
different. Especially, alterations in the concentrations of antioxidants (ascorbate,
GSH), compounds related to sugar metabolism (glucose, lactate), osmolytes
(taurine, hypo-taurine, myoinositol, scylloinositol), choline-containing compounds
(choline, phosphocholine) and amino acids were observed. A substantiall
additivity of the repeated UVR-B exposures was revealed.

For the first time, a comparison of the effect of a single and repeated UVR
exposure of the same overall dose on the metabolic profile of rabbit eye was
conducted and described. This study reveals the cumulative effect of repeated
UVB irradiation on the anterior segment of the rabbit eye and shows that even a
48 hours interval between subsequent UVR-B exposures is not sufficient for the
healing process to restore normal metabolic status in the anterior segment of the

rabbit eye.
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1 Introduction

1.1 The human eye

1.1.1 Basic and applied anatomy of the eye

The eye is the receptor organ of the visual system. Photons of light entering
the eye are focused by the cornea and the accomodative lens onto the retina.
The light energy produces changes in the specialized nerve cells in retina, the
rods and cones. These changes result in nerve action potentials, which are
subsequently relayed to the optic nerve and then to brain, where the
information is processed and consciously appreciated as vision.

The eye is situated in the anterior part of the orbital cavity. It is approximately
a sphere 2.5 cm in diameter with a volume of 6.5 ml. The eyeball consists of
three basic layers. These are the fibrous coat, the uvea or uveal tract and the
neural layer (retina). The outer, inelastic fibrous coat, comprising the
transparent cornea and the opaque sclera, provides the necessary rigidity of
the eye when distended by the intraocular pressure. The middle, vascular coat
consists of choroid which is responsible for the nutrition of the outer part of
retina, the ciliary body and the iris. The coats surround the contents of the
eye, namely the avascular lens and the transparent media (aqueous humour
and vitreous body). The eye anatomy with major components is illustrated in
Figure 1.
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Visual ﬂns*

o /’Anlﬂnur \”\
. 4 4 ® .
- h a b .
R B, -
] -
T

,Comea
/

s+, " Retina
~, Choroid
Sclera

Figure 1 The globe (adapted from Smerdon).”®
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1.2 Structures of the anterior segment of the human eye
1.2.1 The cornea

The cornea is the major light-refractive structure in the eye and constitutes
approximately one-fifth of the outer coat of the eye. The most important
property of the cornea is its transparency, although due to its highly exposed
position it presents also a tough physical barrier to trauma and infection. The
corneal transparency is maintained by number of related factors, such as the
regularity and smoothness of the covering epithelium, its avascularity and
regular arrangement of the extracellular and cellular components in the
stroma.®” Moreover, the fluid-pump mechanism located in the endothelium
plays a critical role in maintenance of corneal hydration and in this way also of
its transparency.®’

The normal cornea is smaller in the vertical diameter (10.6 mm) than in
horizontal diameter (11.7 mm) and also thicker at the periphery (0.67 mm)
than in the centre (0.52 mm). It is composed of five layers: corneal epithelium,
Bowman’s layer, corneal stroma, Descement’'s membrane and corneal
endothelium. Corneal epithelium is a stratified, squamous nonkeratinized
epithelium, 50-60 um thick, consisting of five or six layers.>” The outermost
layer has microvilli, providing the stabilization of the precorneal film.
Bowman’s layer consists of fine, randomly arranged, collagen fibrils. The
anterior surface is well delineated and is separated from the epithelium by the
thin basal lamina, while the posterior boundary merges with stroma. The
stroma constitutes 90% of the corneal thickness, containing a highly
organised lamellar structure. These are collagen fibrils embedded in a matrix
of proteoglycans, proteins and glycoproteins.” Between the lamellae lie
extremely flattened, modified fibroblasts known as keratocytes. Descement’s
membrane is an 8-12 um thin, homogenous, discrete layer between the
posterior stroma and the endothelium. It is rich in basement membrane
glycoproteins, laminin and type IV collagen. The corneal endothelium is a
simple squamous epithelium on the posterior surface of the cornea.

All corneal layers have active metabolism, but the highest activity is in epi-
and endothelium. Oxygen and all the important nutrients can reach the cornea

from the tear film, limbal blood vessels and aqueous humour,®® though the



aqueous humour is the main nutritive source. Cornea derives its energy
predominantly by carbohydrate metabolism. Glucose is catabolised both via
the anaerobic glycolysis, the pentose phosphate pathway and the citric acid
cycle. The utilization of the citric acid cycle versus the glycolytic pathway is
determined by the energy demands of the tissue. The endothelium has large
energy requirements to sustain its pump mechanism and is about five times
as active as the epithelium.*” The constant renewal and desquamation of the
epithelial cells requires a continuous supply of amino acids to synthesize the
protein that is lost. These are met mainly by diffusion from the aqueous

humour.

1.2.2 The aqueous humour

The aqueous humour is a transparent fluid which fills the anterior and the
posterior chamber in the anterior segment of the eye and is formed by blood
plasma and secreted by the nonpigmented ciliary epithelium. After its
secretion into the posterior chamber, it circulates through the pupil into the
anterior chamber. The majority of the aqueous humour leaves the anterior
chamber through the trabecular meshwork and Schlemm’s canal. Balance
between formation and drainage of the aqueous humour is responsible for
maintaining of the intraocular pressure.

The aqueous humour contains all the essential nutrients for supplying the
avascular lens and cornea, and also removes the waste from the tissues

(Table 1). It has a very low concentration of proteins which is maintained by

Table 1 Composition of aqueous humour compared with plasma (adapted from Forrester).37

Component Aqueous Plasma Units
Glucose 27-39 56-6.4 mmol/dm?®
Lactate 4.5 0.5-0.8

Ascorbate 1.1 0.04

Albumin 5.5-6.5 3400 mg/dl
Transferrin 1.3-1.7

Fibronectin 0.25 29

IgG 3.0 1270




the blood-aqueous barrier' and is crucial for the optical clarity of the fluid.
1.2.3 The lens

The lens is an avascular tissue packed with proteins which provides the
refractive index necessary to focus image on the retina. While it has less
refractive power than the cornea, the lens has the ability to change shape,
under the influence of the ciliary muscle, and thus alter its refractive power.
The transparency of the lens is due to the shape, arrangement, internal
structure, and biochemistry of the lens cells or lens fibres.*’

The lens is a biconvex, ellipsoid structure lying behind the iris and in front of
the vitreous body. It is held in its position by the zonular fibres which arise
from the ciliary processes and attach to the lens capsule at the equator. The
lens comprises three parts: the capsule, lens epithelium and lens fibres. The
lens capsule is a thickened basement membrane produced by the lens
epithelium and lens fibres. It completely envelops the lens and possesses
elastic properties important for the accommodation process. Lens epithelium
is a single cuboidal epithelium restricted to the anterior surface of the lens.
These cells divide and migrate to the equator where they elongate to fibre
cells. Each lens fibre is only a 4 x 7-um hexagonal prismatic band in
cross-section, however, it may be up to 12 mm in length. The fibres are
meridionally oriented extending the full length of the lens, and converge to
anterior and posterior sutures. The continual growth of the lens, by addition of
superficial strips of new cells, produces a series of concentrically arranged
laminae. The deeper and older lens fibres are anucleate and form the lens
nucleus. The outer cortex has a softer consistency than the hard central
nucleus.*

The avascular lens relies on the aqueous humour as the main nutritive source
of oxygen, glucose, and other nutrients needed to support its normal
metabolic activity. About 80% of glucose is consumed by the lens via
anaerobic glykolysis. The residual glucose may be metabolized via the
pentose phosphate pathway (10%), the citric acid cycle and the sorbitol
pathway.®” Enzymes necessary for the two latter metabolic pathways are
present mainly in the epithelium which is thus the energetic centre of the lens.

The specific lens proteins, crystallins which make up 90% of the water-soluble



proteins of the lenticular tissue are produced by the lens fibre cells. Any
perturbation in the lenticular water balance or highly organised arrangement of
the crystallins may lead to the defect in the lens clarity. To buffer the effects of
oxidants constantly present in the aqueous humour and lens itself, the
lenticular tissue, especially the epithelium, contains high levels of glutathione.
Glutathione is produced from the interaction between glutamate and cystein in

the lens cells and more than 95% of its concentration is in the reduced state.

1.3 Human versus rabbit anterior segment of the eye
1.3.1 The cornea

The anatomy of the rabbit cornea is very similar to the human cornea. Among
the few differences, we can mention the corneal thickness (rabbit 0.41 mm;
man - 0.52 mm), absence of a distinct Bowman’s membrane in the rabbit and
larger intercellular spaces among the rabbit endothelial cells.>’ Moreover, the
rabbit cornea has been found to be a good model tissue to study human
transcorneal penetration of drugs in vitro.'** Chemical composition of the
rabbit cornea with respect to the concentration of the low-molecular-weight

metabolites is shown in Table 2.

1.3.2 The aqueous humour

The formation and circulation of the rabbit aqueous humour is similar to man.
Minor differences are found in the anatomy of the ciliary body resulting in the
small modifications in the process of the aqueous drainage. Thus, variation in
responses to pharmaceutical agents between human and rabbit may be
present.® Table 2 shows concentrations of some low-molecular-weight

compounds in the rabbit aqueous humouir.
1.3.3 The lens

The rabbit lens is not as flat as the human lens, however, the general
structure and growth pattern are found to be comparable to the human
lenses.”" Concentrations of some low-molecular-weight compounds in the

rabbit lens are shown in Table 2.



Table 2 Composition of the rabbit cornea, the aqueous humour and the lens

(adapted from Midelfart and Gribbestad).*>¢*°°

Components [mM] Cornea Aqueous Lens
Alanine 0.59 £ 0.08 - 0.86 + 0.22
Lactate 427+066 121+1.9 9.12 +0.86
Valine 0.11+0.01 0.40+0.012 0.28+0.05
Acetate 0.25+0.02 0.56+0.14 0.16 £ 0.02
Glutamate 0.34 £ 0.04 - 1.93+0.35
Succinate/pyruvate 0.12 +£0.02 - -
Hypo-taurine 0.33 £ 0.04 - -
Choline 0.37 £ 0.05 - -
Formate 1.27 £ 0.20 - 0.34 + 0.06
Ascorbate - 1.42 £ 0.40 -
Citrate - 0.30+0.13 -
Glucose - 6.10+ 1.1 -
3-Hydroxybutyrate - 0.25 £ 0.053 -
Taurine - - 2.07 £0.33
Glycine - - 0.95+0.11
Scylloinositol - - 0.49+0.10
Myoinositol - - 3.25+0.29
Tyrosine - - 0.23 £ 0.06
Histidine - - 0.12+0.03
ATP/ADP - - 0.98+0.13
NAD - - 0.17 £ 0.05




1.4 Ultraviolet radiation and the eye

Ultraviolet radiation refers to wavelengths from 1-400 nm. The waveband 1 to
100 nm is usually referred to as far UVR or vacuum UVR. According to the
Commission Internationale de I'Eclairage (CIE), UVR in the waveband 100 to
400 nm can be divided into types A, B, and C (UVR-A, 315-400 nm; UVR-B,
280-315 nm; UVR-C, 100-280nm). The sun is quantitatively the most
important source of UVR, electric and welding arcs being the second largest
potential sources. The irradiance of UVR in different wavebands reaching the
surface is largely dictated by the temperature of the sun, its distance from the
earth and the composition of the atmosphere.” As sunlight passes through the
atmosphere, all UVR-C wavelengths and approximately 90% of UVR-B are
normally absorbed by ozone, water vapour, oxygen and carbon dioxide. The
less energetic UVA radiation is not absorbed by ozone and reaches ground
level without much attenuation through a clear atmosphere. Therefore, the
average UVR reaching the surface of the earth is largely composed of UVR-A
(97%) and small component of UVR-B (3%). The level reaching the earth is
however strongly influenced by environmental factors such as sun height,

season, latitude, altitude, ozone and cloud cover.'?®

1.4.1 Factors affecting the amount of UVR reaching the eye

1.4.1.1 Ozone and UVR

The thickness of the atmospheric ozone is closely related to the intensity of
solar UVR-B on the earth. The ozone found in the earth’s atmosphere is
formed by an interaction between oxygen molecules (O2), composed of two
atoms of oxygen, and UVR. When an oxygen molecule absorbs UVR, the
oxygen molecule breaks apart into single atoms of oxygen (Equation 1)
Equation 1

UVR+0,—->0+0

These single atoms of oxygen are very reactive, and a single atom combines
with a molecule of oxygen to form ozone (Os), which is composed of 3 atoms
of oxygen (Equation 2)

Equation 2

20 + 20, — 203



Although the ozone layer is spread out from 10 to 50 km in the stratosphere, it
is only 3 mm thick when compressed to ground level pressure.* Ozone might
be destroyed by industrially produced chlorine- or bromine-containing
substances such as chlorofluorocarbons. A depletion of stratospheric ozone
has over the last two decades been discovered in temperate and polar climate
zones.?®’® The consequence of a depleted amount of the ozone layer is an
increased flux of UVR at the surface of the earth, and especially UVB

radiation.
1.4.1.2 Environment

The exposure to UVR and visible light constantly changes during the day.
When the sun is overhead at noon, the level of UVR at a wavelength of 300
nm is ten times greater than at either three hours before or three hours after
local solar noon.”” Approximately 60% of effective UVR falls on the Earth
between the hours of 10:00 AM and 2:00 PM.** When the sun is low in the
sky, the amount of the UVR dose reaching the Earth is much lower due to a
longer atmospheric pathlength. Much more UVR and blue sunlight is
scattered, and the sun, which is white at noonday becomes yellow and then
orange as less UVR and blue light are present in the direct rays.”” Similar
situation applies for latitude and seasonal effects on the amount of the
incident UVR. As the latitude increases, the atmospheric pathlength for the
UV rays becomes longer and the total UVR irradiance is lower. Moreover, at
each latitude, the maximum intensity is reached in summer and the minimum
in winter. The UVR dose reaching the earth is also dependent on the altitude.
An increase of 300 m results in an UVR increase by 4%.%* Clouds do not
completely block UVR, but they do influence the spectral composition of the
solar radiation reaching ground level. Clouds may serve to scatter and re-
distribute UVR to the horizon sky, potentially leading to increased UVR
exposure along the line of sight. The eyes may therefore experience a greater

UVR dose on an overcast day than on a bright sunny day.'%"37%127

1.4.1.3 Surface

People seldom look directly overhead at the sun when it is very hazardous to

view, and the sun is not very hazardous to view when the sun is sufficiently



low in the sky to fall within our field-of-view. When we look straight forward,
the field-of-view extends upward from the horizontal only about +10° to +20°
on an overcast day, and this angle is further reduced by squinting on a bright
day. From this simple analysis, it becomes clear that the geometry of ocular
exposure precludes dangerous eye expositions except when the ground
reflectance exceeds approximately 15%.%" Reflectance of UVR-B from various

terrain surfaces is shown in Table 3.
1.4.1.4 Personal behaviour

Personal behaviour can have 18-fold impact on the ocular dose of UVR-B, far
greater than the 4-fold global difference in the UVB-irradiance by latitude. The
ocular dose depends on the amount of time spent outdoors and the use of

ocular protection such as brimmed hat, or eye wear (Table 4).

Table %7 Reflectance of ACGIH-effective solar UV-B from terrain surfaces (adapted from
Sliney).

Terrain surface Diffuse reflectance of ACGIH-
weighted solar UV-B [%]

Green mountain grassland 0.8-1.6

Dry, parched grassland 2-3.7

Wooden boat dock 6.4

Black asphalt 5-9

Concrete pavement 8-12

Atlantic beach sand (dry) 15-18

Atlantic beach sand (wet) 7

Sea foam (surf) 25-30

Aged, ‘dirty’ snow 50

Fresh snow 88




Table 4 Effect of behaviour on relative personal UVR-B exposure (adapted from McCarty).59

Behaviour Relative UVR-B dose [%)]
Indoor 4

Outdoor wearing brimmed hat and 8

sunglasses

Outdoor wearing sunglasses 17

Outdoor wearing brimmed hat 47

Outdoor with no ocular protection 72

1.4.2 Biological effects of UVR

Ultraviolet radiation has the ability to damage organic molecules such as
nucleic acids, proteins and other molecules within the living cells, which
absorb UVR and may be structurally altered, cleaved or react with other
molecules. Such alterations can cause changes in cell function, mutations or
cell death.'® Additionally, UVR can induce generation of reactive oxygen
species (hydrogen peroxide, singlet oxygen and free radicals such as
superoxide anions and hydroxyl radicals), agents that present a great danger

for biological systems and might cause serious cellular damage.'

1.4.3 Defensive system of the eye aqainst the effects of UVR

Ocular tissues and fluids need an effective protecting system against the
enhanced UVR-induced oxidative stress. The main natural antioxidative
agents include water soluble antioxidants (ascorbate, glutathione), lipid
soluble antioxidants (tocopherols, retinols), low-molecular weight UV filters
(kynurenine, 3-hydroxykynurenine, 3-hydroxykynurenine O-B-D-glucoside),
specific enzymes (superoxide dismutase, catalase, glutathione peroxidase
and reductase) and metal-binding proteins (transferring, ceruloplasmin and
albumins). Figure 2 shows the cooperative function of the particular

antioxidative agents and the complexity of the defensive system.
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L-ARA GSSG NADPH
H,0
NADPH
2H,0
2 MDHA NADP
DHA NADP'

2GSH

(:) Ascorbate peroxidase
(:) Monodehydroascorbate reductase
(:) Dehydroascorbate reductase
@ Glutathione reductase

Figure 2 The ascorbate-glutathione cycle. DHA, Dehydroascorbate; GSH/GSSG,
Glutathione reduced/oxidised form; H,O, Water; H,O,, Hydrogen peroxide; L-AA,
L-ascorbate; MDHA, Monodehydroascorbate; NADP*/NADPH, Nicotinamide adenine
dinucleotide phosphate oxidised/reduced form.?

Ascorbate is present in high concentrations in the cornea and the aqueous
humour and is supposed to be the most effective low-molecular-weight
antioxidant in the eye. It can protect the eye by several mechanisms. First of
all, ascorbate can scavange the free radicals species in the eye.*
Additionally, this substance is to large extent responsible for the
UVR-absorption and suppression of the protein and tryptophane fluorescence
and finally, it can also protect the eye by shifting the high-energy UVR-B into
less biotoxic radiation of longer wavelength.® As shown in Figure 2, a
sufficient amount of ascorbate is sustained mainly by an enzymatic process
involving GSH and NADPH.

Glutathione has been found in high concentrations particularly in the lenticular
tissue.” The redox-couple GSH/GSSG maintains lens protein thiols in the
reduced state, protects membrane —SH groups, and is a cofactor in the
detoxification of H,O,. The enhanced oxidative stress in the ocular tissue
might lead also to the formation of the protein-glutathione mixed disulfides.
This mechanism is necessary for the inhibition of disulfide-linked light
scattering protein aggregate formation.”® Sufficient concentrations of GSH
further plays an important role in the protection of the lens proteins from the
modification by UVR filters."™
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In the primate lens, low-molecular-weight compounds formed by an enzymatic
transformation of tryptophane play the role of UVR filters.'?%'3"132 These
compounds possess an absorption band between 300 and 400 nm. They are
characterized by short fluorescence time and low quantum yields of
fluorescence, ftriplet state formation, and active forms of oxygen
generation.****'?" Due to such photochemical properties, these compounds
protect the retina and the lens itself from the UVR-induced damage.

The protective role of some specific enzymes in the eye is apparent from
Figure 2. Superoxide dismutase catalyses dismutation of superoxide to
peroxide and molecular oxygen and thus, protects the ocular tissues from the
superoxide radicals." Inactivation of superoxide dismutase by hydrogen
peroxide is prevented by catalase, an enzyme catalysing the decomposition of
hydrogen peroxide to water and oxygen. Another important enzyme
scavenging hydrogen peroxide is glutathione peroxidase. The activity of all of
these enzymes was previously reported in various eye tissues in rabbit and
rat**## and was found to be crucial for preventing the oxidative damage of

the eye.

1.4.4 UVR path through the anterior segment of the eye

When UVR reaches the eye, the proportion absorbed by different structures
depends on the wavelength of the radiation. A diagrammatic representation of
UVR attenuation in the eye is shown in Figure 3. The cornea absorbs most of

the harmful high energy radiation of the wavelengths bellow 300 nm.%

)_34

Figure 3 UVR transmission to the eye (adapted from Dong
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A 62-year old human cornea transmits 0% of UVR at 290 nm, 10% at 300 nm,
and 63% at 380 nm. Increasing corneal transmittance is seen when
comparing human (10%), rabbit (13%), rat (32%) and mouse (37%) samples
at 300 nm,*® indicating that transmittance strongly depends on the corneal
thickness. There also is a considerable variability among individuals,® and
some reports further indicate that transmittance of UVR decreases with age.’
The UV radiation penetrating the cornea passes through the aqueous humour
where it is partly absorbed. The absorption varies considerably with
wavelength from 6-16% of the incoming UVR.®

In the lens, transmission of UVR is not only wavelength dependent, but also is
age dependent. Absorbance of UVR in the lens increases with age.®®"*® The
young lens attenuates UVR primarily between 300 and 400 nm, but it exhibits
a small window of transmission centred at 320 nm. The aged lens absorbs
UVR throughout the entire spectrum and also in the visible region to at least
550 nm.** The human lens attenuates almost all the UVR-B and UVR-A that
passes through the cornea. This radiation is thus potentially harmful to the

lens. Only about £1% of UVR-A reaches the retina.’

1.4.5 UVR limits for the anterior segment of the eye

The UVR limits are usually expressed in the form of threshold radiant
exposure data for the cornea and the lens.®’ Radiation thresholds are
generally derived for limited acute (short-term) effects and represent the dose
below which there is no significant effect of the radiation on the biological
response of interest. Conversely, a dose above the threshold limits always
results in a significant response. The action spectra of radiant exposure for
corneal and lens thresholds for the pigmented rabbits, based on the slit lamp
microscopy examination,®! are shown in Figure 4.

In order to quantify cataract, Séderberg developed an objective method for
measurement of the overall intensity of forward light scattering in the lens and
introduced the concept of maximal acceptable dose (MAD)."*'% Cataract is
defined as an opacity in the normal transparent crystalline lens of the eye that
impairs normal light transmittance through the lens and may or may not
produce an impairment of vision in humans. The concept of MAD is based on

the principle that there is a continuous dose-response function for
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UVR-induced cataract and the intensity of forward light scattering in the lens

continuously increases with a higher dose.®® The concept of the estimation of

the MAD is shown in Figure 5.
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Figure 4 The action spectra of radiant exposure for corneal and lens thresholds for the
rabbit. The symbols are as follows: dashed lines represent the rabbit cornea threshold (e);
rabbit lens thresholds are represented by (m). The rabbit lens threshold is reversible damage

(adapted from Pitts).*’
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Figure 5 Estimation of MADgg75. The limit for pathological forward light scattering derived
from the 20 non-exposed lenses (left: relative frequency) is projected (dashed line) onto the
dose-response function from the 20 exposed contralateral lenses of the same animals
(right). The intersection gives the MAD, here 2.2 kJ/m? (arrow) (adapted from Séderberg).'%
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1.4.6 The effect of acute and chronic ultraviolet radiation exposure on the
anterior segment of the eye

When comparing the effects of acute and chronic UVR exposures, one has to
be aware of certain dissimilarities in the study design. First of all, it should be
remembered that the epidemiological study generally assesses the chronic,
low dose UVR exposure condition, while the laboratory study usually
examines the acute response to high dose exposures. Thus, the study
conditions are dissimilar and we are not free to assume that the two variant
experimental settings necessarily trigger the same damage or repair
mechanism.” Individual case reports and epidemiological studies share a
common shortcoming in that there is a little opportunity to control other factors
that may contribute to or influence the manifestation of the response
evaluated. Therefore, well-controlled animal studies are invaluable in
identifying causative factors when studying specific conditions. In order to
correlate the conditions of acute and chronic UVR exposures, laboratory
studies of repeated UVR exposures of specific experimental design need to

be conducted.
1.4.6.1 The cornea

The UV radiation bellow 290 nm is fully absorbed by corneal epithelium and
thus, exceeding the UVR threshold radiant corneal exposures results in the

most common acute reversible injury, photokeratitis.'®

Early studies
described corneal epithelial cell changes and death, and quantified the
cellular exfoliation and recovery following a supra-threshold exposure to
UVR."®# However, the corneal epithelium regenerates quickly (within 5

days)*!60

and therefore, this painful condition was generally not regarded as a
serious threat to corneal health. The UVR with longer wavelengths (310 nm)
may penetrate much deeper, inducing significant damage and cell death
among keratocytes (source of stromal collagens and proteoglycans) and
endothelial cells. Unlike the epithelial damage, changes in the endothelium
are permanent.'®® The alterations in the corneal structure by a supra-threshold
UVR has further functional consequences. Endothelial dysfunction leads to
fluid imbalance and abnormal corneal hydration, resulting in thickening of the

cornea.'®?587 The inhibition of the endothelium may be caused by increased
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permeability or reduced fluid pump function. The UVR exposure is further
capable of severe disruption of corneal metabolism. In the previous studies,
decrease in corneal oxygen uptake, reduction in phosphocreatine, increase in
glucose and elevation in glycogen concentrations were reported.*>>®

Chronic UVR exposition of the eye, likely to increase with ozone depletion,
may be associated with a variety of corneal and conjunctival pathologies,
including pterygium (a non-malignant growth on the conjunctiva),’®
pinguecula (a benign degenerative tumour normally seen on the bulbar

conjunctiva)’®'%®

and keratopathy (degenerative condition of the corneal
stroma).**

During the last decades, studies comparing the effects of single and repeated
UVR doses under specific experimental conditions were conducted, and the
cumulative effect of multiple short pulses or repeated long UVR exposures
was found as an important factor in assessment of the risks of the corneal
UVR damage.?"##"3¢.137 Based on biomicroscopic observations of the corneal
tissue, two threshold exposures, separated less than 8 hours, produced more
extensive damage than a single threshold exposure.?' Moreover, separation
by only 4 hours resulted in a more severe corneal response than that
produced by a single double-threshold exposure.?’ The secretion of
hyaluronan in the corneal stroma (a compound produced in cells surrounding
the damaged tissue) after single and repeated UVR exposures was examined
by Podskochy.®? Fourteen days after the last irradiation, the corneal stroma
exposed to the repeated UVR revealed substantially higher deposits of
hyaluronan. Such a production and accumulation of hyaluronan may be a sign
of long-term changes in the cornea that may lead to corneal haziness and,
eventually, to development of corneal degeneration.®?> The alterations in the
rabbit corneal metabolism following five repeated doses of UVR-A and UVR-B
were examined by Tessem."™ The UVA irradiation of the rabbit cornea did not
result in any alterations of the metabolic profile. However, the dose of
5 x 0.589 J/cm? daily, used in the study, was far bellow the threshold corneal
dose (42.5 Jicm?) and changes in the corneal biochemistry could be hardly
expected. On the other hand, repeated supra-threshold dose of UVB

irradiation resulted in alteration of several metabolites (Figure 6). However,
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comparison of the effects of single and repeated supra-threshold doses was

not examined in these experiments.
1.4.6.2 The aqueous humour

The aqueous humour is a transparent liquid and thus, alterations caused by
acute or chronic UVR exposure has been examined mainly as the changes in
its biochemical profile."®®'"'? Following severe UVR-induced photokeratitis,
cells and protein ‘flare’ were observed in the anterior chamber of the eye as
manifestation of anterior uveitis (inflammation of iris and ciliary body).%!
Structural disorders induced by UV radiation in the iris, ciliary body and
trabecular meshwork may result in changes in aqueous humour dynamics and
lead to the breakdown of the blood-aqueous barrier.”® Consequently, the
levels of aqueous proteins would be elevated.”® Furthermore, transport of the
low-molecular-weighted compounds down their concentration would increase.
It concerns particularly glucose''? and lactate concentrations. Other possible
pathways capable of inducing changes in the metabolic profile of aqueous
humour might be a direct photochemical reaction with absorptive agents
(ascorbate, amino acids, GSH) or perturbations in the metabolism of the
surrounding tissues. Alterations in the aqueous humour composition following
chronic low dose UVR exposure conditions have yet not been described.

Tessem et al''?

recently reported severe alterations in the biochemical profile
of aqueous humour subjected to 5 subsequent supra-threshold UVB
irradiations. A significant decrease in ascorbate concentration was
accompanied by elevation in glucose, betaine, formate, valine and isoleucine
contents. Reversely, exposure to 5 sub-threshold UVR-A under the same
experimental design did not cause any significant changes in the aqueous

biochemistry.''?
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Figure 6 Changes in metabolite concentrations (%) between exposed (UVA and UVB) and
non-exposed corneas. The error bars represent 95% confidence intervals for the mean
difference. * p < 0.05: significant both for the UVB group compared to the control group, and
the UVB group compared to the UVA group. No significant differences were detected in the
UVA group versus the control group (adapted from Tessem)."™

1.4.6.3 The lens

The effects of acute and chronic UVR exposures of the lens are usually
assessed in the form of an increased level of lenticular opacity, a clinical
syndrome known as cataract. Cataract is the leading cause of blindness in the
world today'® and the epidemiological studies have shown that the high
prevalence of cataract is strongly associated with factors increasing the
amount of daily ocular exposure (environment — high altitude, equator,
summer; surface reflectance — fresh snow; personal behaviour — outdoor
workers).”

Lenticular damage criteria induced by acute UVR ocular dose were
established by Pitts.®" Using a slit lamp microscopy, Pitts observed a loss or
reduction of ‘orange peel’ appearance of the anterior capsule and an
increased prominence of the vertical anterior suture line, as the first
biomicroscopic signs of lenticular damage. As the radiant exposure
approached the threshold lenticular dose, many small, discrete white dots
appeared in the anterior subcapsular epithelium of the lens. Following the
supra-threshold exposures, the fine discrete opacities coalesced and migrated

posteriorly into the anterior cortex of the lens. At the same time, an increase in
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the anterior lens cortical haze was detected. The opacities became permanent
only when at least double-threshold lenticular UVR doses were used.?’
Microscopically, the cortical opacities correspond to swelling of lens epithelial
cells and cortical fibres until they rupture and thus caused vacuolization of the
cortical area.?20:24:46:49.102,103,107.108,116.134.135 Tha swelling has been associated
with a transient increase of lens water'®? which is related to the impairment of
the energy-dependent Na’-K* ATPase, responsible for maintenance of the
Na*-K* balance over lens cells membranes.''®

Recently, Sdderberg developed a new method for cataract quantification,
based on the measurement of the overall intensity of forward light scattering in
the lens.’™ This method ignores the location of the cataract. Applying this
method, it was demonstrated that the intensity of forward light scattering in the
lens continuously increases with a higher UVR dose.®®*°' Moreover, it was
shown that young rats are more sensitive to UVR-B than old rats and that
there is no difference in sensitivity to UVR with regard to sex.’” Investigation
of the effects of variations in the exposure time at an equivalent in vivo dose
of UVR revealed, that exposures around 15 minutes provoke more light
scattering than shorter or longer exposures.® Risa et al demonstrated that the
UVR impact on the metabolic profile of rat lens does not follow the same
relationship as the development of light scattering.”® After a single threshold
UVR exposure, the light scattering peaked at 25 hours post exposure,
however, most significant changes in the endogenous metabolites were
observed after 125 hours. Thus, an apparent delay between the formation of
lens opacity and alterations in metabolic profile of UV irradiated rat lenses was
observed.®

The alterations in the metabolic profile of rabbit and rat lenses under different
experimental designs were previously investigated in our laboratory in
cooperation with Swedish and Czech research groups.®*" 190113114 Risa et al
revealed a significant decrease in the concentration of rat lens low-molecular-
weight compounds following a single UVR-B exposure.®’ However, even the
light scattering of the rat lens rose with increasing UVR-B dose (Figure 7), no
concomitant dose response in the metabolic profile was found (Figure 8).
Tessem et al investigated the differences in the level of various metabolites in

particular lenticular segments of the rat lens (anterior and posterior cortex,
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equator, nucleus) and their response to the UVR damage''®. The UVB
irradiation led to reduction of several compounds especially in the anterior
cortex and decreased the natural variance in metabolite concentration among
the various lens compartments. Surprisingly, studies exploring the alterations
in the rabbit lenticular metabolism following five repeated doses of UVR-A and
UVR-B did not show any significant changes, while the corneal metabolic
profile was significantly altered by UVR-B."'* Combination of the UVR-B
exposure with a long-term steroid treatment resulted in GSH, taurine and
myoinositol depletion and a concomitant elevation in glucose and sorbitol
concentrations.'® UVR induced cataract after single exposure has been

57,63,81,90,91,101,104 hs\wever, scarce information were found

extensively studied,”
related to lens damage after repeated UV irradiation. Previously, repeated
UVR exposures with interval less than 24 hours have been reported to have
an additive effect on the lenticular tissue.*® Moreover, Ayala et al introduced a
novel nomenclature showing that the effect of repeated exposures could add
together in different ways.4 There could be pure additivity, when the resultant
effect is mathematical sum of effects of the exposures (1+1=2), synergistic
additivity (1+1=3), or partial additivity (1+1=1.5). In the light scattering study,*
pure additivity was found when the interval between two threshold UVR
exposures did not exceed 24 hours. Increasing the time interval between
separate exposures, the lens opacity rose with a peak at three days
separation. Thus, clear synergistic additivity was observed. For time intervals
between exposures from 3 days to 1 month, the damage decreased inversely

proportionally to the time separation between exposures.*
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Figure 7 Difference in intensity of forward light-scattering between exposed and nonexposed
rat lenses 1 week after a UV dose of 2.5 (n =8), 5.0 (n=11),0or 7.5 (n = 8) kJ/m%. The bars
represent 95% confidence intervals for the paired-sample mean differences. {EDC represents
the transformed equivalent diazepam concentration (adapted from Risa).91
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Figure 8 Relative differences in metabolite concentrations between exposed and
nonexposed contralateral rat lenses 1 week after a UVB dose of 2.5 (n =7), 5.0 (n = 8), and
7.5 (n = 6) kJ/m?, respectively. Data were calculated as (exposed lens — control lens)/control
lens. (A) Relat|ve changes of detectable amino acids in the NMR spectra. (B) Relative
changes of other quantifiable metabolites visible in the NMR spectra. The bars represent
95% confidence intervals for the mean differences. ATP/ADP/AMP, Adenosine
triphosphate/diphosphate/monophosphate (adapted from Risa).91
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2 Aims of the study

The aims of the present study were to:

Utilize HR-MAS "H NMR spectroscopy as a non-destructive analytical
method in order to investigate the alterations in the metabolic profiles of
UVR-B exposed corneal and lenticular tissues

Improve the assignment and quantification of the '"H NMR spectra of
rabbit aqueous humour with the help of Carr-Purcell-Meiboom-Gill
(CPMG) spin echo pulse sequence

Compare the effects of single and repeated UVB irradiations of the
same overall doses on the metabolic profiles of rabbit cornea, aqueous
humour and lens

Investigate possible damaging mechanisms responsible for the
alterations in the biochemical profiles of UVR-B exposed structures of

the anterior segment of the rabbit eye
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3 Methods

3.1 Experimental animals

All the animal investigations conformed to National Institutes of Health
Guidelines on the Care and Use of Laboratory Animals in Research and to
ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
As the experimental animals, adult New Zealand white rabbits (3.0-5.0 kg)
were chosen. The experiments were performed in the laboratory of our
collaborators at the Institute of Experimental Medicine, Academy of Sciences

of the Czech Republic, Prague.
3.2 Exposure to UVR

3.2.1 UV lamp

As the UVB source, a 6-W mercury arc lamp (Bioblock Scientific, lllkirch
Cedex, France; 312 nm wavelength) was used. The irradiance peaked at 312
nm (Figure 9) and was quantified with a radiometer (VLX-3W; Cole-Parmer,
Vernon Hills, IL, USA) equipped with UVB sensor 312 nm.

SPECTRAL CURVE

Relative irradiancea

Unlimited filter life time

Figure 9 Spectral distribution of the radiation used in the present study.
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3.2.2 Ocular exposure

The adult New Zealand white rabbits were divided into three groups of four
animals. The first two groups were exposed to UVB radiation, while the third
served as an untreated control group. Before the UVR exposure, the animals
were intramuscularly anesthetized (2% Xylazinum hydrochloricum, Rotemar,
0.2 mi/kg, and 5% Ketaminum hydrochloricum, Narkamon, 1 ml/kg; Spofa,
Prague, Czech Republic). Both eyes of the treated animals were exposed to
UVB irradiation from a distance of 0.05m. Only the corneal surface was
exposed to UV rays and the rest of the eye was protected. In the first group
(UVB1), the animals were irradiated with a single dose 3.12 Jicm? (21
minutes) of UVB radiation reaching the cornea. Rabbits in the second group
(UVB2) were three times irradiated for 7 minutes every second day (dose of
1.04 Jicm?; days 1, 3, 5) to give the same overall dose (3.12 J/cm?). All the
experimental animals were sacrificed using intravenous thiopental
anaesthesia (thiopentalum natricum, Spofa, Prague) one day after the last
treatment (UVB1, UVB2), or on day 3 (control animals). After the animals
were Killed, the eyes were enucleated. The samples of aqueous humour were
aspirated and the cornea and the lens were dissected free from the remnants
of surrounding tissues. Finally, the samples were frozen and stored at -80 °C

before NMR spectroscopy.

3.3 The NMR spectroscopy
3.3.17 NMR basics

NMR spectroscopy exploit the magnetic properties exhibited by nuclei with
nuclear spin (I#0) when placed in a uniform magnetic field. The nuclear spins
are then oriented in 21+1 different energy levels by equilibrium processes, and
a radio frequency energy is applied to induce transmission between the
different energy states. When the excited nuclei return to equilibrium via
longitudinal (T4) and transversal (T2) relaxation processes, the NMR signal is
observable as a free induction decay (FID). This time dependent decay is
acquired and Fourier transformed into a frequency dependent spectrum. The
appearance of a specific peak depends on the molecular environments of the

originating nuclei and physical, chemical, and biological properties of the
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studied sample can be revealed from the NMR spectra.?’

3.3.2 CPMG spin echo pulse sequence

The spectral baseline might be to a large degree influenced by signals from
macromolecules as proteins, lipids etc. In order to attenuate these signals,
spectral editing techniques can be utilized. In the present study, CPMG spin
echo pulse sequence®’ was used to attenuate resonances with relatively short
T, relaxation times and to enhance the signals from low-molecular-weight

metabolites (Figure 10).

3.3.3 HR-MAS '"H NMR spectroscopy

HR-MAS 'H NMR spectroscopy is a novel method, which is potentially
bridging the divide between "H NMR spectroscopy of tissue extracts and in
vivo NMR spectroscopy.'®'"" Avoiding the major drawbacks of these two
techniques, especially extraction procedures in '"H NMR spectroscopy and low
peak resolution in in vivo NMR spectroscopy, this method is nowadays
preferably used to produce high resolution spectra of small unprocessed
tissues samples and intact cells.

By spinning the sample at a rate of rotation comparable to the NMR line-width
of the material in static conditions (typically 4000-5000 Hz) ,and at the magic
angle 6 = 54.7° with respect to the direction of the static magnetic field, the
normally broad lines become narrower, increasing the resolution for better
identification and analysis of the spectrum. The major line-broadening factors
in in vivo NMR spectroscopy are a result of dipole-dipole interactions,
chemical shift anisotropy and magnetic field inhomogeneities. The chemical
shift anisotropies and dipolar couplings have an angular dependence of
(3 cos® 6-1), where 3 cos® (54.7°) - 1 =0. Therefore, the development of
HR-MAS solves the problem of line-broadening by averaging these factors to
zero. In this study, HR-MAS "H NMR spectroscopy was used for the analysis
of rabbit cornea and lens. The spinning rate of the zirconia 4-mm diameter
HR-MAS rotor was set to 5000 Hz.
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Figure 10 The CPMG pulse sequence (Carr-Purcell-Meiboom-Gill). After a 90° excitation
pulse, refocusing 180° pulses are repeated n times with inter-pulse spacing 27. D, relaxation
delay (adapted from Seether).”

3.3.4 Assignment of the metabolites in the NMR spectra

Because of the complexity of the NMR spectra in the present study (large
amount of peaks, spectral overlap), both one- and two-dimensional (2D) 'H
NMR techniques in combination with previously reported
datg39:40:4564.6590.91,100.101.112-114 \yare ysed to assign the metabolites. A 2D
NMR experiment involves a series of one-dimensional experiments. Each
experiment consists of a sequence of radio frequency pulses with delay
periods in between them. It is the timing, frequencies, and intensities of these
pulses that distinguish different NMR experiments from one another. During
some of the delays, the nuclear spins are allowed to freely precess (rotate) for
a determined length of time known as the evolution time. The frequencies of
the nuclei are detected after the final pulse. By incrementing the evolution
time in successive experiments, a two-dimensional data set is generated from
a series of one-dimensional experiments. In the present experiment,
homonuclear correlated spectroscopy ('H-'H-COSY) and J-resolved

spectroscopy (JRES) was used to assign complicated coupling patterns.

3.3.5 Quantification

There are several approaches for quantification of the NMR
data.00991.101.112115 o\wever, in the recent ophthalmic NMR studies, absolute
quantification method using a signal of sodium-3’-trimethylsilyl-propionate-
2,2,3,3-d4 (TSP) as an internal standard*>®*®'2 and a relative quantification
procedure established for the ophthalmologic experiments by Saether,®" were

the most commonly used quantification concepts.
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TSP is generally used as a chemical shift reference compound (6=0) in
biomedical '"H NMR spectroscopy studies.®*''2'%> However, in the HR-MAS
'"H NMR experiments, one has to be aware of possible drawbacks when using
this compound as an internal quantification standard. First of all, the volume of
standard TSP solution added to each sample (cornea, lens) may vary
because of variations in the individual volume of the sample. Furthermore,
TSP possesses an aliphatic short chain that can bind to serum albumin®® and
thus, binding to similar proteins in the cornea, aqueous humour or lens may
occur.

In the present study, the relative quantification method was used. The spectral
data were first imported into the software for analysis of complex mixtures
(AMIX, MestReC) and then reduced by dividing the spectra in ‘buckets’. Each
bucket contained absolute signal intensities from given shift range and thus,
the peak areas were obtained by summation of the buckets. After correction
for sample weights, the peak areas were compared relatively between

different groups.

3.4 Statistical analysis

3.4.1 Principal component analysis

A typical experimental ophthalmologic study can generate several ocular
samples that can be analyzed by NMR spectroscopy, and hence, several
NMR spectra. Examining each spectrum individually can be a daunting
exercise even for the trained spectroscopist. Among many statistical tools that
have been developed or borrowed from other fields for assessing large
number of NMR spectra in a relatively rapid fashion, principle component
analysis (PCA) was chosen as an appropriate approach in the present study.
PCA is a well-known and effective method of data compression and
transforms the original data (intensity values in spectrum) into set of ‘scores’
for each sample, measured with respect to the principal component axes
(‘loadings’). The principal component (PC) scores replace the original
variables, and are ordered, with successive PCs accounting for decreasing
amounts of variance, and orthogonal, with no correlation between the scores
on different axis. Thus, the first principal component explains the greatest

variability in the data, the second principal component is independent on the
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first component and second best explains the variability of the data and so on.
Due to these properties, a small number of PCs can replace the many original
variables without much loss of information. The results of this procedure are
usually represented in the form of a two- or three-dimensional score plots,
where each point represents all the data contained in one spectrum. Sample
points that cluster together have more similar spectra (and hence more similar
biochemical make-up) than samples that cluster apart. PCA plots are
extremely powerful for rapid identification of inherent clusters in the data
(which may be suggestive of a common effect or mechanism), assessment of
dose-related and time-related changes, and the identification of individual
outliers. However, the score plot itself adds little to biomarker identification
and says nothing about the alterations in the metabolic profile on a molecular
basis. The PCA data can be examined in more detail by examining the
loadings to find out which variable relationships are responsible for the
loadings. Thus, another important graphic presentation, the loading profile,
displays the importance of each metabolite for the variation described by the
PCs.

3.4.2 Quantitative statistical analysis

In the present study, relative quantification method was performed using
absolute peak integrals normalised by sample weight. Percentage alterations
in the metabolite concentrations in the ocular samples (cornea, aqueous
humour, lens) of UVR-B exposed albino rabbits were calculated relative to the
levels in the control group. Mean values of the relative differences were
expressed with 95% confidence intervals, calculated according to Fowler et
al.® Spectral data from the ocular samples were further analysed by
Independent sample t-test and One-way ANOVA followed by Bonferroni
multiple comparison test, in order to assign metabolites, significantly differing

among the experimental groups (P < 0.05).
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4 Results and discussion

4.1 Experimental animals

The human eye is in many respects different from the rabbit eye, however,
compared to the other common laboratory species, rabbit represents one of
the best experimental models. The anatomy of the anterior segment of the
rabbit eye shows in many respects similarity to the humans. Furthermore,
analogous to man, rabbit is a diurnal animal and thus, corneal and aqueous
humour concentrations of ascorbate, the main protective agent against UVR,
are similar. The main drawback of the design of the present study is the use of
albino animals. The uveal levels of melanin are lower than in pigmented eyes
and thus, a more profound UVR damage of the iritic tissue in the albino eyes
might have increased the amount of the penetrating UVR and resulted in
higher alterations in the composition of the aqueous humour. For the
comparison studies, pigmented animals would be a better choice, however,

only albino species were available in the collaborating laboratory.

4.2 Exposure to UVR

The wavelength (312 nm) and the ocular dose (3.12 J/cm? and 1.04 J/cm?) of
the UVR used in the present experiments were chosen in relation to available
irradiation equipment in the collaborative laboratory in the Czech Republic.
Figure 11 shows that approximately 33% of the overall UVR at 312 nm is
transmitted by cornea, passes through the aqueous humour and reaches the
lens, where the residual radiation is absorbed. Thus, all the structures of the
anterior segment of the eye are influenced by the UVR exposure and the
comparison of the effect of a single and repeated UV irradiation of the same
overall dose can be evaluated in all the anterior compartments of the eye at
the same time. As described by Pitts,®' the UVR-B dose used in the present
experiment for the repeated exposure (1.04 J/cm?) corresponds approximately
to the threshold corneal radiant exposure. Additionally, the dose used for
single UVB irradiation (3.12 J/cmz) was previously reported to be capable to
induce permanent lenticular opacities. Regarding the irradiation scheme, both

eyes of each rabbit were exposed to UVR and both eyes from the untreated
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Figure 11 Transmittance of near UV to the lens and retina (adapted from Charman).15

rabbits were used as controls. Individual control animals were used to assure
that control samples were not affected in any way by the alterations in the

fellow eye, as described in former investigations.?®"

4.3 The NMR spectroscopy

In the previous studies,**%4%892

extraction procedures were necessary to use
prior to the NMR spectroscopy. These procedures required relatively large
amounts of biological tissue and were time consuming because of the need
for multiple extraction methods to study both lipophobic and lipophilic phases.
Furthermore, the extraction of tissue samples is principally destructive in
nature and might have an influence on the chemical composition with
particular concern regarding the analysis of antioxidants (GSH), osmolytes
(taurine, hypo-taurine and myoinositol) and membrane constituents
(phosphocholine). However, the employment of the HR-MAS 'H NMR
spectroscopy in the present study enabled analysis of intact ocular tissues
with no need for prior extraction procedures. Moreover, as shown in
Figure 12, the resolution quality of the HR-MAS 'H NMR spectra of the
corneal and lenticular samples was comparable with results from the previous
NMR studies, based on the extraction procedures.®+¢%2

Unfortunately, although a high-resolution quality was achieved in the HR-MAS
'"H NMR spectra of rabbit lens and cornea, the spectral baselines were to a
large degree influenced by signals from macromolecules as proteins and
lipids. The HR 'HNMR spectra of rabbit aqueous humour were also

significantly altered following a single UVR dose of 3.12 J/cm?, probably due
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to a substantial increase in the protein levels resulting from an inflammatory
process (Figure 13). However, as shown in Figure 13, applying the CPMG
pulse sequence, resonances of proteins and other macromolecules were
attenuated and the spectra could be subsequently assigned and quantified.

Generally, it was possible to identify more than 20 different metabolites in the
spectra from the anterior segment of the rabbit eye (Figure 14). Assignment of
peaks was based on comparison with  previously reported

39:40.45,64,65,90,91,100.101.112414 y6\vever, compared to some other analytical

data.
techniques (HPLC), the sensitivity of the NMR procedure is considerably
lower. Additionally, in some regions of the spectra, high level of peak
overlapping was observed and thus, two-dimensional 'H-NMR techniques,
homonuclear correlated spectroscopy ('H-'H-COSY) and J-resolved
spectroscopy (JRES), were necessary to apply in order to assign particular

signals in the spectra (Figure 15).
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Figure 12 Comparison of the resolution qualit%/ of HR- HR-MAS 'H NMR spectra (A) and HR
'H NMR spectra (B) (adapted from Risa).9 Ala, alanine; Ace, acetate; Glu, glutamate;
GSH/GSSG, glutathione reduced/oxidized form; Lac, lactate; Mal, malate; M-ins, myoinositol;
S-ins, scylloinositol; H-tau, hypo-taurine; Val, valine.
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Figure 13 Attenuation of the resonances of macromolecular compounds and enhancement of
the signals of low-molecular weight metabolites in rabbit aqueous humour after applying of
Carr-Purcell-Meiboom-Gill (CPMG) spin echo pulse sequence in the '"H NMR spectroscopy.

In the present study, relative quantification method was used. Following the
CPMG spin echo pulse sequence, the resonances of proteins and other
macromolecules were successfully attenuated and thus, complicated baseline
correction procedures were not necessary to apply. The main drawback of this
approach, compared to absolute quantification method, is the form of the
obtained results, where the absolute concentrations of particular compounds
are missing. In order to obtain absolute concentrations, a reliable standard of
known concentration which does not alter the properties of the sample under
investigation, or binds to various substances, has to be included.
Unfortunately, the most commonly used internal standard in the biomedical
NMR studies, TSP, did not prove its reliability in former studies.®® As
mentioned previously,’’ the volume of standard TSP solution added to each
sample (cornea, lens) in the HR-MAS 'H NMR spectroscopy may vary
because of variations in the individual volume of the sample. Furthermore,
TSP possesses an aliphatic short chain that can bind to serum albumin® and

thus, binding to similar proteins in the cornea, the aqueous humour or the lens
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may occur. The latter theory was confirmed in the present experiments. As
shown in Figure 13, exposure to a single UVR dose of 3.12 J/cm? resulted in a
significant increase in protein content accompanied by a concomitant
reduction in the TSP signal intensity. Thus, binding of TSP to aqueous
humour proteins resulting in its diminished spectral intensity was proved.
Recently,”®®® a new method has been developed, the ERETIC (Electronic
Reference To Access In Vivo Concentrations), which can determine absolute
concentrations by a electronically generated NMR signal. Thus, application of
this novel method should be included in the future ophthalmic HR-MAS 'H

NMR experiments and improve the present quantification methods.
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Figure 14 Representative metabolic profile of 600 MHz HR-MAS "H NMR and HR 'H NMR
spectra of control rabbit eye: (A) cornea, (B) aqueous humour, (C) lens. The ppm values are
assigned using TSP as reference substance at 0 ppm. Ala, alanine; Ace, acetate; Asc,
ascorbate; Bet, betaine; Cho, choline; Cit, citrate; Glu, glutamate; Gly, glycine; GPcho,
glycerophosphocholine; GSH, reduced glutathione; H-tau, hypo-taurine; Lac, lactate; Mal,
malate; Met, methionine; M-ins, myoinositol; Pcho, phosphocholine; Pyr, pyruvate; Sor,
sorbitol; S-ins, scylloinositol; Tau, taurine; Val, valine; a,p-Glc, a,B-glucose.
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Figure 15 Utilization of J-resolved spectroscopy (JRES) in assignment of complicated
coupling patterns in the 'H NMR spectra.

4.4 Statistical analysis

In the present study, application of NMR spectroscopy in connection with
advanced statistical methods (PCA, Independent sample t-test, one-way
ANOVA and Bonferroni multiple comparison test) was favourably used to
extract special grouping patterns among the tissue samples and to evaluate
relative percentage changes in particular metabolite concentrations. Principal
component analysis was used prior to the quantitative analysis, and was
invaluable in giving an overall view of the damaging effect of UVR on the
anterior segment of the eye. The score plot showed the characteristic
grouping patterns among the experimental samples and additionally helped to
assign the outlying samples that were subtracted from the subsequent
quantitative statistical analysis. Moreover, the alterations in the metabolic
profiles of examined tissues, standing behind the grouping pattern found in
the score plot, were showed in the loading profile format. The metabolites
dominating in the process of UVR damage could be thus assigned and
subjected for further quantitative analysis. The main drawback of the
quantitative statistical analysis was the small number of signals that could be
investigated. In the present experiments, several metabolites overlapped each
other in some regions of the spectra, and for some other compounds,
the signal to noise ratio was too low to extract valuable information. Moreover,
the results obtained from the quantitative statistical analysis and PCA did not

always show a high degree of similarity. Especially the alterations in the
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lenticular sorbitol and scylloinositol levels, or aqueous humour glucose
concentrations revealed a substantial variation between the two statistical
approaches. The reason standing behind this phenomenon might be the small
number of experimental animals used in the present study. In spite of the
small sample size, the effect of the variations among the individual
experimental animals is minimized by the operations used in the PCA,
however, it might affect the quantitative statistical analysis results and
increase the experimental error. Thus, in the present study, the PCA results
were of primary interest, quantitative statistical analysis giving supplementary

information about the magnitude of the observed alterations.

4.5 Alterations in the biochemical profile of the anterior
segment of the rabbit eye

The changes found in the metabolic profile of the anterior segment of the
rabbit eye, following a single and repeated UV irradiation of the same overall
dose, are summarised in Figure 16 and 17. It has to be remembered that the
results of the present study display the average composition of the particular
structures in the anterior segment of the eye. Thus, regarding the cornea, our
data reflect alterations in all three tissue layers (epithelium, stroma and
endothelium) at the same time. When considering the lens, a small meridional
sector containing the whole radial profile with both cortical and nuclear parts
of the lens was cut and analyzed. Previously, significant changes in the
metabolite content were found both among the separate corneal layers and
the particular lenticular compartments.®>'"®* Moreover, in the rat lens, even the
response to UVR-induced damage revealed substantial spatial variations.""
Thus, in the future studies on the comparison of the effects of single and
repeated UVR exposures, this phenomenon has to be considered and the
particular corneal and lenticular compartments should be analyzed separately.
In the present study, the PCA results revealed that cornea was the most
vulnerable tissue towards the UVR-induced damage (Figure 16A). The
significant shift between the UV irradiated and control corneal samples along
the PC1 axis resulted from alterations in contents of several metabolites that
are shown in the loading spectra of the first principal component. In the UVR

exposed samples, the concentrations of glucose, pyruvate, betaine and
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glycine were increased, whilst the contents of taurine, hypo-taurine, choline,
acetate, ascorbate, GSH and myoinositol were reduced. There was no
apparent grouping pattern between the UVB1 and UVB2 samples except for a
slight shift along the PC2 axis. The relative percentage alterations in particular
metabolites were subsequently revealed by the quantitative statistics (Figure
17A) and the slight shift along the PC2 axis in the scores of UVR exposed
samples was explained as a result of partially stronger effect of the single
UVB irradiation.

As shown in Figure 16B,C, the principal component analysis revealed a
similar grouping pattern of aqueous humour and lenticular samples following
the UVR-B exposure. The samples were shifted mainly along the axis of the
first principal component in the score plot representation. Control samples
were moved towards low PC1 scores, while the UVB1 group was equally
distributed along the zero value and UVB2 samples had the highest PC1
values. Stronger impact of repeated UVR-B exposure on the rabbit aqueous
humour and lens was thus evident. However, the lenticular and aqueous
humour biochemical profiles are substantially different. In order to explain the
observed alterations in the particular metabolites following the UVR exposure
of both ocular structures, loading profile of the first principal component was
investigated. In the aqueous humour, the highest PC1 scores of UVB2
samples were explained as a result of increased glucose concentration and
reduction in ascorbate, GSH, betaine, citrate and alanine content (Figure16B).
The similar grouping pattern of the lenticular tissue was interpreted as caused
by elevation in sorbitol and glutamate levels and decrease in the
concentration of myoinositol, GSH, taurine, glycerophosphocholine,
phosphocholine, acetate and alanine (Figure 16C). The percentage
alterations in the metabolites both from the aqueous humour and lens
confirmed that the effect of repeated UVR exposure is stronger compared to a

single irradiation and are shown in Figure 17B,C.
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4.5.1 Antioxidants

The well-known effect of UVR acting on the ocular tissues is the generation of
reactive oxygen species (hydrogen peroxide, singlet oxygen and free radicals
such as superoxide anions and hydroxyl radicals). Reactive oxygen species
(ROS) are a danger for biological systems and might cause cellular damage
by reacting with lipids, proteins and DNA'. In the corneal epithelium, the
activities of the specific enzymes, scavenging ROS (superoxide dismutase,
glutathione peroxidase and catalase), were reported to decrease dramatically
following the repeated UVR-B exposure.'®' Similar action may occur also in

other ocular structures and thus, the eye has to rely on the low-molecular
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weight antioxidants, ascorbate and GSH as the main ocular defence systems
against the enhanced oxidative stress.

In the present study, high ascorbate levels were found in the cornea and the
aqueous humour, however the sensitivity of the NMR technique was not
sufficient to investigate the low content of lenticular ascorbate. Glutathione
concentration was quantified in the lens and cornea. The low spectral intensity
of the GSH signal in the aqueous humour did not enable its quantification, but
the alterations in GSH content were apparent in the loading spectra (Figure
16B).

In accordance with previous investigations,’®""*

significant reduction in
ascorbate (74% - UVB1, 62% - UVB2) and GSH (77% - UVB1, UVB2) content
were found in the cornea in the present experiments. Concentrations of both
of these metabolites are interrelated and further linked to the pentose
phosphate pathway (production of NADPH). The process of neutralization of
reactive oxygen species by ascorbate and the employment of GSH and
NADPH is well described by Rose et al®® and is shown in Figure 2. But severe
decrease in the levels of both antioxidants suggests impairment of this
process. This would be in agreement with a previous study of Tsubai,'®
where a large dose of UVR-C resulted in pentose phosphate pathway damage
and disturbance in homeostasis of redox balances such as GSH/GSSG in the
porcine corneas.

Formation of the oxidized form of ascorbate, dehydroascorbate (DHA), as well
as the oxidized form of GSH (GSSG), was not observed in the NMR spectra in
our experiments. It seems the effect of radiation was so intense, that DHA
was further hydrolyzed to diketogulonic acid with a consequent degradation to
oxalate and CO,. Damage of the pentose phosphate pathway could also
result in decrease of NADPH-dependent reduction of GSSG and subsequently
lead to reversible conjugation of GSSG with protein sulfhydryls resulting in the
formation of protein-glutathione mixed disulfides (PrSSGs). This mechanism is
necessary for the inhibition of disulfide-linked light scattering protein
aggregate formation and have been already described in previous studies.'°
Both carboxyl groups of oxalate and PrSSGs are not detectable in the CPMG

'H-NMR experiments and thus, could not be analyzed in our present study.
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Similar processes might be responsible also for the significant decrease in the
ascorbate content in the aqueous humour (55% - UVB1, 65% - UVB2) and
GSH concentration in the lens (29% - UVB1, 48% - UVB2), as found in the
present experiments. Moreover, it has been recently proposed that
modification of the lens proteins is associated with the covalent binding of the
UV filter compounds to amino acid residues of proteins''®'"® and that the
linkage may proceed photochemically.®® Thus, the levels of lenticular
glutathione might be also reduced by the formation of the UV filter adducts, a
mechanism which is crucial for the protection of the lens proteins from

modification by UV filters.""®

4.5.2 Compounds related to sugar metabolism

When the antioxidative system is not sufficient for buffering the reactive
oxygen species, the ocular tissues are exposed to a substantial oxidative
stress and the biochemical status of cells might be severely affected. As
described previously,>>*® UVR exposure may lead to inhibition of corneal
carbohydrate metabolism and result in elevation of glucose concentration.
This is in agreement with the results observed in our present study, where a
significant increase in glucose concentration (210% - UVB1, 160% - UVB2)
was observed in the cornea. Moreover, a concomitant reduction in corneal
lactate content (42% - UVB1, 1% - UVB2) further supports this theory.
Elevated glucose levels in the corneal tissue may decrease the diffusion rates
of the nutritional glucose from aqueous humour and consequently be
responsible for increased aqueous humour glucose concentration observed in
the present study (Figure 16B). Moreover, enhanced protein content in the
UVB irradiated aqueous humour samples (Figure 13) indicates inflammatory
response in the iris and ciliary body resulting in the breakage of the blood-
aqueous barrier,”® a process which might be also responsible for the elevation
in glucose levels in the aqueous humour.'"?

In our experiments, the NMR spectroscopy did not reveal glucose in
detectable amount in the rabbit lens. However, sorbitol, a product of polyol
pathway was found in high concentrations and UVR exposure further

increased its content. As previously described in the diabetic lens,* the toxic

40



levels of glucose enter lens cells and activate aldose reductase. This enzyme
converts glucose to sorbitol which is not able to escape from the cell and
which can generate high intracellular osmotic pressure sufficient to burst lens
cells. A significantly high glucose levels in the UVR-B exposed aqueous
humour samples found in our study thus may simulate the diabetic model and
would explain the elevation in sorbitol concentration following the UVB
irradiation. Another plausible mechanism standing behind the elevated sorbitol
levels and a concomitant reduction in lactate concentration in the lens might
be the inhibition of the glycolysis. In the normal lens, a small portion of sorbitol
is metabolised to fructose which is converted to pyruvate by glycolytic
pathway and might be subsequently reduced to lactate.’ Thus, a mechanism
similar to the previously described inhibition of the glycolytic pathway in the

55,56

cornea might be probably responsible also for the observed alterations in

lenticular sorbitol contents in the present study.

4.5.3 Osmolytes

UVR exposure is known to cause water imbalance and osmotic stress in the
corneal and lenticular tissues.*”®?> The main osmolytes in the anterior segment
of the eye are taurine, hypo-taurine and myoinositol. In agreement with

90,91,100,101,113,114

previous studies, a general decrease in osmolytes in the UVR

exposed cornea and lens was found in the present experiments.

18,23,35,87 and

The UV-induced corneal swelling observed in the prior studies
the enhanced osmotic pressure caused by elevated lenticular levels of
sorbitol, as found in our present experiments, would be logically accompanied
by a concomitant release of the osmolytes to aqueous humour in order to
reduce the cellular osmotic pressure. However, a subsequent elevation in the
concentrations of these compounds would be expected in the aqueous
humour, a phenomenon which was not observed in our study. A reasonable
explanation of this observation might be the UVR-induced disturbance of the
osmotic function which was previously reported in the lens epithelium."’

Myoinositol may further function as a cellular signal transducer and has a

" However, the observed

significant role in growth and differentiation.
reduction in its corneal and lenticular concentration in the present study

(Figure 16A,C and 17C) seems to be caused by the inhibition of the
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myoinositol biosynthesis (Figure 18). According to prior hypotheses,®
myoinositol is synthesized in the cornea from glucose and is consequently
transported to the aqueous humour and the lens, where it is accumulated by
an active transport mechanism. As previously reported,®®*® UVR is capable of
impairment of the carbohydrate metabolism in the cornea and thus, it might
possibly impair also the myoinositol biosynthesis. The significant elevation in
the concentration of corneal glucose, found in our present experiments
(Figure 17A), further confirms this theory.

Considering the hypo-taurine and taurine contents, their antioxidative
properties® have to be taken into account. UVR has been formerly reported to
induce oxidation of hypo-taurine to taurine® and might be thus responsible for
a nearly 100% reduction in the corneal levels of hypo-taurine observed in our
study. Taurine has been proposed to enhance cell survival as a membrane
stabiliser or as an antioxidant in the human corneal epithelial cells.*®
Moreover, taurine may protect the lens against the oxidative stress and
consequent cataract formation.?® Thus, the depletion of both taurine and
hypo-taurine in the UVR-B exposed rabbit eyes was probably caused by an
enhanced UV-induced oxidative stress in the anterior segment of the rabbit

eye.

EC5.5.1.4
mechanism . .
EC3.1.3.25 myo-inositol

D-glucose 6-phosphate ——p D-myo-inositol 3-phosphate 7?» (1D-numbering)

Hzo Pi
methylated phosphatidyl-myo-inositol
myo-inositol biosynthesis

Figure 18 Myoinositol biosynthesis. EC 3.1.3.25, Inositol-phosphate phosphatase; EC 5.5.1.4,
inositol-3-phosphate synthase (adapted from INTERNATIONAL UNION OF BIOCHEMISTRY
AND MOLECULAR BIOLOGY).*®
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4.5.4 Choline-containing compounds

UVR exposure of the eye has been found to cause apoptosis in the corneal
tissue and necrosis among the cells of the lens epithelium.' This process
would be a reasonable explanation for a significant reduction in the
concentrations of membrane phospholipids  precursors, choline,
phosphocholine and glycerophosphocholine in the UVR exposed rabbit lens
and cornea, as observed in the prior investigations of our research
group.%0:91100.101.113.114 1y the present study, a significant decrease in choline
concentration in the UVB irradiated cornea was accompanied by a
concomitant elevation in betaine content. Betaine is formed by an oxidative
transformation from choline, an intermediate reaction stage in the metabolism
of choline containing compounds (Figure 19). Thus, the elevated betaine
levels in the UVR-B exposed corneal tissue seem to be caused by the
enhancement of the oxidative stress in the rabbit eye resulting in the rise of
the rate of choline oxidation. Moreover, betaine can act as an osmolyte,’*
and the pathologically elevated level of its concentration, observed in the
cornea in our present experiments, might be partly responsible for the process

of previously described corneal swelling following the UVR ocular

exposure. 8233587
SAM =« Met
PtdEtn 1
GPCho
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Figure 19 Metabolic pathways for choline and betaine. Phosphocholine (PCho),
phosphatidylcholine (PtdCho), glycerophosphocholine (GPCho), and sphingomyelin (SM) are
formed from choline (Cho) and can be hydrolyzed to form Cho. The formation of betaine
(Bet) from Cho is irreversible. Betaine can donate a methyl group to homocysteine (Hcy) to
form methionine (Met). Met is converted to S-adenosylmethionine (SAM), which is an
important methyl donor. PtdCho can be formed from SAM and phosphatidylethanolamine
(PtdEtn). Folate and Cho metabolism intersect because methyltetrahydrofolate
(Methyl-THF), a product of folate metabolism, can also donate a methyl group for the
formation of Met from Hcy (adapted from Ruiz-CabeIIo).95
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4.5.5 Amino acids

The alterations in taurine and hypo-taurine levels in the UVR exposed rabbit
eyes were already described together with osmolytes. Additionally, only the
changes in alanine content showed statistically significant results in the
present experiments. Former investigations of our research group on the
damaging effect of UVR on the eye revealed substantial variations in the

100,114

alanine concentration in the cornea, the aqueous humour'®'"2 and the

lens 2091101113114 |15 the cornea,'®®''* an UV-induced decrease in the alanine
levels was found in the previous studies and is in agreement with our
observations (55% - UVB1, 65% - UVB2). Regarding the aqueous humour

12 revealed a substantial increase in alanine

100

metabolic profile, Tessem et a
content after UVR exposure, while Saether ™ observed an opposite tendency.
Our results support the latter study with a significant reduction in alanine
content (65% - UVB1, 62% - UVB2). When examining the whole lens, the
UVB irradiation resulted in the elevation of alanine concentration.%%:9101.113
However, as shown by Risa,* this increase was substantially time dependent
and up to 24 hours post irradiation, the concentration of alanine was reduced.
Since the experimental animals were killed 24 hours post last UVR exposure
in our experiments, the results are in agreement with the findings made by
Risa.®

Previously, it has been reported that some amino acids may function as both
osmolytes’? and antioxidants®? in the lens. Thus, similarly to taurine and hypo-
taurine, decrease in the alanine concentrations in the rabbit eye was probably
caused mainly by an extensive UVR-induced oxidative stress in the anterior
segment of the rabbit eye. Additionally, cellular repair mechanisms may
accelerate protein biosynthesis in order to restore the ocular integrity, and
thereby enhance the amino acid consumption in the cornea and the lens. Prior

4243 and bovine

examinations of alanine metabolism in normal rabbit corneas
lenses'"” showed that alanine might be used as a metabolic substrate. It is
largely deaminated and the pyruvate formed is consequently reduced to
lactate. A significant decrease in corneal (42% - UVB1, 1% - UVB2) and
lenticular (14% - UVB1, 26% - UVB2) lactate content found in the present

study would be thus in accordance with a concomitant alanine reduction.
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4.6 The effect of single versus repeated UVR exposure of the
same overall dose

As already described, UVR exposure of the rabbit eye resulted in significant
alterations in the metabolic profile of the anterior segment of the rabbit eye.
Moreover, the PCA results revealed a substantial additivity of the repeated UV
irradiations (Figure 16). Nevertheless, investigation of the PCA and
quantitative statistical analysis results in detail show variations in the effects of
single and repeated UVR exposures of the same overall doses on rabbit
cornea, aqueous humour and lens. The corneal tissue seemed to be more
vulnerable towards single irradiation, while the aqueous humour and the lens
showed an opposite tendency. Cornea absorbs about 70% of the UVR at 312
nm wavelength’ and thus, the effect of the UV irradiation on this tissue was
expected to be the strongest. This was apparently confirmed by our
experiments, where a substantial higher shift between the control and UVR
exposed corneal samples along the PC1 axis was observed (Figure 16),
compared to the aqueous humour and lenticular samples. The biomicroscopic
studies has previously showed,?' that when exceeding the interval of four
hours between two subsequent threshold irradiations, the resultant effect of
these exposures does not correspond to an effect of a single double-threshold
dose. Furthermore, the longer is the interval the smaller is the cumulative
effect. In our experiments, the interval between the repeated subsequent
threshold UVR exposures was 48 hours. Despite of that, nearly the same
effect of the repeated exposures was observed in relation to the single dose.
As shown by Risa,” the observed metabolic changes are indirectly related to
the light scattering mechanism in the lens and are delayed compared to the
evolving lenticular opacity. Similar phenomenon seems to account also for the
corneal tissue and the alterations in the microscopic signs following the UVR
exposure may occur prior to the changes in the biochemical profile. Thus, the
results of the present study might imply that the interval between two
subsequent threshold UVR exposures, giving the same effect on the corneal
metabolic profile as a single double-threshold exposure, is prolonged.

Only approximately 30% of the UVR at wavelength 312 nm penetrates the

cornea,’” 6-16% is absorbed by the aqueous humour® and the rest (14-24%)
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is absorbed by the lens. Thus, compared to the corneal tissue, the aqueous
humour and the lens are exposed to a significantly lower amount of UVR and
the damage is expected to be considerably smaller. This was apparently
confirmed by the present experiments (Figure 16). Additionally, when
investigating the metabolic profiles of the aqueous humour and the lens, the
results indicate synergistic additivity of the repeated UVR exposures. These
observations might be possibly caused by two mechanisms, as suggested by
Ayala et al:* photoproducts formation or cellular repair. Photoproducts are
formed in response to the first UVR exposure and the sensitivity of the
aqueous humour and the lens might be thus enhanced to a subsequent UVR
exposure. When examining the effects of the cellular repair, cell cycle has to
be considered. Damaged cells undergo mitosis as a repair mechanism after
the first UVR exposure and during certain phases of the cell cycle, the cells
might be probably more sensitive to a second UVR exposure.* Thus, the
results of the present study imply that the additivity of the repeated UVR
exposures needs to be considered and may play a key role in assessment of

the cataract risks.
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5 Conclusions

The application of the NMR spectroscopy in connection with effective
statistical methods was found to be beneficial to evaluate the effect of a single
and repeated UVR exposure of the same overall dose on the anterior
segment of the rabbit eye. Moreover, the resolution quality of HR-MAS 'H
NMR spectra was comparable with HR "H NMR spectra and thus, no need for
prior extraction procedures, which might influence the chemical composition of
the samples, made this method superior. Additionally, CPMG spin echo pulse
sequence was shown to have a crucial role in order to provide correct
assignment and quantification of the NMR spectra. More than 20 different
metabolites in the spectra from the anterior segment of the rabbit eye could be
thus evaluated. Absolute quantification method was found to be less reliable
procedure in the present study, because the aliphatic chain of the classic
standard substance TSP seems to bind to the aqueous humour proteins.
Significant alterations following the UVR exposure were found in the metabolic
profile of the cornea, aqueous humour and the lens. Especially, changes in
antioxidants (ascorbate, GSH), compounds related to sugar metabolism
(glucose, lactate), osmolytes (taurine, hypo-taurine, myoinositol), choline-
containing compounds (choline, phosphocholine) and amino acids were
observed (Figure 20). With respect to the high UVR absorption ability, cornea
was found to be the most vulnerable tissue towards the effects of UVR. The
main mechanism behind the UVR-induced damage seemed to be generation
of reactive oxygen species, breakage of the blood-aqueous barrier and
cellular death.

The comparison of the effects of single and repeated UVR exposures of the
same overall doses on the metabolic profile of the anterior segment of rabbit
eye revealed particularly the danger of synergistic additivity of the subsequent
UV irradiations in the aqueous humour and the lens. The main factors
responsible for this phenomenon seem to be the UVR-induced formation of
photoproducts and the enhanced sensitivity of cells in certain phases of the

cell cycle during the process of cellular repair.
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Figure 20 UVR-B damage mechanisms responsible for the alterations in the metabolic profile of the
anterior segment of the rabbit eye. Based on the results of the present study.
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